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Preface

Since the discovery that Argonautes play essential roles in RNA silencing in a variety of
cukaryotes, biochemical properties and biological functions of Argonautes have been exten-
sively studied using an assortment of techniques [1, 3]. Biochemical and structural analyses
in the past decade clarified their detailed molecular architectures along with the mechanisms
by which Argonautes bind guide and target nucleic acids and cleave targets [4, 5]. Despite
the similarity of the overall domain structures, the roles of eukaryotic and prokaryotic
Argonautes are quite diverse. Most of them seem to serve mainly as defense systems against
foreign nucleic acids, such as viruses/bacteriophages and transposons, while some others
are involved in gene regulation [6, 7].

Although the functionality of endogenous small regulatory RNAs was already described
in developmental biology studies using C. elegans in the 1990s [8, 9], the importance of
the underlying molecular mechanism was not recognized until the early 2000s. However,
once the deep conservation of the small RNA processing enzymes, Dicers, and the effector
proteins, Argonautes, was discovered, the scientific community quickly developed a large
body of knowledge regarding biological functions of small regulatory RNA pathways.
The development was further accelerated by advances in deep sequencing technologies that
allowed massive identification of small RNA species in biological systems. Thanks to recent
studies, we now have a seemingly complete catalog of Argonaute-bound small RNAs in a
few model organisms as well as humans [10].

However, we are only beginning to understand biological roles for individual small
RNAs. Furthermore, latest studies revealed that functions of small RNA-Argonaute com-
plexes have been highly diversified during evolution ranging from DNA /chromatin modi-
fications to mRNA cleavage /destabilization, presumably due to the specialized ability of
Argonautes to recruit various downstream effectors [ 11]. Needless to say, a full understand-
ing of such non-conserved functions of Argonautes is important to elucidate the molecular
mechanisms behind biological phenomena in natural contexts. Meanwhile, studies of
diverse Argonaute-mediated mechanisms are urged further in terms of the potential of
Argonautes for applications as reprogrammable gene regulatory modules. Some of them
may become important additions of artificial gene silencing/editing techniques to the
current list of various RNAi- and CRISPR-mediated methods.

On the other hand, the vast diversity of Argonaute-mediated mechanisms makes it a
difficult task to fully understand the biology of Argonautes in various organisms. The
important steps include (1) Identification and expression analysis of guide nucleic acids and
their targets. (2) Analysis of biochemical properties of Argonautes. (3) Biological functions
of Argonautes. Furthermore, for all these studies, a common question is (4) How do we
obtain materials and set up analysis platforms? This volume provides a comprehensive set of
protocols that would help to address some of the important questions in these four areas.

1. Identification and expression analysis of guide nucleic acids and their targets
The key step toward a full understanding of Argonaute functions is to comprehensively
catalog the guide nucleic acids. This includes efficient cloning/sequencing of small
RNAs bound to Argonautes (Chapter 1), precisely quantifying the absolute amounts of
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Argonaute-bound small RNAs (Chapter 2), identifying intrinsic sequence preferences of
Argonaute proteins (Chapter 3), and quantifying individual small RNA sequences in an
isoform-specific manner (Chapter 4). For multicellular organisms, it is important to
analyze the expression patterns of small RNA genes. In situ hybridization using whole-
mount worm samples provides insights into biological functions of individual small RNA
genes (Chapter 5). It is also critical to fully catalog targets of guide RNA-Argonaute
complexes in tissues using genome-wide methods such as CLIP (cross-linking and
immunoprecipitation: Chapter 6).

. Analysis of biochemical properties of Argonautes.

Thanks to the successful establishment of protocols to purify individual components of
small RNA processing pathways as recombinant proteins, their enzymatic activities and
biochemical properties can now be quantitatively measured with unprecedented accu-
racy. This volume includes protocols for quantitative analysis of substrate processing by
Dicer enzymes (Chapter 7), binding kinetics between guide nucleic acids and effector
Argonaute complexes in prokaryotes (Chapter 8) and eukaryotes (Chapters 9 and 10).
In particular, these protocols offer a wide range of quantification methods from tradi-
tional enzymatic kinetics analyses to measurements of binding affinities based on fluores-
cence polarization and single-molecule measurements.

. Biological functions of Argonautes

To understand biological roles for Argonautes, it is inevitable to study their functions at
cellular or organismal levels. The challenge is that Argonautes may play an extremely
wide range of roles in various biological aspects. This volume provides protocols that
allow us to study several aspects of Argonaute functions, including regulation of the
high-order chromatin structure (Chapter 11), and in vivo miRNA functions in fish
embryos (Chapter 12) and mouse embryonic brains (Chapter 13).

. Preparation of materials and analysis platforms.

To answer the above-mentioned questions, important steps are to prepare reliable mate-
rials and streamline their analytical pipelines. A protocol is described for an establishment
of embryonic fibroblast cultures from Argonaute2 knockout mice (Chapter 14).
Procedures are introduced for epitope tagging of the endogenous Argonautel locus in a
Drosophila cell line using the CRISPR/Cas9 system (Chapter 15). For genome-wide
analysis of small RNA sequencing data, a major challenge is to correctly identity the
genomic origins of reads that are derived from repetitive sequences, such as tRNA genes.
A streamlined bioinformatics resource provides analysis platform for small RNAs derived
from tRNA genes and related sequences, some of which are known to bind Argonaute
proteins (Chapter 16).

This collection of protocols covers methods to analyze various Argonaute proteins

from a wide range of organisms to understand their properties at different levels, from the
molecular to the organismal level. The editors hope that this volume will serve as a valuable
resource. Lastly, we would like to sincerely thank all the authors who generously contrib-
uted their latest protocols to this volume of Methods in Molecular Biology Argonaute
Proteins.

Singapore Katsutomo Okamura
Columbus, OH, USA Kotaro Nakanishi



Preface Vii

References

1.

2.

10.

11.

Tabara H, Sarkissian M, Kelly WG, Fleenor J, Grishok A, Timmons L, Fire A, Mello CC (1999)
The rde-1 gene, RNA interference, and transposon silencing in C. elegans. Cell 99(2):123-132
Hammond SM, Boettcher S, Caudy AA, Kobayashi R, Hannon GJ (2001 ) Argonaute2, a link between
genetic and biochemical analyses of RNAI. Science 293(5532):1146-1150

. Meister G (2013) Argonaute proteins: functional insights and emerging roles. Nat Rev Genet

14(7):447-459. doi:10.1038 /nrg3462

. Nakanishi K (2016) Anatomy of RISC: how do small RNAs and chaperones activate Argonaute

proteins? Wiley Interdiscip Rev RNA 7(5):637-660. doi:10.1002 /wrna.1356

. Kuhn CD, Joshua-Tor L (2013) Eukaryotic Argonautes come into focus. Trends Biochem Sci

38(5):263-271. doi:10.1016/j.tibs.2013.02.008

. Makarova KS, Wolf YI, van der Oost J, Koonin EV (2009) Prokaryotic homologs of Argonaute pro-

teins are predicted to function as key components of a novel system of defense against mobile genetic
elements. Biol Direct 4:29. doi:10.1186,/1745-6150-4-29

. Swarts DC, Makarova K, Wang Y, Nakanishi K, Ketting RF, Koonin EV, Patel DJ, van der Oost

J (2014) The evolutionary journey of Argonaute proteins. Nat Struct Mol Biol 21(9):743-753.
doi:10.1038 /nsmb.2879

. Lee RC, Feinbaum RL, Ambros V (1993) The C. elegans heterochronic gene /in-4 encodes small

RNAs with antisense complementarity to n-14. Cell 75(5):843-854

. Wightman B, Ha I, Ruvkun G (1993) Posttranscriptional regulation of the heterochronic gene /in-14

by lin-4 mediates temporal pattern formation in C. elegans. Cell 75:855-862

Okamura K (2012) Diversity of animal small RNA pathways and their biological utility. Wiley
Interdiscip Rev RNA 3(3):351-368. doi:10.1002 /wrna.113

Burroughs AM, Ando Y, Aravind L (2014) New perspectives on the diversification of the RNA inter-
ference system: insights from comparative genomics and small RNA sequencing. Wiley Interdiscip Rev
RNA 5(2):141-181. d0i:10.1002 /wrna.1210


https://doi.org/10.1038/nrg3462
https://doi.org/10.1002/wrna.1356
https://doi.org/10.1016/j.tibs.2013.02.008
https://doi.org/10.1186/1745-6150-4-29
https://doi.org/10.1038/nsmb.2879
https://doi.org/10.1002/wrna.113
https://doi.org/10.1002/wrna.1210

Contents

Prefiice. .. ..o 14
Comtributors . ... ... . Xt
1 Cloning and Identification of Recombinant Argonaute-Bound Small RNAs

10

11

12

13

Using Next-Generation Sequencing. . . ...........o i, 1
Pooja Gangras, Daniel M. Dayeh, Justin W. Mabin, Kotaro Nakanishi,
and Guramvit Singh

Quantification of miRNAs Co-Immunoprecipitated with Argonaute
Proteins Using SYBR Green-Based qRT-PCR .. ......... ... ... . ..... 29
Hong-Duc Phan, Junan Li, Ming Poi, and Kotaro Nakanishi

Gateway to Understanding Argonaute Loading of Single-Stranded RNAs:

Preparation of Deep Sequencing Libraries with In Vitro Loading Samples 41
Eling Goh and Katsutomo Okamura
Dumbbell-PCR for Discriminative Quantification of a Small RNA Variant . ... 65

Megumi Shigematsu, Shozo Honda, and Yohei Kirino

MicroRNA Detection by Whole-Mount In Situ Hybridization
N C.Clegans. . ..o 75
Yoshiki Andachi and Yuji Kohara

cCLIP-Seq: Retrieval of Chimeric Reads from HITS-CLIP

(CLIP-Seq) Libraries . . . . ..o 87
Panagiotis Alexion, Manolis Mavaghkakis, Zissimos Monvelatos, and Anastassios
Vourekas

Kinetic Analysis of Small Silencing RNA Production
by Human and Drosophila Dicer Enzymes In Vitro . .................... 101
Susan E. Lino and Rywya Fukunaga

Nucleic Acid-Binding Assay of Argonaute Protein

Using Fluorescence Polarization. . . ............ .. .. . ... 123
Tomohiro Miyoshi

Reconstitution of RNA Interference Machinery . . ...................... 131
Shintavo Iwasaki and Yukihide Tomari

Single-Molecule Analysis for RISC Assembly and Target Cleavage . ......... 145

Hivoshi M. Sasaki, Hisashi Tadakuma, and Yukibide Tomari

Profiling Open Chromatin Structure in the Ovarian Somatic Cells

Using ATAC-S€Q -« o oot 165
Kensaku Murano, Yuka W. Iwasaki, and Havubiko Siom:

Assessing miR-451 Activity and Its Role in Erythropoiesis ... ............. 179
Dmitry A. Kvetov, Andvew M. Shafik, and Daniel Cifuentes

Functional Analysis of MicroRNAs in Neurogenesis During Mouse

Cortical Development .. ... . 191
Wei Zhanyg, Xiaoxia Zenyg, and Li Zeng

ix



X Contents

14 Cellular Approaches in Investigating Argonaute2-Dependent
RNA Silencing. . ... ..o 205
Cai Zhang, Joonbae Seo, and Takahisa Nakamura

15 Genomic Tagging of AGOI Using CRISPR /Cas9-Mediated

Homologous Recombination. . .. ......... ... ... . ... ... 217
Sanjay Ghosh and Ji-Long Lin
16 Accurate Profiling and Quantification of tRNA Fragments

from RNA-Seq Data: A Vade Mecum for MINTmap. .. .................. 237
Phillipe Loher, Avisteidis G. Telonis, and Isidorve Rigoutsos



Contributors

PANAGIOTIS ALEXIOU « Division of Neuropathology, Department of Pathology
and Laboratory Medicine, Pevelman School of Medicine, University of Pennsylvania,
Philadelphin, PA, USA

YOSHIKI ANDACHI « Genetic Strains Research Center, National Institute
of Genetics, Research Organization of Information and Systems, Mishima, Japan;
Department of Genetics, SOKENDAI (The Graduate University for Advanced Studies),
Mishima, Japan

DANIEL CIFUENTES « Department of Biochemistry, Boston University School of Medicine,
Boston, MA, USA

DaANIEL M. DAYEH « Obio State Chemistry Program, The Ohio State University, Columbus,
OH, USA; Center for RNA Biology, Columbus, OH, USA

Ryuya FUKUNAGA « Department of Biological Chemistry, Johns Hopkins University School
of Medicine, Baltimore, MD, USA

Pooja GANGRAS « Department of Molecular Genetics, The Ohio State University,
Columbus, OH, USA; Center for RNA Biology, The Obio State University, Columbus,
OH, USA

SaNJAY GHOSH « MRC Functional Genomics Unit, Department of Physiology,
Anatomy and Genetics, University of Oxford, Oxford, UK; Department of Biochemistry,
University of Cambridge, Cambridge, UK

ELING GoH « Temasek Life Sciences Laboratory, National University of Singapore,
Singapore; School of Biological Sciences, Nanyanyg Technological University, Singapore

SHozo HonbpA « Computational Medicine Center, Sidney Kimmel Medical College,
Thomas Jefferson University, Philadelphin, PA, USA

SHINTARO IWASAKI o Institute of Molecular and Cellular Biosciences, The University
of Tokyo, Bunkyo-ku, Tokyo, Japan; RNA Systems Biochemistry Laboratory, RIKEN,
Wako, Saitama, Japan

Yuxa W. Iwasakt « Department of Molecular Biology, Keio University School of Medicine,
Tokyo, Japan

Youer KiriNo « Computational Medicine Center, Sidney Kimmel Medical College,
Thomas Jefferson University, Philadelphia, PA, USA

Yuin KoHARA « Genetic Strains Research Center, National Institute of Genetics, Research
Organization of Information and Systems, Mishima, Japan; Department of Genetics,
SOKENDAI (The Graduate University for Advanced Studies), Mishima, Japan

Dwmrtry A. KRETOV « Department of Biochemistry, Boston University School of Medicine,
Boston, MA, USA

JUNAN L1 « Division of Pharmacy Practice and Science, College of Pharmacy, The Ohbio
State University, Columbus, OH, USA

SusaN E. L1ao « Department of Biological Chemistry, Johns Hopkins University School
of Medicine, Baltimore, MD, USA

Xi



Xii Contributors

Ji-LonG Liu « MRC Functional Genomics Unit, Department of Physiology, Anatomy
and Genetics, University of Oxford, Oxford, UK; School of Life Science and Technology,
ShanghaiTech University, Shanghai, China

PHILLIPE LOHER « Computational Medicine Center, Sidney Kimmel Medical College,
Thomas Jefferson University, Philadelphia, PA, USA

JusTIN M. MABIN o Department of Molecular Genetics, The Obio State University,
Columbus, OH, USA; Center for RNA Biology, Columbus, OH, USA

MANOLIS MARAGKAKIS o Division of Neuropathology, Department of Pathology
and Laboratory Medicine, Pevelman School of Medicine, University of Pennsylvania,
Philadelphin, PA, USA

TomoHIRO MIYOSHI « Center for Transdisciplinary Research, Niigata University,
Nishi-ku, Niigata, Japan

Z1sSIMOS MOURELATOS « Division of Neuropathology, Department of Pathology
and Laboratory Medicine, Perelman School of Medicine, University of Pennsylvanin,
Philadelphin, PA, USA

KENSAKU MURANO o Department of Molecular Biology, Keio University School of Medicine,
Tokyo, Japan

TAxkAHISA NAKAMURA « Divisions of Endocrinology, Cincinnati Children’s Hospital
Medical Center, Cincinnati, OH, USA; Division of Developmental Biology, Cincinnati
Childven’s Hospital Medical Center, Cincinnati, OH, USA

Kotaro NAKANISHI « Department of Chemistry and Biochemistry, The Ohio State University,
Columbus, OH, USA; Ohio State Chemistry Program, The Obio State University,
Columbus, OH, USA; Center for RNA Biology, The Obio State University, Columbus,
OH, USA

KarsutoMO OKAMURA « Temasek Life Sciences Laboratory, National University
of Singapore, Singaporve; School of Biological Sciences, Nanyang Technological University,
Singapore

HonG-Duc PHAN « Department of Chemistry and Biochemistry, The Ohio State University,
Columbus, OH, USA; Obio State Biochemistry Program, Columbus, OH, USA

MING Por « Division of Pharmacy Practice and Science, College of Pharmacy,
The Obio State University, Columbus, OH, USA

IsiporE RiGouTsos « Computational Medicine Center, Sidney Kimmel Medical College,
Thomas Jefferson University, Philadelpbin, PA, USA

HirosH1 M. Sasaxt « Institute for Molecular and Cellular Biosciences, The University
of Tokyo, Bunkyo-ku, Tokyo, Japan; Wyss Institute for Biologically Inspived Engineering,
Harvard University, Boston, MA, USA

JOONBAE SEO « Divisions of Endocrinology, Cincinnati Childven’s Hospital Medical Center,
Cincinnati, OH, USA

ANDREW M. SHAFIK « Department of Biochemistry, Boston University School of Medicine,
Boston, MA, USA

MEGUMI SHIGEMATSU « Computational Medicine Center, Sidney Kimmel Medical College,
Thomas Jefferson University, Philadelphin, PA, USA

GURAMRIT SINGH « Department of Molecular Genetics, The Ohbio State University,
Columbus, OH, USA; Center for RNA Biology, Columbus, OH, USA

HaruHIKO S1OMI « Department of Molecular Biology, Keio University School of Medicine,
Tokyo, Japan



Contributors xiii

HisasHi TADAKUMA o Department of Computational Biology and Medical Sciences,
Graduate School of Frontier Sciences, The University of Tokyo, Bunkyo-ku, Tokyo, Japan,
Institute for Protein Research, Osaka University, Suita-shi, Osaka, Japan

ARISTEIDIS G. TELONIS « Computational Medicine Center, Sidney Kimmel Medical
College, Thomas Jefferson University, Philadelphin, PA, USA

YUKIHIDE TOMARI « Institute for Moleculnr and Cellular Biosciences, The University
of Tokyo, Bunkyo-lku, Tokyo, Japan; Department of Computational Biology and Medical
Sciences, Graduate School of Frontier Sciences, The University of Tokyo, Bunkyo-ku,
Tokyo, Japan

ANASTASSIOS VOUREKAS « Division of Neuropathology, Department of Pathology
and Laboratory Medicine, Pevelman School of Medicine, University of Pennsylvania,
Philadelphin, PA, USA

Lt ZENG « Newral Stem Cell Research Lab, Research Department, National Neuroscience
Institute, Singapore; Neuvoscience and Behavioral Disorders Program, DUKE-NUS
Graduate Medical School, Singapore

XIAOXIA ZENG « Newural Stem Cell Research Lab, Research Department,

National Neuroscience Institute, Singapore

CAI ZHANG « Department of Pedintrics, Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuban, China

WEI ZHANG « Neural Stem Cell Research Lab, Reseavch Department,

National Neuroscience Institute, Singapore



Chapter 1

Cloning and Identification of Recombinant Argonaute-
Bound Small RNAs Using Next-Generation Sequencing

Pooja Gangras, Daniel M. Dayeh, Justin W. Mabin,
Kotaro Nakanishi, and Guramrit Singh

Abstract

Argonaute proteins (AGOs) are loaded with small RNAs as guides to recognize target mRNAs. Since the
target specificity heavily depends on the base complementarity between two strands, it is important to
identify small guide and long target RNAs bound to AGOs. For this purpose, next-generation sequencing
(NGS) technologies have extended our appreciation truly to the nucleotide level. However, the identifica-
tion of RNAs via NGS from scarce RNA samples remains a challenge. Further, most commercial and
published methods are compatible with either small RNAs or long RNAs, but are not equally applicable to
both. Therefore, a single method that yields quantitative, bias-free NGS libraries to identify small and long
RNAs from low levels of input will be of wide interest. Here, we introduce such a procedure that is based
on several modifications of two published protocols and allows robust, sensitive, and reproducible cloning
and sequencing of small amounts of RNAs of variable lengths. The method was applied to the identifica-
tion of small RNAs bound to a purified eukaryotic AGO. Following ligation of a DNA adapter to RNA
3’-end, the key feature of this method is to use the adapter for priming reverse transcription (RT) wherein
biotinylated deoxyribonucleotides specifically incorporated into the extended complementary DNA. Such
RT products are enriched on streptavidin beads, circularized while immobilized on beads and directly used
for PCR amplification. We provide a stepwise guide to generate RNA-Seq libraries, their purification,
quantification, validation, and preparation for next-generation sequencing. We also provide basic steps in
post-NGS data analyses using Galaxy, an open-source, web-based platform.

Key words Small RNAs, Argonaute, Next-generation sequencing, Biotinylated dNTPs, Low RNA input

1 Introduction

Small RNAs are non-coding RNAs critical for most eukaryotes
across animals, plants, and fungi. They are classified into microR-
NAs, small interfering RNAs, and Piwi-interacting RNAs based on
their structure and function [1]. These RNAs range in size from
~19 to 25 nucleotides (nt) and participate in a wide variety of cel-
lular processes such as heterochromatin formation, messenger RNA
destabilization, translational repression, and transposon silencing [2, 3].
Small RNAs function within ribonucleoprotein complexes called

Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
vol. 1680, DOI 10.1007/978-1-4939-7339-2_1, © Springer Science+Business Media LLC 2018
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RNA-induced silencing complex (RISC) following their incorpora-
tion into Argonaute proteins (AGOs) [4]. The loaded RNA serves
as a guide to recruit the RISC to target RNAs with full or partial
sequence complementarity. In the last decade, next-generation
sequencing (NGS) has illuminated the significance of the base com-
plementarity between the guide and target strands at the nucleo-
tide level. This technology has enabled researchers to gain a greater
understanding of small RNAs found in different biological samples
as well as to reveal the diversity of small RNA sequences bound to
the purified AGOs [5-9]. NGS-based approaches have also enabled
high-throughput detection of long target RNAs [10]. Concurrently,
strides are being made in expression and purification of recombinant
AGO:s for their biochemical and structural analysis. When purified
from heterologous sources, AGOs co-purify small RNAs; the iden-
tification and analysis of such RNAs holds promise for unveiling the
underlying principles of guide RNA selection by AGOs [11].

Here, we present a method for preparation of NGS libraries
from small RNAs that co-purify with a yeast AGO. The described
workflow is primarily based on a previously published method that
extensively optimized each individual enzymatic step in RNA-Seq
library preparation [12]. The specificity and sensitivity of the
method was further improved by incorporating a feature from
another kit-free RNA-Seq library preparation approach wherein
complementary DNAs (cDNAs) from adapter-ligated small RNAs
are specifically enriched using biotinylated deoxyribonucleotides
(dNTPs) [13]. Since this chapter aims for small RNA-seq, the pro-
tocol does not include RINA fragmentation step that is required for
NGS of long RNAs. Note that, however, this method is applicable
to longer RNAs purified from any biological source, via a broad
range of approaches such as RNA—protein immunoprecipitation,
ribosome footprinting, and is even suitable for extracellular RNAs.
In cases where long RNAs may need to be fragmented to input
into this procedure, chemical methods of RNA fragmentation are
much more desirable over enzymatic methods [ 14, 15].

A schematic of the whole procedure is depicted in Fig. 1.
Isolated RNAs are first enzymatically treated to generate a
3’-hydroxyl group to allow ligation to a pre-adenylated DNA
adapter. The adaptor-ligated RNAs are used to perform reverse
transcription (RT) using biotinylated dNTPs and one of the 12 RT
primers to produce biotinylated ¢cDNAs containing a specific
5-nucleotide barcode (Table 1). Another feature of the RT primers

Fig. 1 (continued) The biotinylated RT product is shown captured on the streptavidin-conjugated magnetic beads
(gray sphere) whereas unextended RT primer is shown to be selected away. (6) The circularized RT product is
shown where the G at the 5’ terminus of the forward primer end is shown ligated to the 3’ end of the extended
cDNA. (7) lllumina primers PE 1.0 and PE 2.0 are as gray and black arrows, respectively, and are shown bound to
their complementary sequences in the circularized RT product. Note that biotinylated nucleotides in the cDNA do
not interfere with PCR amplification. (8, 9) and (70) describe main steps post cDNA library preparation
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Fig. 1 A schematic of the steps in the NGS library prep procedure. (7) Dotted wavy line depicts input RNA with a 3’
hydroxyl. (2) Pre-adenylated 3’ adaptor is shown as a thick black line ligated to RNA 3’-end. (3) 3" adapter comple-
mentary sequences in the RT primer are shown as a thick black line. In the RT primer, the sequence corresponding
to forward sequencing primer is represented by a gray tapered arrow, and reverse primer is shown as a black
tapered arrow. The hexaethylene glycol spacer SP18 that connects the forward and reverse primers is shown as a
solid wavy line. At the 5" end of the forward primer are a random 5-mer, the 5-nt TruSeq barcode sequence (BC) and
two Gs. The 5’ phosphate on the terminal G is also shown. Following RT, the incorporated biotinylated dNTPs are
represented by stars. (4) Dotted box marks the area of the gel that is excised out for elution of the RT product. (5)
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is the inclusion of five random nucleotides at positions that will be
the first five nucleotides sequenced (see Fig. 3d). This random
sequence ensures sequence complexity during first few sequencing
cycles, and also allows for removal of any sequencing reads that
arise due to PCR duplication. Following RT, reaction is run on a
gel, the desired product is extracted and enriched via streptavidin
pulldown. The purified RT product is then circularized where the
3’-end is ligated to the 5’-end by circLigase, and the circular mol-
ecule serves as a template for PCRs. We describe the utility of
small-scale PCRs to determine the appropriate number of cycles
for production of the highest concentration of libraries without
accumulation of nonspecific PCR products. Large-scale PCR under
the determined conditions specifically amplifies the cDNA libraries
for NGS. The purified PCR product then undergoes series of
quantification and quality control steps before submission for
NGS. After testing serially diluted synthetic RNAs as input, we
have determined that our protocol can successfully generate com-
plex cDNA libraries with as low as 0.01 pmol of RNA.

2 Materials

2.1 Equipment
and General Supplies

1. Thermocycler (see Note 1).

[\

. Blue light transilluminator (VWR).

w

. Typhoon scanner (or a similar imager compatible with phos-
phorescent screens and fluorescent DNA binding stains).

. Phoshor-imager screens and cassettes.

. Gel dryer (for vacuum and heat-assisted gel drying).

. Access to Qubit fluorometer and Bioanalyzer or TapeStation.
. 0.2 ml PCR tubes.

. Vertical gel electrophoresis:

O NN O Ul B

Apparatus (C.B.S. scientific)
Metal heat sink (C.B.S. scientific)
Large glass plates, 20 cm W x 28 cm H  (C.B.S. scientific)
Short glass plates, 20 cm W x 10 cm H  (Moliterno)

Spacers, 0.15 cm (C.B.S. scientific)

Spacers, 0.1 cm (C.B.S. scientific)
Combs

8-well, 0.15 cm thick (C.B.S. scientific)

16-well, 0.1 cm thick (C.B.S. scientific)

8-well, 0.1 cm thick (C.B.S. scientific)
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2.2 RNA End Curing
and Quantification

9.

10.

11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

0.5x Tris/Borate /EDTA bufter (5x TBE: 54 g of Tris base,
27.5 g of boric acid, 20 ml of 0.5 M EDTA (pH 8.0)).

40% (w/v) acrylamide:bisacrylamide (29:1 Accugel, National
Diagnostics).

TEMED.

10% Ammonium persulfate (APS).

SYBR® gold nucleic acid gel stain (ThermoFisher Scientific).
25 bp DNA ladder (Invitrogen).

Glass baking tray for gel staining.

Standard clear sheet protector (e.g. Staples).

Razor blades (VWR).

Luer-lok™ Tip syringes (3 and 10 ml) and needles (22 gauge).
Magnetic rack (e.g. DynaMag™-2; ThermoFisher Scientific).
Corning® Costar® Spin-X columns (Sigma-Aldrich).
RNase-free water (ThermoFisher Scientific).

10 pg/pl Glycogen (ThermoFisher Scientific).

100% Ethanol (200 proof).

Materials to be prepaved abead of time in lab:

24.
25.
26.

N~

O 0 N O Ul

3 M sodium acetate (pH 5.2).
2 M magnesium chloride (MgCl,).

2x Denaturing Load Buffer: 3 ml 5x TBE, 1.8 g Ficoll Type
400, 6.3 g Urea, 3 mg bromophenol blue, 3 mg xylene cyanol,
up to 15 ml ddH,0O. To get into solution, place tube in water
in a beaker and boil on hot plate for 10-15 min. Add dyes after
adjusting the volume to 15 ml. Store at 4 °C. Before use, heat
to 50-60 °C to fully solubilize contents if necessary (see Notes
2 and 3).

. 10x CutSmart® bufter (NEB).
. Calf'intestine phosphatase (NEB).
. Acid Phenol mix (Phenol:chloroform:iso-amyl alcohol, pH

4.5; ThermoFisher Scientific).

. Low molecular weight single-stranded (ss) DNA ladder (Alfa

Aesar).

. Synthetic RNA oligo (any 20—40 nucleotide long sequence).
. 1 mM ATP.

. y¥P-ATP 3000 Ci/mmol (Perkin Elmer).

. 10x T4 Polynucleotide Kinase (PNK) buftfer (NEB).

. T4 PNK enzyme (NEB).
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10. Saran wrap.

11. 3 M Whatman paper.

12. Ttems 7-12 and 21-26 from Subheading 2.1.
Materials to be prepared abead of time in lab:

13. 20% Urea-PAGE gel mix (20% acrylamide:bisacrylamide
(stock: 40% (w/v)), 6 M Urea, 0.5x TBE).

2.3 Ligation 1. 50% PEG8000 (NEB; PEGS8000 is currently supplied with
T4RNL2 Tr. K227Q) (see Note 4).

2. 10x Ligation Buffer (10x T4RNL2 Tr. K227Q Bufter; NEB).
3. T4RNL2 Tr. K227Q enzyme (NEB).
4. 20 mM DTT.

5. 7 pM Pre-adenylated adaptor (miRCat-33® Conversion Kit
from IDT) for single-end Sequencing;:

5-rAppTGGAATTCTCGGGTGCCAAGGAAC-3’ (see Notes 5 and 6).

2.4 Reverse 1. 100 mM dATP, dCTP, dTTP, dGTP (NEB).
Transcription 2. 100 mM DTT.
3. 1 mM Biotin-dATP (Metkinen Biotin-11-dATP or PerkinElmer
Biotin-11-dATP).
4. 5 mM Biotin-dCTDP (Trilink Biotin-16-AA-2'dCTD).
5. 10 pM TruSeq RT primers (see Table 1 for sequences).
6. Superscript 111 (SSIIT) reverse transcriptase (Invitrogen).
Materials to be prepaved abead of time in lab:

7. 5x First-Strand Buffer w/0 MgCl,: 250 mM Tris-HCI (pH
8.3 at room temp), 375 mM KCL.

8. 4x ANTP mix: dGTP—0.25 mM; dTTP—0.25 mM; dATP—
0.175 mM,; biotin-dATP—0.075 mM; dCTP—0.1625 mM,;
biotin-dCTP—0.0875 mM.

2.5 Gel 1. Items 7-14 from Subheading 2.1.

Electrophoresis of RT Materials to be prepaved ahead of time in lob:

Product 2. 10% Urea-PAGE gel mix (10% acrylamide:bisacrylamide
(stock: 40% (w/v)), 6 M Urea, 0.5x TBE).

3. SYBR® gold staining solution: 20 ul of 10000x SYBR® gold in

200 ml of 0.5x TBE.

2.6 Gel Elution 1. Ttems 15-20 from Subheading 2.1.

and Streptavidin 2. Hydrophilic Streptavidin magnetic beads (NEB).

Pulldown
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2.7 Circularization

2.8 PCR
Amplification

2.9 DNA
Quantification and
Sample Preparation

2.10 TOPO Cloning
to Validate Deep Seq
Libraries

Materials to be prepaved abead of time in lab:

3.
4.

DNA Elution Buffer: 300 mM NaCl, 1 mM EDTA.

Streptavidin bead wash buffer: 0.5 M NaOH, 20 mM Tris-
HClpH 7.5, 1 mM EDTA.

. Streptavidin bead resuspension buffer: 10 mM Tris HCI pH

7.5,0.1 mM EDTA, 0.3 M NaCl.

. CircLigase™ reaction kit (CircLigase reaction bufter,

CircLigase enzyme and 50 mM MnCl) (Epicentre
Biotechnologies).

2. 1 mM ATP.

. 5 M Betaine solution (Sigma-Aldrich).

. Phosphorothioate Illumina PE1.0 and PE2.0 primers (see

Table 1 for sequences).

. 5% Q5 reaction buffer (NEB).

. Q5 DNA polymerase (NEB).

. 10 mM dNTPDs.

. 6x DNA gel loading dye (NEB).

. SYBR® gold staining solution: 20 pl of 10,000x SYBR® gold in

200 ml of 0.5x TBE.

. Items 8-16 from Subheading 2.1.

. Items 8-13 from Subheading 2.1.

2. 100 bp DNA ladder (NEB).

O NN O\ Ul W

. TOPO® TA Cloning® Kit for Subcloning, without competent

cells (Invitrogen).

. 10x Taq bufter (NEB).

. 10 mM dATPD.

. GoTaq® Hot Start Green Master Mix (Promega).
. Taq polymerase (5000 U/ml, NEB).

. Bacterial Competent cells (TOP10 or DH5a).

. PCR purification columns (e.g. Qiagen).

. M13 forward and M13 reverse primers.

Materials to be prepaved abead of time in lab:

9.

Luria-Bertani + Ampicillin (LB + Amp) plates: 10 g/1 Tryptone,
10 g/1 NaCl, 5 g/1 Yeast Extract, 15 g/l Agar; pH 7.4; add
100 pg/ml Ampicillin after autoclaving.
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2.11 Next- 1.

Generation
Sequencing and Data
Analysis Using Galaxy

User account on Galaxy (https: /usegalaxy.org), an open
source, web-based environment for analysis and manipula-
tion of NGS data.

3 Methods

3.1 RNA End Curing 1.

and Quantification

2.

There are two important considerations for the RNAs that will
be input into the method described here. First, this method
requires a hydroxyl group at the RNA 3’-ends. Most small RNAs
have a 3’-hydroxyl group and hence can be directly input into
ligation reaction in step 1 of Subheading 3.2. RNAs used for
the NGS library preparation in our laboratories were co-purified
with a fragment of Kluyveromyces polysporus Argonautel
(KpAGO). The recombinant protein was expressed and purified
from E. coli cells as reported previously [11]. The size of these
RNAs falls into two distinct size classes that peak around 13 and
19 nucleotides (Fig. 2a). Consistent with previous crystal struc-
tures of eukaryotic AGOs, these RNAs possess a 5'-monophos-
phate [11, 16-19]. However, the exact nature of these RNA
3’-ends (3’-hydroxyl or 3’-phosphate) is not known. Therefore,
we first describe a Calf Intestine phosphatase (CIP)-mediated
dephosphorylation step to ensure that all RNAs end in a
3’-hydroxyl. This treatment will be necessary in other cases
when a small RNA (or any RNA for that matter) does not end
in a 3’-hydroxyl group (e.g. chemical or enzymatic nucleolysis
yields RNAs with 3’-phosphate). Second, this method can be
executed most reliably if input RNA concentration is precisely
known. To quantify input RNA, we prefer to use a radioactive
method that compares the number of 5'-ends in the RNA sam-
ple to a small synthetic RNA oligo of known size and concentra-
tion. This is a very sensitive approach that is particularly beneficial
when input RNA amounts are low (nanomolar range) and can-
not be reliably quantified using spectroscopic methods. As small
RNAs often have a 5’-monophosphate, the CIP treatment
described here also converts the 5’-phosphate to a 5’-hydroxyl
group, which can be subsequently labeled with a radioactive
phosphate using T4 polynucleotide kinase (PNK) (see Note 7).

RNA End Curing
Add the following to an eppendorf tube:

10x CutSmart® buffer 2 pl
RNA xpl
CIP enzyme 1l

RNase-free water to 20 pl
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Fig. 2 Input RNA size estimation and reverse transcription product size selection. (a) A 16% denaturing urea
PAGE of %2P-labeled endogenous E. coli RNAs co-purified from KpAGO (/ane 3) and a mock sample (/ane 2). On
the right, the pixel intensity profile of /ane 3 shows the presence of two distinct RNA populations centered at
13 and 19 ntin length from the purified KpAGO. A hydrolyzed poly uridine 45-mer was used to estimate relative
size of the input RNA (/ane 7). (b) A SYBR® gold stained 10% denaturing urea-PAGE gel showing the extended
RT product smear located above the unextended RT primer (/ane 2). The excised gel region for elution of the
DNA product is indicated by a dashed red rectangle. The 25-bp DNA ladder is in lane 1

3. Incubate at 37 °C for 30 min (see Note 8).
4. To the same tube, add the following:

500 mM EDTA 1 pl
Water 380 pl
Acid Phenol mix 400 pl
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5.

. Centrifuge at 12,000 x g at room temperature for 5 min.

11.

12.

13.

14.

15.
16.
17.

Vortex for at least 1 min at room temperature.

. Carefully pipet 350 pl of the upper aqueous phase into a new

eppendorf tube (see Note 9).

. Add the following to the tube:

3 M sodium acetate (pH 5.2) 40 pl

2 M Magnesium chloride 10 pl
Glycogen 2 ul
100% Ethanol 1000 pl (2.5% of aqueous volume)

. Precipitate RNA overnight at —20 °C.
10.

Pellet RNA at 12,000 x gin a refrigerated (4 °C) centrifuge for
30 min. Carefully discard supernatant and wash with 1 ml of
70% ethanol by spinning at 12,000 x g at 4 °C for 5 min.

Discard supernatant and quick spin the tube. With a 20 pl
pipet, carefully remove any residual liquid. Air dry the pellet
for 1 min.

Resuspend RNA pellet in a small volume (<10 pl).
RNA Quantification

Add the following to a new eppendorf tube on ice:

10x PNK buffer 1l
RNA (from step 12) 1 pl

1 mM ATP 0.5 pl
y32P-ATP 20 pCi
T4 PNK 0.5 pl
RNase-free water to 10 pl

(see Note 10)

Set-up parallel T4 PNK reactions to label 0.1 pmol of a syn-
thetic RNA oligo, and 1 pl low molecular weight ssDNA
ladder.

Incubate at 37 °C for 30 min.
Add 10 pl of 2x Denaturing Load Buffer to each reaction.
Heat at 65 °C for 2-5 min.



3.2 Ligation
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18

19.

20.

21.

22.

23.
24.

25.

26.

27.

Prepare a 20% Urea-PAGE gel (20 x 27 x 0.1 cm) with 16
wells (see Note 11).

Pre-run gel at 35 W (constant power setting) for at least 30 min
(see Note 12).

Load 10 pl of the radiolabeled input RNA, 10 pl of the radio-
labeled RNA oligonucleotide, and 2 pl of the radiolabeled low
molecular weight DNA ladder from step 16 above (see
Note 13).

Run the gel at 35 W until bromophenol blue migrates 3 /4th
the length of the gel.

Caretully lift-off gel onto 3M Whatman filter paper and cover
with saran wrap (see Note 14).

Dry gel for 1 h at 80 °C in a gel dryer (see Note 15).

Expose gel to phosphorimager screen overnight to visualize
32P-labeled RNA.

Quantify the volume of signal of the input RNA and the RNA
oligo used as standard.

Determine molar concentration of the input RNA by compar-
ing its signal to that of the known RNA oligonucleotide.

If needed, adjust the concentration of the remaining input
RNA (step 12) such that 3’-ends are between 0.015 and
0.5 pmol/pl (pM). This will yield ~0.05-2 pmol of 3’-ends in
3.8 pl, which is optimal for efficient ligation reaction in the
next step, and eventually yields a complex library.

. Thaw the following and keep on ice: 50% PEG8000, 10x

T4RNL2 Tr. K227Q Buffer, 20 mM DTT, and 7 pM pre-
adenylated adaptor.

. Add the following to a PCR tube on ice:

7 pM pre-adenylated adaptor 1.0 pl
RNA 3.8 ul
RNase-free water to 4.8 pl

. Incubate in a thermocycler at 65 °C for 10 min. Rapidly cool

to 16 °C and hold for 5 min. Samples can be on hold at 4 °C.

. Transfer tubes from thermocycler to ice and add the

following:
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10x Ligation buffer 1.5 pl
50% PEG8000 7.5 pl
20 mM DTT 0.75
T4RNL2 Tr. K227Q 0.45 pl
Final volume 15.0 pl

5. Incubate in a thermocycler at 30 °C for 6 h.

6. Heat inactivate the enzyme at 65 °C for 20 min. Samples can
be on hold at 4 °C.

3.3 Reverse 1. Thaw the following and keep on ice: RT Primer, 4x dNTP
Transcription mix, 5x First-Strand Buffer without MgCl,, 100 mM DTT.
2. To the 15 pl ligation mix from step 6 in Subheading 3.2, add
the following:

10 pM TruSeq RT primer 1.0 pl
10 mM dNTP mix 11.25 pul
RNase-free water 6.8 pl

3. Incubate at 65 °C for 5 min. Hold at 4 °C for at least a
minute.

4. Transfer tubes to ice and add the following:

5x ES w/0 MgCl, Buffer 9.0 pl
100 mM DTT 2.25 pl
SSIII (200 U /pl) 1.2 pl
Final volume 45.0 pl

5. Incubate at 55 °C for 30—45 min.

6. Heat inactivate RT reaction at 70 °C for 15 min. The sample
can be on hold at 4 °C.

34 Gel 1. To RT reaction (from step 6 in Subheading 3.3), add 45 pl of
Electrophoresis of RT 2x denaturing urea load buffer.
Product 2. Prepare 10% denaturing Urea-PAGE gel (20 x 28 x 0.15 cm)

with eight 1.7 cm-wide wells (see Note 16).
3. Pre-run the gel at 35 W for at least 30 min (se¢ Note 17).
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3.5 Gel Elution
and Streptavidin
Pulldown

4.

10.

Load samples using P20 tips. For size markers, mix 6 pl of 25 bp
ladder (Invitrogen) with 34 pl of 2x urea denaturing bufter and
load 20 pl on either side of the sample (se¢ Note 18).

. Run gel at 35 W until bromophenol blue is 3 /4th from the

top of the gel.

. Stain the gel with SYBR® gold for 5 min using SYBR® gold

staining solution.

. Transfer gel to a plastic sheet protector cut open on three sides

(see Note 19).

. Scan on a Typhoon scanner using SYBR® gold compatible

excitation (520 nm) and emission (580 nm) filters.

. Print an image of the gel for documentation and to reliably

identify the desired bands/regions to be excised. Figure 2b
shows a gel where the to-be-excised fragment with the extended
RT product is indicated (see Note 20).

To excise the desired size gel fragments, place gel on a blue
light transilluminator and cut out bands using razor blades (see
Note 21).

. To crush a gel fragment, place it in the barrel of a 3 ml syringe

(piston removed), and extrude the gel fragment using the pis-
ton into a 2 ml eppendorf tube.

. Add 800 pl of DNA elution buffer to the eppendorf tube

with gel pieces. Nutate overnight at room temperature (see
Note 22).

. For each sample, aliquot 10 pl of streptavidin beads into a

1.5 ml eppendorf tube. Add 200 pl streptavidin bead wash
bufter. Flick tube with a finger to uniformly suspend the beads.
Place tube in a magnetic rack to capture the beads. Carefully
pipet-oft the supernatant and discard. Repeat wash steps at
least three times (sec Note 23).

. After the final wash, resuspend the magnetic beads in 10 pl of

streptavidin bead resuspension buffer.

. Transfer gel slurry from step 2 above to Spin-X column placed

in its collection tube. Spin at 10,000 x g for 3 min, at room
temperature (see Note 24).

. If needed, pool elution into a single 2 ml eppendort tube. Add

streptavidin magnetic beads, and nutate for 2-3 h at room
temperature (see Note 25).

. Place the tube on a magnetic rack to capture magnetic beads

and discard supernatant.

. Resuspend beads in 10 pl of RNase-free water.
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3.6 Circularization

3.7 PCR
Amplification

1.

2.

Thaw the following reagents and keep on ice: CircLigase
Reaction Buffer, 1 mM ATP, 50 mM MnCl,.

Transfer the bead slurry (10 pl; step 8 in Subheading 3.5) to a
PCR tube and add the thawed reagents as described below:

RT Product 10.0 pl (Bead slurry)
CircLigase Reaction 2.0 pl
Buffer

1 mM ATP 1.0 pl

50 mM MnCl, 1.0 pl

5 M Betaine 4.0 pl

CircLigase 1.0 pl

RNase-free water to 20 pl

. Mix the contents of the PCR tube well by gently flicking the

tube. Quick spin, and incubate the reaction at 60 °C for 4 h.

. Heat inactivate CircLigase by heating to 80 °C for 10 min in a

thermocycler.

. The number of PCR cycles required to generate enough cDNA

for deep sequencing will depend on the amount of the RT
product, and in turn, on the amount of input RNA. The exact
number of cycles needed for each sample will have to be empiri-
cally determined. If RT product was abundant enough to be
readily visible on the urea-PAGE gel in steps 8-10 of
Subheading 3.4, 6-10 PCR cycles will yield sufficient amount
of DNA (Fig. 3a). However, if input RNA amounts were lower
and RT product was faint or undetectable in step 8 in
Subheading 3.4, one will have to test the higher number of
PCR cycles (between 15 and 18 cycles). Perform small-scale
test PCRs first to test the appropriate number of PCR cycles for
a sample. Another goal of small-scale test PCRs is to identify a
minimum number of PCR cycles for library amplification. This
is very important to preserve the biological complexity of the
input RNA sample, and also to prevent the appearance of arti-
factual PCR products (see Fig. 3a, lane 4). In our experience,
these two conditions can be easily met by limiting amplification
to the lowest PCR cycle number that yields distinct PCR prod-
uct and where free (unused) primer pool is minimally depleted.

Small-Scale Test PCRs

. Thaw the following and keep on ice once thawed: phosphoro-

thioate PE1.0 and PE2.0 primers and 5x Q5 polymerase buf-
fer, dNTDs.
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Fig. 3 PCR amplification and size estimation of NGS libraries. (a) SYBR® gold stained 8% nondenaturing PAGE-
gel showing specific PCR products, over-amplification products, and unused primers (/anes 2-4; each species
is indicated on the right) in small-scale PCRs performed for increasing number of cycles indicated on fop of
each lane. The 25-bp DNA ladder is in /ane 7. (b) SYBR® gold stained 8% nondenaturing PAGE showing the
product band and unused primers (labeled on the right) from large-scale PCR (/ane 2). The 25-bp DNA ladder
is in /ane 1. The gel fragment excised to purify DNA for NGS is indicated by a red-dotted rectangle. (c) The
Bioanalyzer report of the purified PCR product from (b). On the /eftis a virtual gel image of the DNA ladder (/ane
7) and cDNA library of KpAGO-bound RNAs (/ane 2). On the rightis the histogram showing the size of the cDNA
library along with size markers (top) and a table with a summary of size and amount quantification of the
library (bottom). Note that while Bioanalyzer analysis also provides sample concentration (see table), fluores-
cent DNA binding dye based quantification provides more accurate quantification of DNA amount. (d) The cir-
cularized cDNA product as in Fig. 1 is shown in the center. The corresponding sequence of the final PCR
product in 5'-3’ direction is shown as the outer circle, and its different segments are individually labeled. Right
and Jeft pointing angled brackets indicate the start position of DNA synthesis during PCR. The gray right-
pointing angled bracket also indicates where the lllumina first-read sequencing primer begins extension
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3.

4.
5.

10.

Add the following to a PCR tube:

5x Q5 buffer 9.0 pl
10 mM dNTDPs 0.9 ul
10 pM PE 1.0 2.25 pl
10 pM PE 2.0 2.25pl
Circularization reaction 4-6 pl
Q5 polymerase 0.45 pl
RNase-free water to 45 pl

(see Notes 26 and 27)

Split the reaction into three equal parts (see Note 28).

Subject each reaction to a different number of PCR cycles (e.g.
5,8 and 11 cycles) using the following amplification conditions:

98 °C—30 s.
98 °C—5s.
65 °C—10s.
72 °C—15s.
72 °C—2 min.
12 °C—hold.
(repeat steps in bold for the desired number of cycles).

. Mix PCR reactions with 6x DNA loading dye and load on

20 x 28 x 0.1 cm 8% nondenaturing PAGE (see Notes 29
and 30).

. Run gel at 35 W until bromophenol blue is 3 /4th from the

top of the gel.

. Stain the gel with SYBR® gold for 5 min in SYBR® gold stain-

ing solution.

. Transter the gel to a clear plastic sheet protector as in step 7

in Subheading 3.4 to scan on a Typhoon scanner. The opti-
mal number of cycles needed for sufficient amplification of
the library will correspond to the minimum number of cycles
that provide readily detectable levels of expected size PCR
products such that there is <10% depletion of free primers
and complete absence of aberrant slow migrating DNA prod-
ucts (see Notes 31 and 32).

Large-Scale PCRs

Redo 2 x 45 pl PCRs (assembled as in step 3 above) for a fixed
number of PCR cycles determined above.
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3.8 DNA
Quantification and
Sample Preparation
for Next-Generation
Sequencing

11.

12.

13.

14.

15.

16.

17.

Separate large-scale PCR products onashort (20 x 12 x 0.1 cm)
8% nondenaturing PAGE at constant volts (150 V max) (see
Note 33).

Stain the gel in SYBR® gold and image on a Typhoon scanner
as described in step 8 in Subheading 3.4 (se¢ Note 34).

Excise gel fragment containing PCR products of the expected
size. Figure 3b shows a gel with the excised fragment contain-
ing the large-scale PCR product.

Crush gel fragment and perform DNA elution as described in
steps 1 and 2 of Subheading 3.5 (se¢ Notes 35 and 36).
Precipitate DNA by adding 2.5 volumes of 100% ethanol and
10 pg glycogen. Store at —20 °C for at least 2 h.

Pellet DNA at 12,000 x g at 4 °C for 30 min. Wash the DNA
pellet two times with 70% ethanol. Remove residual ethanol
via quick spin and fine pipetting.

Immediately resuspend pellet in 20 pl water (see Notes 37
and 38).

. To prepare DNA sample for next-generation sequencing, both

the size and the amount of PCR product have to be carefully
quantified. NGS libraries usually result in low sub-nanogram
DNA vyields, and therefore require highly sensitive quantifica-
tion methods. DNA size in a library is best quantified via auto-
mated chip-based electrophoresis systems such as Bioanalyzer
(high sensitivity DNA chip) or TapeStation (DNA and RNA
ScreenTape). The Bioanalyzer trace and stats for the library
prepared from the example input sample is shown in Fig. 3c.
DNA concentration of a library can be accurately quantified
using a Qubit fluorometer. These instruments are now part of
workflows at most NGS facilities, which often provide access to
these services for a small per sample charge. If access to these
instruments is not available, precise size and amount quantifi-
cation of NGS library can be carried out using standard lab
equipment as in the following steps.

. Prepare an 8% native PAGE short gel as in step 11 of

Subheading 3.7.

. Load 2 pl of NGS library DNA along with 1.5, 0.5, and 0.15 pl

of 100 bp NEB ladder on the gel. Run gel at 150 V until bro-
mophenol blue dye front runs a 3 /4th length of the gel.

. Stain the gel with SYBR® gold as described above (step 8 of

Subheading 3.7).

. Scan the gel on a Typhoon scanner.

6. Quantify DNA using software such as ImageQuant. Use the

amount of DNA in a specific band of the ladder (the one most
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3.9 TOPO Cloning
to Validate NGS
Library

10.

11.

3.
4.

comparable to intensity of your PCR bands) as a reference for
quantification.

. After quantification, a small amount of PCR product can be

used for cloning into T-tailed vectors (see Subheading 3.9).

. Convert DNA concentration from ng/pl to nM (fmol /pl) (see

Note 39).

. Assuming 40 fmol of DNA will be loaded in one lane of an

Illumina flow cell, different barcoded libraries can be pooled
depending on the number of reads desired for each library to
obtain 40 fmol of DNA in a particular volume. For example,
if three samples are to be mixed to get reads at a ratio of 1:1:2,
mix them at 10 fmol: 10 fmol: 20 fmol (se¢ Note 40).

If the pooled library is to be quantified again prior to sequenc-
ing, obtain the average size of the DNA in the pooled mix as
follows:

((fmol of library 1 x Average BP Size of Library 1) + (fmol
of library 2 x Average BP Size of Library 2) + ... (fmol of
library 7 x Average BP Size of Library #))/40 total fmol

Determine the concentration of the pooled library via Qubit,
and using the equation in Note 39 and average bp size from
step 10, verify if nM concentration of your pool matches to
that expected.

. A small amount of PCR product can be cloned into T-tailed

TOPO TA-cloning vector and transformed into E. co/i. Using
universal primers, inserts from a handful of bacterial colonies
can be PCR amplified and sequenced via Sanger sequencing to
validate the library before deep-sequencing.

. The Q5 polymerase used to PCR amplify NGS libraries is a

proofreading enzyme. So, unlike Taq, this polymerase does
not leave a 3’-A overhang. To add an A-overhang at the ends
of the PCR product to enable cloning into T-tailed TOPO
vector, mix the following in a PCR tube:

PCR product 4.0 pl (see Note 41)
10x Taq Buffer 0.5 pl
10 mM dATP 0.125 pl

Taq polymerase 0.25 pl
Water 5 pl (0.125 ul)

Incubate the PCR tube in a thermocycler at 72 °C for 20 min.
Mix the following in a PCR tube:
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3.10 Next-
Generation
Sequencing and Data
Analysis Using Galaxy

A-tailed PCR product 4.0 pl
Vector (pCR2.1-TOPO) 1.0 pl
Salt solution 1.0 pl

. Incubate the PCR tube at room temperature for 5 min then

move it to ice.

. Transform 4.0 pl of above mix into 50 pl of chemical compe-

tent Topl0 or DH5a cells.

. Plate the transformed bacteria on the pre-warmed LB + Amp

plate.

. To identity insert-containing clones, first prepare the following

mix in a PCR tube:

GoTaq Master Mix 10 pl
10 pM M13 forward primer 0.8 pl
10 pM M1 3 reverse primer 0.8 pl
Water to 20 pl
(see Note 42)

9. Pick a single colony with a pipet tip or toothpick and mix into

the PCR mix.

10. Perform PCR in a thermocycler using following conditions:

95 °C for 5 min.

95 °C for 1 min.

55 °C for 30 s.

72 °C for 1 min.

Repeat steps in bold, 29 times.
72 °C for 10 min.

4 °C forever.

11. Run 5 pl of the product on a 1.5% agarose gel.
12. For each PCR reaction that yields a single, desired-size PCR

product, purify the remaining PCR reaction using PCR purifi-
cation columns and perform Sanger sequencing with M13
reverse primer.

. Sequence the NGS libraries prepared by this procedure on the

HiSeq or MiSeq Illumina platforms in the single-end 50 bp
format. These libraries use the standard Illumina first-read
sequencing primer for both the barcode and insert sequencing.
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10.

11.

12.

13.

14.

The final sequence of the DNA product from the procedure is
shown in Fig. 3d. The data from the sequencing pipeline is
delivered in the fastq format.

. Log into a user account on the Galaxy server (https: /usegal-

axy.org/) [20].

. Upload the fastq file to Galaxy server with “Get data - Upload

file”.

. Obtain a basic quality control report for fastq data file using

“NGS: QC and manipulation — FastQC”.

. Groom the fastq file into fastqsanger format using “NGS: QC

and manipulation — Fastq Groomer”.

. Select the high quality reads using “NGS: QC and manipula-

tion — Filter by quality” (see Note 43).

. Convert fastq file into fasta format using “NGS:Convert

Formats - FASTQ to FASTA” (see Note 44).

. Remove first five nucleotides (random 5-mer) from each read

using “NGS: QC and manipulation — Trim sequences”.

. Upload a text file with the exact sequence of the barcode

sequence (positions 6-12 on the RT primers) using “Get
data — Upload file” (see Note 45).

Using the barcode text file and the output from step 5 above,
split reads based on barcode using “NGS: QC and manipula-
tion — Barcode splitter”. Specify that the barcodes are at the
start of the sequence (see Note 46).

Sequences with or without barcode sequences are output sepa-
rately in an html file. Convert the output file of barcode-
containing sequences into a fasta file for subsequent analysis as
follows. In the “Results” pane, click on the “eye” icon to view
the html barcode splitter output table. For each individual bar-
code-containing sequence file, right click on the hyperlink to
capture the “Copy Link Location” URL of the file. Go to the
tool “Get Data — Upload File” and paste the URL into the “
URL/Text:” box. Submit and the data will load as a fasta for-
mat dataset.

Remove first seven nucleotides (barcode + two invariable Cs)
from each read using “NGS: QC and manipulation — Trim
sequences” by keeping bases 8 through 50.

Remove the 3’-adapter using “NGS: QC and manipula-
tion — Clip” tool. Indicate minimum sequence length after
clipping as “1” and supply miRCat-33® sequence as a custom
sequence to be clipped.

Compute lengths of reads using the tool “FASTA manipula-
tion — Compute sequence length”.
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Fig. 4 Size and nucleotide composition of KpAGO-bound RNAs from NGS of the cDNA library. (a) A histogram
showing the read counts (y-axis) corresponding to different lengths (x-axis) in the KpAGO cDNA library.
~1.39 million reads are represented in the plot. (b) A web-logo showing the probability distribution (y-axis) of
each of the four nucleotide bases at positions 1-10 (x-axis) of the KpAGO-bound RNAs. ~1.29 million reads
>10 nt were used for this analysis

15. Plot histogram of read lengths using “Graph/Display
Data — Histogram”. Figure 4a shows the read length profile
for the input sample shown in Fig. 2a.

16. To determine sequence composition of first ten positions of
the inserts, first use “NGS: QC and manipulation — Trim
sequences” tool to keep bases 1 through 10. Then use the tool
“Motif Tools — Sequence Logo” to generate a web-logo.
Figure 4b shows the web-logo for the first ten positions of the
KpAGO-bound RNAs (see Note 47).

17. The trimmed sequences obtained in step 10 above can be used

for alignment to reference genome using tools available in
“NGS: Mapping” tool-shed.

4 Notes

1. All reactions should preferably be performed in a thermocy-
cler. For all reactions above 25 °C, use the heated lid at 110 °C.

2. To keep samples as free from contaminants as possible, all
pipetting should be done with filter tips.

3. All homemade buffers should be filter sterilized before use to
remove contaminants.
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4

10.

11.
12.

13.

14.

15.

16.

17.

. Pipet very slowly to accurately pipet viscous solutions contain-
ing PEG8000. PEG8000 is susceptible to oxidation in the
presence of air. Every time a new vial is opened, make small
aliquots and store at —20 °C. Dispose of an aliquot after it has
been used a couple times.

. All primers should be gel purified or HPLC purified.

. This linker is no longer available from IDT in pre-synthesized
torm. It can be ordered as a custom oligo from any oligo syn-
thesis service, preadenylated using Mth RNA ligase (NEB) and
gel purified.

. If input RNA requires only 3’-end dephosphorylation, it can
be achieved using the 3’-phosphatase activity of T4 PNK in a
reaction where RNA is incubated with the enzyme in the
absence of ATP.

. Do not use heat to inactivate CIP as RNA is susceptible to hydro-
lysis at elevated temperature, particularly in the presence of metal
ions present in CIP buffer (Mg** and Zn?*). Instead, quench reac-
tion with EDTA and remove CIP by Phenol:Chloroform extrac-
tion as described.

. Recovering only 350 pl of the aqueous phase prevents con-
tamination by interphase /organic phase constituents.

The phosphorylation steps using T4 PNK (steps 13-27 in
Subheading 3.1) should be performed only with a fraction of
the input RNA and most of the RNA should be saved for input
into step 1 of Subheading 3.2.

Allow the gel to polymerize for at least 1 h at room temperature.

Before and after the pre-run, flush wells with running bufter
using a syringe fitted with a 22-gauge needle. Clamp metal
heat sinks onto the plates during the pre-run and the final run
to prevent cracking of plates by overheating.

It is best to skip at least one lane between each sample and
RNA/DNA standards.

The bottom chamber buffer will be significantly radioactive as
unincorporated radioactive ATP will run-off'into it from the gel.

If the signal is strong and only a few hours of exposure is
needed, this step can be skipped and a saran-wrapped gel can
be exposed to the phosphorimager screen.

Broad wells help reduce the height of loaded sample in the well
and reduce sample streaking. Those made using the described
8-well comb on 20 cm wide gel makes 1.7 cm wide well.

Before and after pre-run, flush wells before loading and run-
ning sample. Clamp metal heat sinks onto the plates during the
pre-run and the final run to prevent cracking of plates by
overheating.
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18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

The unextended RT primer migrates ~120 nt. Depending on
the size of starting RNA sample, the extended RT product will
appear above the unextended primer as a specific size band (in
the case of small RNAs) or as a streak (in the case of RNAs of
variable length).

A standard sheet protector open from three sides allows easy
handling of stained PAGE gels without contributing any back-
ground fluorescence.

If the input is on the lower end of the recommended amount,
the RT product may be hard to visualize. In such a case, adjust-
ment of brightness/contrast on images from fluorescent
scanner may help to locate the product. In any case, a print
copy of the gel image can serve as a guide for excision of the gel
region where the RT product is expected to migrate. Numerous
times we have successfully made NGS libraries even when RT
product is not readily visible.

Use a new razor for each sample.

The volume of DNA eclution buffer used may have to be
adjusted to ensure that the gel fragment slurry is mixing well
on the nutator. We typically start with 800 pl and add more
elution buffer if needed. If gel fragment is too large, split into
multiple tubes and add sufficient elution bufter to each tube to
allow thorough mixing.

For multiple samples, enough beads for » + 1 samples can be
washed in the same tube using larger volumes of wash buffer.
Washed beads can then be split into aliquots.

To easily pipet gel slurry, cut a 1000 pl pipet tip about 0.5 cm
from the tip to widen its bore. Also, more than one Spin-X
column may be needed if the slurry volume is large.

Pre-washed streptavidin magnetic beads can also be incubated
with gel pieces in elution buffer overnight during step 2 above.
In this case, DO NOT crush gel pieces in step 1 in Subheading
3.5 as beads tend to stick to the jagged edges of gel fragments.

Mix the circularization reaction well by pipetting before add-
ing to PCR reaction.

Do NOT exceed the suggested amount of circularization reac-
tion as a template in PCR reaction as it may affect PCR
conditions.

To test a wider range of PCR cycles, reaction can be split into
tour equal parts.

Use 18-well comb or one that provides several narrow wells
per gel.

Run a parallel negative control PCR without a circularized
template to use as a comparison for size and starting amount of
PCR primers.



26 Pooja Gangras et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

nM

40.

4].

42.

The PCR product from unextended but circularized RT is
expected to be 151 bp. Hence, insert containing PCR
product will be equivalent to the sum of 151 and expected
insert size in bp.

Under PCR over-amplification conditions, both depletion
of primers and appearance of aberrant slow migrating PCR
products can be seen readily; compare lanes 2 and 3 with
lane 4 in Fig. 3a for the primer depletion and over-amplifi-
cation artifacts.

Use a wide well comb so as to fit all the 90 pl of the PCRs in a
single well sized about 1.7 cm. It is extremely important to
perform electrophoresis under conditions that minimize heat
generation. Heat produced during electrophoresis can lead to
denaturation of double-stranded DNA library, and confound
DNA quantifications.

Scanning the gel provides documentation for records and
enables careful analysis of PCR product sizes before proceed-
ing ahead with next-generation sequencing.

Use of blue-light transilluminator minimizes DNA damage
that may be caused by short-wave UV.

As the volume of gel pieces is similar to those in steps in
Subheading 3.5, steps 1 and 2 of Subheading 3.5 can be fol-
lowed exactly.

Air drying of DNA pellet for even a short duration can lead to
DNA denaturation and confound precise quantification in
subsequent steps.

Glycogen added during DNA precipitation may interfere with
sequencing reaction. To remove glycogen completely, purify
the DNA using Zymo Research DNA clean & concentrator™
columns as described by the manufacturer.

A rough conversion factor for 200 bp DNA product is 7.58
[(ng/pl) x 7.58 = nM]. Use the following conversion formula
for a more precise calculation:

= ((QUBIT in ng per pl) x 1,000,000)/(((BP
SIZE) x 607.4) + 157.9)

Directly consult with the NGS sequencing facility regarding
volume and concentration of DNA needed for sequencing.
Aim for 1.5-2 times the required volume at the given concen-
tration so that additional pooled sample is available for quanti-
fication via Bioanalyzer and Qubit, if necessary.

DNA from multiple barcoded libraries can be pooled and
cloned together.

To screen # colonies, prepare a master-mix for 7 + 1 samples.
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43.

44.

45.

46.

47.

As seen in the FastQC output, quality score >28 will keep only
the highest quality reads.

There are two tools with the same name in the galaxy tool-
shed. We recommend to use the one developed by the Galaxy
team.

The required format of the text file is described in the galaxy
tool “NGS: QC and manipulation — Barcode splitter”.

The number of mismatches allowed and the number of dele-
tions allowed in barcodes can be changed to optimize the
output.

Sequence Logo tool requires all input sequences to be of the

same length.
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Chapter 2

Quantification of miRNAs Co-Immunoprecipitated
with Argonaute Proteins Using SYBR Green-Based qRT-PCR

Hong-Duc Phan, Junan Li, Ming Poi, and Kotaro Nakanishi

Abstract

MicroRNAs (miRNAs) are small non-coding RNAs that trigger post-transcriptional gene silencing. These
RNASs need to be associated with the Argonaute proteins to be functional. This assembly begins with load-
ing of'a miRNA duplex, followed by the ejection of one of the strands (passenger). The remaining strand
(guide) together with the Argonaute protein forms a ribonucleoprotein effector complex (the RNA-
induced silencing complex, RISC). Mutation on the Argonaute protein, if affecting either step of the RISC
assembly, impacts the function of miRNAs. Therefore, any observation of decreased miRNA level of
mutants will provide insights into the role of those amino acid residues in the mechanical function of the
Argonaute protein. In this chapter, we introduce a method to relatively quantify a specific miRNA co-
immunoprecipitated with wild type and mutant Argonaute proteins from HEK293T cells, using Real-
Time Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR). Spiking a synthetic
exogenous miRNA as an internal control with RNA extraction prior to cDNA synthesis will normalize the
C, values obtained from the qRT-PCR assays and enable us to quantify the relative level of Argonaute-
bound miRNA.

Key words qRT-PCR, miRNA, Argonaute, Immunoprecipitation, SYBR Green

1 Introduction

miRNAs are single-stranded RNAs of about 22 nucleotides (nt)
that are generated from the endogenous hairpin-shaped transcript
[1,2]. In human, miRNA duplexes are loaded into four Argonaute
paralogs (Agol-4) [1, 3]. After passenger-strand ejection, the
remaining guide and the Argonaute protein form the RNA-induced
silencing complex (RISC) [4, 5]. This ribonucleoprotein complex
also provides a scaffold for the components essential for transla-
tional repression and deadenylation [3, 4, 6]. To understand the
versatile functions of Argonaute proteins, previous studies com-
pared the physiological activities between wild type (WT) and the
mutant proteins. For example, FLAG-tagged human Argonaute
(FLAG-Ago) proteins were expressed in HEK293T cells and

Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
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purified by immunoprecipitation with anti-FLAG antibody from
the cell lysate [7]. The miRNA-binding activities of Argonaute
mutants were evaluated by Northern blot using a probe for a par-
ticular miRNA [7-9]. This method has been routinely used to
identity residues on Argonaute proteins playing important role(s)
during loading of miRNA and/or passenger-strand ejection [10-
12]. Despite its high specificity, Northern blot has some disadvan-
tages, such as being time-consuming, low throughput, and low
sensitivity for small RNA detection [13-15].

Recently, Real-Time Quantitative Reverse Transcription
Polymerase Chain Reaction (QRT-PCR) is becoming more popular
as an alternative method to Northern blot. However, there are two
major obstacles preventing the use of qRT-PCR in quantifying
miRNA co-immunoprecipitated with FLAG-Ago. First is the
primer design for qRT-PCR. Historically, qRT-PCR has been
developed for detection of mRNA; therefore, the techniques and
knowledge based on mRNA detection may not be applicable for
miRNA, primarily due to the much shorter length. The use of
stem-loop qRT-PCR may partially solve the problems, but this
method requires the use of stem-loop reverse transcription primers
(also known as TagMan® MicroRNA assay), which has been
licensed to Applied Biosystems™ [16, 17]. Another obstacle is that
a reference gene such as a housekeeping gene needs to be used as
an internal control to normalize variances between samples [18].
Previous studies often used fortuitously bound RNA such as
GAPDH as a reference gene for the normalization of the C, value
when employing qRT-PCR to detect a specific mRNA co-
immunoprecipitated with Argonaute proteins [19-21]. This
approach may introduce considerable variance in the quantification
of miRNA co-immunoprecipitated with Argonaute mutants when
the mutation affects the binding of such RNAs.

To address the issue of primer design, we employed SYBR
Green-based qRT-PCR with polyT adaptor primers (Fig. 1) [22].
This approach is cost-eftective, especially in the case of systematic
quantification of different miRNAs co-immunoprecipitated with a
large number of Argonaute protein mutants. In this method, miR-
NAs will be first polyadenylated by poly(A) polymerase (Fig. 1,
step 1), prior to the complementary DNA (cDNA) synthesis by
reverse transcription using an oligo-dT adaptor primer composed
of'a polyT primer and a universal tag on its 5’ side (Fig. 1, step 2).
Then, an equal amount of an exogenous miRNA, cel-miR-39, was
spiked as the internal control into the immunoprecipitated
Argonaute proteins whose amount was adjusted based on western
blot analysis before RNA extraction (Fig. 2) [23]. The difference
in threshold cycles for the miRNA of interest and the spiked cel-
miR-39 enables us to normalize RNA extraction from the different
immunoprecipitated proteins.
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S U\
Step 1
polyadenylation
poly(A)
polymerase
SN T U T\ AAAAA-AAAAAAAS
Step 2 poly(A) miRNA
cDNA synthesis

SN U T \AAAAA-AAAAAAA S

Reverse
l transcriptase

5 ———AAAAA--AAAAAAAT

Step 3
qPCR with SYBR Green

5 ———AAAAA-AAAAAAA —— 3

—

miRNA-specific primer

Fig. 1 Schematic representation of polyT adaptor qRT-PCR method. Step 1:
poly(A) tail is added to miRNA by poly(A) polymerase. Step 2: cDNA is synthesized
by reverse transcriptase using oligo-dT adaptor primer. Step 3: cDNA is amplified
by SYBR Green-based gPCR with miRNA-specific and universal PCR primers

2 Materials

1. Dynabeads Protein G (Thermo Fisher Scientific).

Magnetic rack, DynaMag-2 Magnet (Thermo Fisher Scientific)
or equivalent.

N

Ultrasonic processor.
Bench top tube rotator.
Vortex mixer.

Anti-FLAG M2 antibody, F1804 (Sigma). The antibody is
diluted 1000 times with the blotting buffer containing 5% of
skim milk and 1% of sodium azide as working solution for
Western blot.

7. Lysis buffer: 30 mM HEPES-KOH (pH 7.4), 100 mM KOAc,
2 mM Mg(OAc),, 10 pg/pl Aprotinin*, 10 pM Leupeptin*,

SN
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Overexpression of FLAG-Ago in HEK293T cells

Immunoprecipitation of FLAG-Ago by anti-
FLAG antibody-conjugated Dynabeads

Y

Normalization of the amounts of
immunoprecipitated FLAG-Ago
based on Western blot

Spike of cel-miR-39
/_ (internal control)

Y

Extraction of miRNAs

Y

miRNA detection by gRT-PCR

Y

-Mcy)

Data analysis using 2 ¢ method

Fig. 2 Workflow of SYBR Green-based qRT-PCR of miRNAs using an exogenous
miRNA as an internal control

1 pM Pepstatin*, and 1 mM phenylmethylsulfonyl fluoride
(PMSEF)* (*: freshly prepared).

8. Wash buffer: 30 mM HEPES-KOH (pH 7.4), 100 mM KOAc,
2 mM Mg(OAc),, 800 mM NaCl, and 1% Triton X-100.

9. Cel-miR-39 (GE Dharmacon): 5 UCACCGGGUGUAAAU
CAGCUUG 3'.
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Proteinase K reaction buffer: 200 mM Tris—-HCI (pH 7.5),
25 mM EDTA (pH 8.0), 300 mM NaCl, and 2% sodium
dodecyl sulfate (SDS) (w/v).

Proteinase K, 20 mg,/ml.

TRIzol LS reagent (Thermo Fisher Scientific).
Direct-zol RNA kits (Zymo Research).

TransIT-X2 Dynamic Delivery System (Mirus Bio).
qScript microRNA ¢cDNA Synthesis Kit (Quanta Bio).
PerfeCTa SYBR Green SuperMix (Quanta Bio)
Universal PCR primer (Quanta Bio).

Forward primer to detect miR-19b and cel-miR-39 (ordered
from Quanta Bio) (se¢ Note 1).

Cel-miR-39  GCAGCTGATTTCGTCTTGGTAA
miR-19b GTGCAAATCCATGCAAAACTG

2x SDS-loading dye: 125 mM Tris—-HCI (pH 6.8), 4% Sodium
dodecyl sulfate (SDS), 20% Glycerol, 0.04% Bromophenol blue,
and 100 mM beta-mercaptoethanol* (*freshly prepared).

Opti-MEM reduced serum media (Gibco).

Nitrocellulose blotting membrane (GE Healthcare).
Electrophoresis chamber (Bio-RAD).

Blotting buffer: 20 mM Tris-base, 150 mM NaCl, and 0.001%
Tween 20.

Blocking buffer: 20 mM Tris-base, 150 mM NaCl, 0.001%
Tween with 10% (w/v) skim milk.

Novex NuPAGE SDS-PAGE gel (Invitrogen).

Image StudioLite (Li-cor).

Odyssey® Imaging Systems (Li-cor).

IRDye® 800CW Goat anti-Mouse IgG (H + L), 0.1 mg
(fluorescent-labeled secondary antibody, Li-cor). The antibody is
diluted at 1:16,000 with dilution buffer containing 50% PBS (pH
7.4), 50% Odyssey bufter and 0.01% Tween as working solution
for Western blot.

pCAGEN-FLAG-Ago2 WT [24].

pCAGEN-FLAG-Ago2 Y529E is made using the following
forward and reverse site-directed mutagenesis primers:
Forward: 5’-CGGCAAGACGCCCGTGGAAGCCGAG-3/,
Reverse: 5'-ACGCGCTTGACCTCGGCTTCCACGGGC-3'.

The gene of MBP is amplified from pMAL vector (Novagen)
with the following forward and reverse primers and processed
with EcoRI and Notl. Then, the fragment is cloned into
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pCAGEN vector using the same restriction enzyme sites.
Forward: 5'-GAGTGAATTCATGAAAATCGAAGAAGGTA
AACTGGTAAT-3’, Reverse: 5'-CACTGCGGCCGCTCAAT
TAGTCTGCGCGGCTGC-3" (EcoRI and Notl sites are
underscored).

3 Methods

3.1 Overexpression
of MBP, FLAG-Ago2
WT, and FLAG-
Ago2Y529E Proteins
in HEK293T Cells

3.2 FLAG-Ago
Immunoprecipitation
Using Anti-FLAG M2
Antibody

We quantified miR-19b, one of the most abundant miRNAs in
HEK293T cells [25] and compare the miRNA-binding activities
between the FLAG-Ago2 WT and Y529E mutant. The latter was
previously reported as a mutant deficient in miRNA binding by
Northern blot analysis [12]. Non-tagged MBP was used as a nega-
tive control.

1.

Transfect the mixture of 10 pg plasmids, 45 pl of TransIT-X2
reagent, and 1.5 ml OMEM into the 10 cm plates of 80% con-
fluent HEK293T cells, according to the manufacturer manu-
al’s instruction. Cultivate the cells for 48-50 h.

. After rinsing the cells once with 10 ml cold PBS, detach the

cell off the plates by vigorously pipetting the cells with
PBS. Harvest the cell by centrifugation at 1000 x 4 for 10 min
at 4 °C. Measure the weight of the cell pellet (x mg). Hereafter,
handle the samples at 4 °C through the whole procedure.

. Resuspend the cell pellet with five times of the pellet weight

(5% pl) of lysis buffer in a 1.7 ml microcentrifuge tube. Place
the tube in an ice bucket and sonicate at 30% amplitude using
Microtip for 20 s in 4 s burst with at least 60-s intervals.
Incubate on ice for 5 min, and centrifuge at 17,000 x g for
20 min at 4 °C. Collect the supernatant and aliquot into 100 pl
fraction in microcentrifuge tubes. Then, flash-freeze the lysate
in liquid nitrogen and store them at —80 °C.

. For each FLAG-Ago sample, aliquot 60 pl of Dynabeads

Protein G into a 1.7 ml microcentrifuge tube and resuspend
with 1 ml of Lysis buffer. Set the tubes on the magnetic rack
and remove the solution. Repeat this wash process three times.

. Resuspend the beads in 60 pl of Lysis bufter, followed by mix-

ing with 2 pl of 1 mg/ml anti-FLAG M2 antibody. Shake the
tube on the vortex mixer at room temperature for 1 h.

. Resuspend the antibody-conjugated beads with 1 ml of Lysis

buffer. Set the tube on the magnetic rack and remove the
solution. After repeating this wash process three times, discard
the supernatant.
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Quickly thaw the frozen 100 pl-cell lysate aliquot from step 3
of Subheading 3.1, and incubate with the antibody-conjugated
beads at 4 °C for 2 h on a benchtop tube rotator.

Add 1 ml of Wash butffer to the beads and resuspend the mix-
ture. Set the tubes on the magnetic rack and discard the super-
natant. Repeat this wash process five times.

3.3 Semi- We followed the standard western blot protocol [26] with some
quantification of modifications.

Immunoprecipitated
Protein by Western Blot

1. Take 3 pl of the beads from step 5 in Subheading 3.2 and mix

with 2 pl of 2x SDS-loading dye and 7 pl of water to the final
volume of 12 pl. Heat the sample at 90 °C for 5 min.

. After spinning down the sample, load the supernatant on the

SDS-PAGE gel. Run the gel at a constant voltage of 180 V
until the bromophenol blue reaches to the bottom.

. Transfer the sample from the gel to the nitrocellulose blotting

membrane in the electrophoresis chamber at a constant volt-
age of 80 V for 1.5 hat 4 °C.

4. Block the membrane with 20 ml of blocking buffer for 1 h.

10.

3.4 Extraction of 1.

RNA from Immuno-
precipitated FLAG-Ago
(see Note 2) 2

. Incubate the membrane for 2 h at room temperature with

10 ml of anti-FLAG M2 antibody working solution.

. After discarding the antibody, add 20 ml of blotting buffer to

the membrane and incubate them for 10 min. Repeat this wash
process three times.

. Incubate the membrane for 1 h with 40 ml of secondary anti-

body working solution.

. After discarding the second antibody, add 20 ml of Blotting

bufter to the membrane, and incubate them for 10 min. Repeat
this wash process three times.

. Fluorescence from the fluorescent-labeled secondary antibody

is detected in the 800 channel of Odyssey Imaging System.

Quantify the fluorescent intensity from the immunoprecipi-
tated Ago protein using Image StudioLite software (Fig. 3).

Adjust the amount of beads based on the intensities of immu-
noprecipitated Ago of the Western blot data from step 10 in
Subheading 3.3.

. Add 250 pl of proteinase K buffer and 10 pl of 20 mg,/ml pro-

teinase K to the protein immunoprecipitated beads. Incubate
the mixture at 50 °C for 30 min.

. Spike 1 pl of 10 nM of cel-miR-39 into each sample as an inter-

nal control (see Note 3).
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a Total extract b Immunoprecipitation
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Anti-FLAG

Anti-FLAG
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Fig. 3 Expression and immunoprecipitation of FLAG-Ago2 WT and Y529E. (a) Expression levels of FLAG-Ago2
WT and Y529E were detected by anti-FLAG antibody. Anti-tubulin antibody was used to detect tubulin as an
internal control. Non-tagged MBP was used as a negative control. Western blot analysis was triplicated. (b)
Immunoprecipitated FLAG-Ago2 WT and Y529E were detected by anti-FLAG antibody

3.5 cDNA
Preparation

. Add 200 pl of TRIzol LS reagent to each sample and vortex

the mixture for 30 s, followed by incubation at room tempera-
ture for 5 min. Centrifuge at 17,000 x g for 10 min to remove
the beads and debris. Transfer the supernatant to a new tube.

. Mix the supernatant with an equal volume of 100% ethanol

and transfer the mixture to the spin column of Direct-zol RNA
kits. Hereafter, follow the instruction of the kit to extract the
total RNA.

. Elute the total RNA from the spin column with 20 pl of RNase-

free water. The RNA eluents can be stored at —80 °C until they
are used for cDNA synthesis step.

. Take 7 pl of RNA for the poly(A) tailing reaction, following

the gScript microRNA ¢DNA Synthesis Kit’s instructions:
incubate the reaction at 37 °C for 1 h, followed by another
incubation at 70 °C for 5 min.

Reagents Volume (pl)
5x Poly(A) tailing buffer 2
RNA 7

Poly(A) polymerase 1




3.6 cDNA
Amplification by SYBR
Green qPCR
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. Set up the cDNA synthesis reaction, following the qScript

microRNA ¢DNA Synthesis Kit’s instructions: incubate the
reaction at 42 °C for 20 min, followed by another incubation

at 85 °C for 5 min.

Reagents

Volume (pl)

Poly(A) tailing reaction

microRNA ¢cDNA reaction mix

qScript reverse transcriptase

. Transfer 4 pl of the cDNA product successively to 16 pl of

RNase-free water to generate fivefold serial dilution samples

and store them at —20 °C.

. Set up the qPCR reaction to amplify miR-19b as follows:

Reagents

Volume (p)

2x SYBR Green premix
10 pM miR-19b primer

10 pM Universal PCR primer
cDNA (from step 3 in Subheading 3.5)

Double distilled water

B
0.2
0.2
4
0.6

2. Set up the qPCR reaction to amplify cel-miR-39 as follows:

Reagents

Volume (pl)

2x SYBR Green premix

10 pM cel-miR-39 primer

10 uM Universal PCR primer
cDNA (from step 3 in Subheading 3.5)

Double distilled water

5
0.2
0.2
4
0.6

3. Run the PCR as follows:

Pre-incubation (1 cycle): 95 °C for 2 min.

PCR (40 cycles):
Denaturation: 95 °C for 5 s.

Annealing: 60 °C for 30 s (to collect fluorescence signals).
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3.7 Data Analysis

The miRNA-binding activity of Ago2 Y529E mutant was compared
to that of WT by quantifying their bound miR-19b (se¢ Note 4).

1. The threshold cycle for miR-19b co-immunoprecipitated with

FLAG-Ago2 WT is normalized to the spiked cel-miR-39 using
the following equation:

AC,

wr = Cowr (MiR-19b) — C, ; (cel-miR-39)
where C, wr (miR-19b) and C, wr (cel-miR-39) are the thresh-
old cycles for miR-19b and cel-miR-39 extracted from FLAG-

Ago2WT sample, respectively.

. The threshold cycle for miR-19b co-immunoprecipitated with

FLAG-Ago2 Y529E is normalized to the spiked cel-miR-39
using the following equation:

AC, ys0r = C, ysrop (MIR-19b) = C, {50 (cel-miR-39)

where C ysop (MiR-19b) and C, ysyop (cel-miR-39) are the
threshold cycles for miR-19b and cel-miR-39 extracted from
FLAG-Ago2 Y529E sample, respectively.

. The relative amount of miR-19b co-immunoprecipitated with

FLAG-Ago2 Y529E to that with FLAG-Ago2 WT is given by

2_AC1,Y529E

XN,Y529E _ — 2*(AC|,Y529E*AC‘,WT) _ 2—AAC[

- —ACG wr
XN,WT 2

where Xy wr and Xyysyor are the normalized initial amounts
of miR-19b co-immunoprecipitated with FLAG-Ago2 WT
and Y529E mutant, respectively,and AAC, = AC, ysyor — AC; wr
[27].

. Xxysaor/ Xxwr 18 shown in bar graph with two-sided Student’s

t-test values calculated (Fig. 4). The relative amount of miR-
19 co-immunoprecipitated with MBP to that with FLAG-
Ago2 WT (i.e. Xxmpr/Xnwr) Is calculated in the same way.

4 Notes

1. Alist of pre-designed primers to detect miRNAs has been vali-

dated and published on the website of the manufacturer
(http: //www.quantabio.com /products/microrna-profiling).
For miRNAs without pre-validated primers, a guide note for
primer design has also been published (http: /www.quantabio.
com/products/microrna-profiling).

. It is important to use RNase-free materials in Subheadings

3.4-3.6.
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Fig. 4 The amount of miR-19b bound to FLAG-Ago2 Y529E and MBP relative to
FLAG-Ago2 WT. Relative quantification of miR-19b level in FLAG-AGo2 Y529E,
WT and MBP. FLAG-Ago2 Y529E bound less amount of miR-19b than FLAG-Ago?2
WT (p < 0.05), which is consistent with the previous report [12]. Experiments
were conducted three times

3. Alternative exogenous miRNAs, which are not expressed in
the sample, can be spiked in the sample as the internal control.
The level of exogenous spiked miRNAs should be in the linear
range of C; value of the miRNA of interest.

4. This method is applicable for detecting any miRNAs by chang-
ing the specific miRNA primers.
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Chapter 3

Gateway to Understanding Argonaute Loading
of Single-Stranded RNAs: Preparation of Deep
Sequencing Libraries with In Vitro Loading Samples

Eling Goh and Katsutomo Okamura

Abstract

Identification of sequences preferred by individual RNA-binding proteins (RBPs) has been accelerated by
recent advances in the quantitative analysis of protein—-RNA interactions on a massive scale, and such
experiments have even revealed hidden sequence specificity of RBPs that were assumed to be non-specific.
Argonaute (AGO) proteins bind diverse guide small RNAs and were believed to have no sequence specific-
ity besides the preference for particular bases at the 5’ nucleotide. However, we recently showed that short
single-stranded RNAs (ssRNAs) are loaded to AGOs in vivo and in cell extracts with detectable sequence
preferences. To study the sequence specificity, we established a protocol for preparing the oligo-specific
deep-sequencing library. The protocol includes in vitro loading assay that uses RNA oligos containing
randomized nucleotides at the first five positions and also splinted-ligation that specifically amplifies the
introduced oligo RNA species from a complex mixture of endogenous small RNAs and exogenously intro-
duced RNA oligos. With the current sequencing depth, this procedure will allow quantitative profiling of
interactions between the AGO and ~1000 ssRNA species with different sequences. The method would aid
in studying the mechanism behind the selective loading of ssRNAs to AGOs and may potentially be applied
to study interactions between RNA and other RNA-binding proteins.

Key words Argonaute, Single-stranded RNA, High-throughput sequencing, In-vitro

1 Introduction

RNA interference (RNAi) is a gene-silencing phenomenon
triggered by microRNA (miRNA) and small interfering RNA
(siRNA) duplexes loaded to Argonaute (AGO) proteins [1].
Upon loading, the passenger strand of each duplex is released,
leaving behind just the guide strand, resulting in the formation
of RNA-induced silencing complex (RISC) [2]. Strand selec-
tion by AGO is actuated by the identity of 5’ terminal nucleo-
tide and asymmetrical thermodynamic stability of the duplex
[3]. While much is known about the mechanistic and func-
tional aspect of AGO-duplex loading, loading of single-stranded

Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
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RNAs (ssRNAs) to AGOs has only recently been brought to
attention. Accumulating evidence suggests that a fraction of
cellular non-structured ssRNAs such as the loop regions
released from miRNA hairpins are loaded to AGOs to form
active RISCs [4-6]. Furthermore, with various chemical modi-
fications extending the half-lives, ssRNA oligos successfully
exhibited the anticipated RNAI effect in vivo, with better pen-
etration to target tissues compared with the duplex siRNA
counterparts [7-11].

We previously proposed that loading of endogenous ssR-
NAs to fly AGOs is sequence-selective and recapitulated-selec-
tive loading by introducing *?P-labeled ssRNA oligos harboring
Adme-mir-317 and dme-mir-34 loop sequences to in-vitro cyto-
plasmic extracts (Fig. la). The preferential loading of AGO1
and AGO2 observed was consistent with that of in-vivo pro-
cessed mir-317 and mir-34 loops (Fig. 1a).

To understand the sequence selectivity of AGOs, an unbi-
ased method to screen for preferentially loaded sequences
selected from a large pool of RNA species was needed. The chal-
lenge with establishing such a method is to specifically amplify
the synthetic RNA oligos that have partially randomized sequence
from a complex sample containing vastly diverse endogenous
RNAs (Fig. 1b). In this chapter, we describe an approach to spe-
cifically amplify a particular RNA species with partially random-
ized sequences after in-vitro AGO loading for the construction
of high-throughput sequencing (HTS) libraries (Fig. 2).

This is achieved through the combination of (1) multiple gel
purification steps to eliminate species of undesired sizes after AGO
immunoprecipitation and ligation steps (Fig. 3), (2) splinted-
ligation to specifically add a 3'-linker to AGO-loaded 5’ end-
randomized ssRNA oligo, and (3) oligo-specific RT-PCR to further
enrich cDNA molecules derived from the desired RNA species. By
optimizing splinted-ligation conditions (Fig. 4), this protocol
could achieve strong enrichment of the introduced oligo and
depletion of endogenous species, resulting in >80% specificity
(Fig. 5). With great sequencing depth and high specificity of the
library, it is anticipated that the broad spectrum of AGO sequence
preference, if any, would be distinctly revealed.

2 Materials

2.1 3P ssRNA Oligo
Labeling for In Vitro
Loading

Items are listed in the order of the procedure.

1. 1 pM partially randomized RNA oligonucleotides, HPLC
purified: NNNNNUGAAAUGCAAGCAAG (N: randomized
region with hand-mixed nucleotides, underlined: backbone
sequence of choice).
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Fig. 1 Applications of ssRNA in vitro loading assay. (a) In vitro loading assay recapitulates AGO loading trend of
in vivo processed miRNA loops. 3?P-labeled ssRNA oligos harboring endogenous miRNA loop sequences were
introduced into S2R+/FLAG-HA-AGO2 cell lysate for in vitro AGO loading for an hour. RNA extracted from
immunopurified AGO1 and FLAG-AGO2 were resolved on a denaturing gel and the bands were visualized and
quantified by phosphorimager. AGO1 prefers mir-34 loop while AGO2 prefers mir-317 loop, which are consis-
tent with a previous study [5]. (b) In vitro loading of ssSRNA oligo coupled with small RNA library construction
enables the study of AGO protein sequence selectivity. “AGO2-loading-IP” requires the loading of *P-labeled
ssRNA oligo in the cell lysate, followed by FLAG-AGO2 immunoprecipitation. The resulting extracted RNA pool
contains mainly endogenous small RNAs with a minor population of the 3?P-labeled ssRNA oligo. To obtain the
baseline, the “mock-loading-IP” experiment was performed. This does not involve the loading of the sSRNA
oligo, but instead, the *?P-labeled ssRNA oligo is only added after the RNA is extracted from AGO2-IP sample.
Therefore, the composition of the initial population used for the loading could be determined by analyzing the
“mock loading” library. Enrichment/depletion in the AGO2-bound population will be determined by the com-
parison of the relative abundances between the “AGO2-loading-IP” and “Mock-loading-IP” libraries. In this
example, 5’ GGGGG sequence is highly enriched in “AGO2-loading-IP” since the initial population as reflected
in “Mock-loading-IP” has little of 5’GGGGG sequences. On the other hand, 5’ACACA sequence is depleted as
the initial population carries an abundance of it yet less is present in “AGO2-loading-IP.” In addition, we made
two additional control libraries to exclude potential possible artifacts, non-specific binding (“mock IP”) and
cloning artifacts (“raw oligo”). See Note 3 for more details

2. T4 Polynucleotide Kinase (NEB).

3. 10x PNK Buffer (NEB).

4. 6000 Ci/mmol 10 mCi/ml[y-3*P]-ATP EasyTide (PerkinElmer).
5. Heat block.
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Fig. 2 Preparation of HTS library enriching synthetic RNA loaded in vitro. (a) Procedure flow of library construc-
tion. Pink: AGO2-bound RNA oligos; Black: Ago2-bound endogenous small RNAs; Green: 3 linkers ligated to
the 3’ ends of RNAs; Blue: 5’ linkers ligated to the 5" ends of RNAs; Red boxes: Critical steps that enhance
library specificity. After in vitro loading of ®?P-labeled partially randomized oligo, the small RNA population
extracted from the resulting AGO complexes consists mainly of endogenous small RNAs (black) and little of the
loaded oligos (pink). However, splinted-ligation step (red boxead) adds 3’-linkers (green) to the 3’ ends of RNA
in a sequence-specific manner and the loaded oligos are strongly enriched after the non-ligated endogenous
RNAs are eliminated by gel purification (red boxea). During the 5’ linker ligation reaction, 5’ linkers (blue) are
ligated to the 5’ ends of RNAs but this does not confer any specificity. The gene-specific RT-PCR step (red
boxed) uses primers that partially base-pair with the oligo sequences and further enriches the oligo sequences
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. MicroSpin G25 columns (GE Healthcare).
. Scintillation cocktail Ultima Gold F (PerkinElmer).

. 20 ml scintillation vial.

Nele RN BN

. Scintillation counter.

2.2 Cell Lysate . 150 ¢m? Tissue Culture Flasks, Plug Seal Cap.

Preparation for In Vitro . S2R+ cells expressing FLAG-HA-tagged AGO2 (S2R+/
Loading FLAG-HA-AGOZ2)[12]; the plasmid for tagged AGO2 expres-
sion was a kind gift from the Hannon lab [13].

3. 50 ml Falcon Tube.

4. Hypotonic Buffer: 30 mM HEPES-KOH (pH 7.4), 2 mM
Magnesium acetate, 5 mM DTT. Dissolve 1 tablet/10 ml
cOmplete ULTRA Tablets Mini (Roche) before use.

. 25G PrecisionGlide Needle.

. 1 ml Tuberculin Syringe.

. 15 ml Falcon Tube.

. Protein Assay Dye Reagent Concentrate (Bio-Rad).

(NS

O 0 N O U

. Liquid nitrogen.

P

2.3 In Vitro Loading . 1 M Potassium Acetate (KOAc).

Reaction 2.5 mM Adenosine 5'-triphosphate (ATP) disodium salt
solution.

3. 100 mM Dithiothreitol (DTT).
4. RNaseOUT Recombinant Ribonuclease Inhibitor (Invitrogen).

2.4 Preparation 1. Dyna beads protein G (Novex).
of Antibody-Bound 2. Citrate phosphate buffer: 22.4 mM citric acid, 64.8 mM
Beads Na,HPO,, pH 5.0.

<

Fig. 2 (continued) and amplify them. The resulting PCR products consist mainly of oligo sequences instead of
endogenous RNAs, as opposed to the initial AGO2-IP population. (b) Gel image of the small RNA population
extracted from in vitro loading samples. The band above 20 nt corresponds to the 32P-labeled partially random-
ized oligos that were loaded to AGO2 proteins. In the lane of “mock-loading-IP” sample, %2P-labeled partially
randomized oligos were added to the endogenous RNAs extracted from the immunoprecipitated AGO2. We
performed an additional control experiment to determine the extent of background binding of RNA oligos by
performing mock IP using normal mouse IgG after in vitro loading reaction (see Fig. 1b for the detailed experi-
mental design.). No signal was detected in this lane. (¢) Results of the 3’-end splinted linker ligation.
Successfully ligated oligos at their 3’ ends are seen at ~40 nt, whereas non-ligated products remained at
~20 nt. Only the band of ~40 nt is purified from the gel. (d) Results of the 5’-end linker ligation. Successfully
ligated oligos at their 5’ ends seen at ~70 nt are to be purified from the gel. (e) Results of PCR products. Bands
of ~140 bp are purified for HTS. Non-template controls (NTC) were performed to verify that there was no
contamination of the template DNA (not shown)
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Decade Library
Marker Samples

Cut at
Decade
Marker top
Loading dye region
Gel | markers Scalpel /
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Underlying Slit
glass plate
Expose to Storage
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scan and print
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printed image —
at the bottom
. ) Slit with gel
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glass plate placed ——corresponding Decade L o gel piece in
above paper — signal Marker __ | & the slit
region being -
<« cut out =
Gel piece 4— - Signal from
containing - w mew sample

library sample / -

Fig. 3 Gel cutting procedure for HTS library construction. Procedure for gel cutting in library construction as
described in Subheading 3.6, steps 8 and 9. After gel electrophoresis, remove the top glass plate so that the
gel faces up with an underlying glass plate. There will be fop (blue) and bottom (purple) dye marks visible on
the gel due to the Gel Loading Buffer Il used for sample loading. Use a scalpel blade to cut out highly radioac-
tive small gel pieces from the top region of the Decade Marker. Cut two slits at the fop right and bottom left of
the gel and fill the slits with the radioactive gel pieces. Encase the gel and the plate together with plastic wrap,
and expose the gel to a Storage Phosphor screen in a cassette for ~30 min. Scan the Storage Phosphor screen
and print the autoradiography image on a paper. Place the gel with the underlying glass over the printed image,
such that the two radioactive gel pieces in the slits align with the corresponding signals on the image. Cut out
the regions where the *2P-labeled randomized oligos are found

3. Anti-FLAG mouse monoclonal antibody (Anti-DYKDDDDK
tag, Wako).

4. Tube Rotator (MACSmix).

5. 1x PBS: 136.9 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOy,,
1.8 mM KH2P04.

6. RIPA butfter: 1x PBS (pH 7.4), 0.1% SDS, 0.5% deoxycholate,

0.5% NP40.
2.5 Immuno- 1. Tube Rotator (MACSmix).
purification of 2. 1x PBS: 136.9 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,,
FLAG-AGO2 Complex 1.8 mM KH,PO,.

3. RIPA bufter: 1x PBS (pH 7.4), 0.1% SDS, 0.5% deoxycholate,
0.5% NP40.
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Fig. 4 Optimization of splinted-ligation. (a) Design of three different bridges. Top: the bridge is composed of a
standard 14-nt segment base-paired with the RA3 linker (green) [15] and a 15-nt segment fully base-paired
with the partially randomized oligo (red). Middle: the bridge is the same to the top bridge, except that its 5’ end
(green) is shorter by 6 nt. Bottom: the bridge results from trimming the middle bridge further at its 3’ end by 9 nt.
(b) The optimization outcome for the splinted-ligation using the three different bridges shown in Fig. 2a. All three
gel images were adjusted to have the same degree of exposure as indicated by a marker (not shown). Ligated
products are seen at ~40 nt. The bands at ~20 nt represent RA3 that was not ligated to the oligo but failed to
dephosphorylate by the CIP treatment. A large difference in the intensity between the two bands at ~40 nt (with
and without oligo) indicates a high specificity of the bridge. Although the “14 nt linker +15 nt oligo” bridge (fop)
has similar efficiency as that of “8 nt linker +15 nt oligo” bridge (middle), it has a much lower specificity. On the
other hand, reducing the base pairing with the partially randomized oligo to six (bottom) resulted in extremely
low efficiency, with no detectable ligated products. Since “8 nt linker +15 nt oligo” bridge gives both high speci-
ficity and high efficiency, it was used for library construction. Asterisk indicates artifacts

4. 0.4 M NaCl.

5. Phenol:Chloroform:Isoamyl Alcohol (PCI): Saturated with
10 mM Tris—HCI (pH 8.0), 1 mM EDTA. Mixed at 25:24:1.

6. Pellet Paint Co-Precipitant (Novagen).
7. 100% Ethanol.

2.6 Library 1. T4 Polynucleotide Kinase (PNK) (NEB).
Construction 2. 10x PNK Buffer (NEB).



48 Eling Goh and Katsutomo Okamura
A Optimization of splinted ligation bridge (Figure 4, Note 9)
and RT-PCR conditons (Note 13)
Library specificity check
Endogenous small RNAs fractionated RNA oligo with BspHI site
from total RNA sample (NNNNNTCATGAAATGCA AAG)
5P 5P 7
5P. i /;dh BspHl site
5'P. 5P 5P ——
5P 5P
Library construction procedure
(Section 3.6, Figure 2)
Optimal condition Non-optimal condition
(High specificity) (Low specificity)
5’ linker Insert 3’ linker 5’ linker Insert 3’ linker
g —— — — Oligo-specific —— —
103 —— — — products
S — : —
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B "
[)
©
e]
©
2 B - Oligo with BspHI site
= _ + - + BspHI
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130bp < o
120bp s <] Linker-linker
110bp product
100bp
90bp Digested
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80bp 9 PCR
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Digested
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50bp RCR
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Fig. 5 Specificity check of small RNA library. (a) Procedure flow of library specificity check. After selecting the
optimal bridge (Fig. 4, see Note 9) and optimal RT-PCR conditions (see Note 13), the anticipated library speci-
ficity can be checked by using randomized oligos (pink) containing a restriction site (rea). Additional 3 nt (red,
underlined) are inserted to the original oligo sequence to create the BspHI restriction site in this case. These
restriction-site-harboring oligos are added to size-fractionated (20—30 nt) endogenous RNA (black), mimicking
1x “AGO2-loading-IP” sample (see Note 9). The RNA mixture is then subjected to library construction proce-
dure as described in Subheading 3.6 and Fig. 2. The resulting PCR products are made up of insert (pink/ black)
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3.6000 Ci/mmol 10 mCi/ml [y-*P]- ATP EasyTide
(PerkinElmer).

. Heat block.

. MicroSpin G25 columns (GE Healthcare).

. Scintillation cocktail Ultima Gold F (PerkinElmer).
. 20 ml scintillator plastic vial.

. Scintillator machine.

. 100 pM DNA oligo bridge with 3’-deoxy base (3d-base) at the
3’ end (see Note 1), standard desalting (underlined: base-pairing
with oligo sequence): GAATTCCACTTGCTTGCATTTC
3d-A/.

10. 10x Capture Bufter: 100 mM Tris—HCI (pH 7.5), 750 mM KCIl.

11. 100 nM, 5’ phosphorylated illumina RA3 linker, HPLC: 5'P-T
GGAATTCTCGGGTGCCAAGG/3ddC/.

12. PCR Strip Tubes.

13. PCR machine.

14. 2x Rapid Ligation Bufter (Promega).

15. T4 DNA Ligase (Promega).

16. 2x Gel Loading Buffer II (Ambion).

17. Vertical slab gel unit (Sturdier).

18. 50 ml Falcon Tube.

19. SequaGel Bufter (ULTRA-PURE-SEQUAGEL kit, National
Diagnostics).

20. SequaGel Diluent (ULTRA-PURE-SEQUAGEL kit, National
Diagnostics).

21. SequaGel Concentrate (ULTRA-PURE-SEQUAGEL kit,
National Diagnostics).

O 0 N O\ Ul

Fig. 5 (continued) flanked by RP1 primer/5’ linker sequence (blue) and RPI/3’ linker sequence (green) and are
restriction digested by BspHI. Majority of the PCR products will contain the oligo sequence with the BspHI site
as the inserts (pink with red) if the bridge and RT-PCR conditions are highly specific. Therefore, libraries con-
structed with the optimal conditions will have ~60 (5’ fragment) and ~80 bp (3’ fragment) digested bands as
major species after BspHI digestion followed by gel electrophoresis. On the other hand, non-optimal conditions
would give little/no digested bands as non-specific products will not change its size (~140 bp) even after
BspHI digestion. (b) Gel electrophoresis image of a highly oligo-specific library. The PCR product from a sample
containing the BspHI-site harboring RNA oligo produced a clear signal at ~140 bp (black arrowhead) that was
digested into the two bands of ~60 and ~80 bp (white arrows) upon BspH1 digestion (/eft side), as elaborated
in Fig. 5a. On the other hand, the PCR product from a sample not containing the RNA oligo merely had the band
of ~140 bp and was resistant to a digestion by BspH1 (right side). The band seen at ~110 bp in all lanes was
the product resulting from the empty 5'-3’ linker ligation without inserts (white arrowhead). Black arrows
indicate the PCR primers
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22.
23.
24.

25.
26.

27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

40.

4].
42.
43.
44.
45.

46.
47.
48.
49.
50.
51.

52.

10% (w/v) Ammonium persulfate (APS).
Tetramethylethylenediamine (TEMED).

Diluted Decade Marker RNA: Add 2 pl of freshly 3?P-labeled
RNA markers (Ambion) to 23 pl of 2x gel loading bufter.

Disposable Serological Pipette.

0.5x TBE (pH 8.3): 44.6 mM Tris, 44.5 mM boric acid, 1 m
M EDTA.

PowerPac.

Surgical Blade.

Plastic wrap.

Storage Phosphor screen (GE Healthcare).

Storage Phosphor cassette (GE Healthcare).

Typhoon phosphor-imager scanner (Amersham BioSciences).
0.4 M NaCL

MACSmix Tube Rotator (MACSmix).

Centrifuge Columns, 0.8 ml (ThermoFisher Scientific).
100% Ethanol.

Pellet Paint Co-Precipitant (Novagen).

70% Ethanol.

100 pM, illumina RA5 5'linker (RNA), standard desalting:
GUUCAGAGUUCUACAGUCCGACGAUCNN (N: ran-
domized nucleotide, see Note 2).

10 mM Adenosine 5'-triphosphate (ATP) disodium salt
solution.

10x T4 RNA Ligase Buffer (Ambion).

T4 RNA Ligase (Ambion).

50% PEG8000 (NEB).

RNaseOUT Recombinant Ribonuclease Inhibitor (Invitrogen).

5 pM, gene-specific RT primer, standard desalting (8 nt base-
pairing with linker, underlined: 6 nt base-pairing with oligo
sequence): GAATTCCACTTGCT.

Thermoscript RNase H-Reverse Transcriptase (Invitrogen).
100 mM DTT.

5x cDNA synthesis buffer (Invitrogen).

10 mM each ANTP Mix.

iProof HF Mastermix (Bio-Rad).

10 pM illumina RP1, TOP purified: AATGATACGGCGAC
CACCGAGATCTACACGTTCAGAGTTCTACAGTCCGA.

10 pM gene-specific illumina RPI, TOP purified: CAAGCAG
AAGACGGCATACGAGATYYYYYYGTGACTGGAGTT
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CCTTGGCACCCGAGAATTCCACTTGCTTGC (Y: 6 nt

barcode, underlined: 9 nt base-pairing with oligo sequence).

53. Phenol:Chloroform:Isoamyl Alcohol (PCI): Saturated with
10 mM Tris-HCI (pH 8.0),1 mM EDTA. Mixed at 25:24:1.

54. Chloroform.
55. 5 mg/ml Glycogen.
56. 30% Acrylamide/Bis Solution (29:1).

57. 10x TBE (pH 8.3): 892 mM Tris, 890 mM boric acid, 20 mM
EDTA.

58. 10 bp DNA ladder (Invitrogen).
59. Blue/Orange 6x Loading Dye (Promega).

60. 1x TBE (pH 8.3): 89.2 mM Tris, 89.0 mM boric acid, 2 mM
EDTA.

61. 1x SYBR Safe in 0.5x TBE: Add 30 pl 10,000x SYBR Safe
(Invitrogen) to 300 ml 0.5x TBE.

62. Shaker.

63. Gel Doc (BioRad).

64. Blue light emitter (Maestrogen).

65. Nanodrop (ThermoFisher Scientific).

3 Methods

3.1 2P ssRNA Oligo
Labeling for In Vitro
Loading

To analyze the sequence specificity of AGO2, RNA species loaded
to AGO2 in the in vitro reaction were cloned and sequenced. To
analyze the enrichment/depletion of each of the ~1000 species
(=4%: all combinations of 4 nucleotides at 5 positions) in the loaded
population compared to the population before the loading reac-
tion, we made a “mock-loading” control library (Fig. 1b). For the
“mock-loading” control, we mixed the RNA oligo with endoge-
nous AGO2-associated small RNA species immuno-purified from
the cells prior to library construction. Enrichment/depletion of
each of the randomized RNA sequences in the AGO2-IP library
was estimated using the abundance of the sequence in the mock-
loading control library as the latter represents the initial oligo pop-
ulation (see Note 3).

Here, we will describe the methods of enriching RNA species
preferentially loaded to AGOs in the lysate (Subheadings 3.1-3.5)
and constructing deep-sequencing libraries (Subheading 3.6).

1. Set up two of the following PNK reaction in eppendorf tubes
(see Note 4):

2. Incubate the reaction tubes at 37 °C for 1 h.
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3.2 CGell Lysate
Preparation for In Vitro
Loading

3.3 In Vitro Loading
Reaction

1 pM partially randomized RNA oligo 4.5 pl

10x PNK buffer 2l
[y-*?P]-ATP 3ul
T4 PNK enzyme 1 ul
Sterile water 9.5 pl

3. Gently flick two of the MicroSpin G25 columns to mix the
beads and place them on the microfuge tubes provided by the
kit. Spin the columns at 800 rcf for 1 min and transfer the col-
umns to eppendorf tubes. After transferring the labeling reac-
tions to the columns, spin the tubes at 800 rcf for 1 min and
discard the columns.

4. Heat the samples at 95 °C for 2 min and place them immedi-
ately on ice for another 2 min to inactivate PNK and denature
the ssRNA oligo. Collect all the solutions into one single tube
if the reactions were done in multiple tubes.

5. Add 1 pl of the **P-labeled oligo in 5 ml Scintillation cocktail
in a scintillation vial and measure the radioactivity using a scin-
tillation counter (se¢ Note 5).

1. Harvest S2R+/FLAG-HA-AGO2 cells from 12 confluent
T150 flasks by spinning the culture in 12 falcon tubes at 800
rcf for 10 min. Discard the supernatant.

2. Add 1x cell pellet volume of hypotonic buffer to the cells and
resuspend them thoroughly using a pipette. Make 500-800 pl
aliquots of the suspended sample with 1.5 ml tubes.

3. Lyse the cells five times through a 25G needle affixed to a 1 ml
syringe. Change the needle for every tube. Spin the tubes at
21,100 rcfat 4 °C for 15 min. Collect all the supernatants in a
15 ml falcon tube and mix it well.

4. Measure the total protein concentration using the Protein
Assay Dye reagent.

5. Adjust the total protein concentration to ~10 mg,/ml by add-
ing the hypotonic butfer. Freeze lysate aliquots (160 pl each)
quickly in liquid nitrogen and store them at —80 °C. Typically,
~40 lysate aliquots could be made from 12 of the T150 flasks
of cells.

In this section, the lysate prepared in Subheading 3.2 will be used
for the in vitro loading of the 32P-labeled, partially randomized
oligos (Subheading 3.1). The samples should always be kept on ice
unless otherwise specified.



3.4 Preparation
of Antibody-Bound
Beads

3.5 Immuno-
purification of FLAG-
AGO2 Complex

1.

2.

3.
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Thaw ten tubes from Subheading 3.2, step 5. Add the follow-
ing reagents into each of the ten tubes (se¢ Note 6):

5 mM ATP 32 ul
1 M KOAc 324
100 mM DTT 16 pl
RNAse out 0.8 pl
Sterile water 77.2 ul

Label five of the tubes as “AGO-loading,” another five as
“mock-loading” (see Note 6). Add 2 x 10° counts per minute
(cpm) of 32P-labeled oligo (Subheading 3.1, step 4) to each of
the five “AGO-loading” tubes. In contrast, add an equivalent
amount of water to “mock-loading” tubes. Mix the samples
thoroughly with a 1000 pl pipette tip.

Incubate all samples at 25 °C on a heat block for 1 h (se¢ Note 7).

For immunoprecipitation of the ten reactions from Subheading
3.3, step 3, ten tubes of antibody-bound beads will be needed.

1.
2.

Add 120 pl of Dyna beads to each of ten new tubes.

Insert tubes into the magnetic rack and remove supernatant. Wash
the beads thoroughly with citrate phosphate buftfer three times.
Pipette 800 pl of citrate phosphate buffer to each of the tubes.

. Add 20 pg of FLAG antibody to each tube. Rotate the samples

for 30 min at room temperature.

. Spin down the tubes briefly, and place them on the magnetic

rack. After removing all solution, wash the beads with citrate
phosphate bufter three times and subsequently with RIPA buf-
fer two times. Make sure that the buffer is completely removed
after the last wash.

. Label five tubes from Subheading 3.4, step 4 “AGO2-

loading-IP” and the remaining five “mock-loading-1P.” Add
700 pl of RIPA bufter to each of radioactive loading reactions
from Subheading 3.3, step 3 and mix them well. Transfer the
loading reactions to the respective antibody-bound beads
according to the labels.

. Rotate the tubes at 4 °C for 1.5 h.

. Spin down all samples briefly and place them on the magnetic

rack. Discard all lysate solution.

. Wash the beads thoroughly with RIPA buffer four times. Mix

the beads well with 500 pl of RIPA buffer and transfer entire
volumes (with beads) to new eppendorf tubes (see Note 8).
Label them accordingly.
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3.6 Library
Gonstruction

5. Place these tubes to the magnetic rack and remove the solu-
tion. Wash beads with PBS and remove solution completely.

6. Add 200 pl of 0.4 M NaCl followed by 200 pl of PCI to the
beads and mix thoroughly. Spin the tubes at 21,100 rct at
4 °C for 15 min.

7. For all samples, transfer 150 pl of the upper-phase to new pre-
labeled tubes. Add 2 pl of Pellet Paint Co-Precipitant and
450 pl of 100% ethanol to each tube. Shake to mix. Store
them at —20 °C overnight to ensure efficient precipitation.

This section describes the method for construction of small RNA
libraries that enrich the target sequence (Fig. 2). Gel purification
steps described here (Fig. 3) are important in enhancing the library
specificity and recommended not to be skipped. Before constructing
the actual library for deep-sequencing, the bridge sequence and
ligation conditions need to be optimized to ensure efficient liga-
tion (Fig. 4, see Note 9). We also strongly recommend checking
the specificity of the library with the selected bridge oligo. A par-
tially randomized oligo containing a restriction enzyme digestion
site should be used (see Note 10) so that the specificity of resulting
libraries can be examined by digestion of the PCR product (Fig. 5).

1. Centrifuge all IP samples from Subheading 3.5, step 7 at 21,100
rcf at 4 °C for 30 min. Discard the supernatants leaving behind
just the pinkish pellets (due to the Pellet Paint Co-Precipitant).
Rinse the pellet with 70% ethanol and ensure no ethanol left in
the tube. Air dry the RNA pellets for 1 min. Resuspend pellet in
5 pl of 2x gel loading bufter. Combine all the samples with same
labels so that each IP sample has 25 pl volume of RNA. Add a
proper amount (1100 cpm) of 32P-labeled randomized oligo
tound in “AGO2-loading-1P” into the “mock-loading-IP.” (The
amount of RNA oligo that is present in the “AGO2-loading-1P”
is estimated according to the method in see Note 6.)

2. Add 25 pl of 2x gel loading bufter to each sample. Heat all the
samples and diluted Decade Markers at 95 °C for 2 min, and
put them on ice for another 2 min.

3. Set up the Sturdier vertical slab gel unit(s) with 1.5 mm spacers
for gel purification of the small RNA species (se¢ Note 11).

4. In a 50 ml falcon tube, make 15% urea gel as follows and mix

it well:
SequaGel diluent 15 ml
SequaGel concentrate 30 ml
SequaGel buffer 5 ml
10% APS 400 pl

TEMED 20 pl
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. Use a 25 ml serological pipette to fill up the vertical slab with

the urea gel. Insert a 1.5 mm comb from above and stop 3%
way through. The gel fully solidifies in about 30 min.

. After pre-running the urea gel in 0.5x TBE buffer, wash the

wells with 0.5x TBE butffer again.

. Load diluted Decade Markers and samples from Subheading

3.6, step 2 into the wells and carry out electrophoresis at
300V for 2.5 h.

. After the electrophoresis, disassemble the gel set and leave the

gel facing up on the underlying glass plate. Use a scalpel
blade to cut two slits at the top left and bottom right of the
gel. Cut out highly radioactive small gel pieces from the top
area of the Decade marker lane and insert them into the slits.
Secure the gel and the plate together with plastic wrap, and
expose the gel to a Storage Phosphor screen in a cassette for
~30 min (Fig. 3).

. Scan the screen using the Typhoon scanner. Print the scanned

image and place the gel over the printed image, aligning radio-
active signals from the two slits (Fig. 3). Cut out the ~20-30 nt
region for each lane where the *P-labeled randomized oligos
are found (Fig. 2¢).

Place each gel piece into a new eppendorf tube. Add 400 pl of
0.4 M NaCl and grind the gel piece by a pipette tip. Rotate the
tubes overnight to elute the small RNAs.

Transfer the entire suspensions to Pierce columns (columns sit
on top of new eppendort tubes) and spin them at 8000 rcf for
1 min. Discard the columns. Add 1000 pl of 100% ethanol
and 2 pl of Pellet Paint Co-Precipitant to each tube, and pre-
cipitate small RNA samples at —80 °C for 45 min or —20 °C
tfor 3 h.

Spin all the samples at 21,100 rcf at 4 °C for 30 min. Discard
the supernatants. Rinse the RNA pellet with 70% ethanol and
ensure there is no remaining ethanol. Air dry the RNA pellets
tor 1 min.

Resuspend each pellet with 8 pl sterile water.
Set up the following splinted-ligation reactions in PCR tubes:

Sample from Subheading 3.6, step 13 8l
100 nM bridge in capture buffer 1 pl
100 nM 5'P-RA3 linker (not *P-labeled) 1 pl
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15. Place the tubes on a PCR machine with the settings below:

a) 94 °C 1 min
(a)

b) 65 °C 2 min
(b)

c) 37 °C 10 min
(c)

(d) 37 °C Forever
e) 37 °C 60 min
(e)

(f) 70 °C 10 min

16. Right after step (¢) (37 °C for 10 min), add 10 pl of 2x ligation
buffer and 2 pl of T4 DNA ligase to each of the reactions. Mix
the reactions by pipetting. Start step (e) to allow 1-h ligation
at 37 °C. Do not remove the tubes from the PCR machine in the
process.

17. Cast two 15% urea gels with 1.5 mm spacers (see Subheading
3.0, steps 3 and 6).

18. After adding 25 pl of 2x gel loading buffer to each sample,
heat all the samples and the diluted Decade Markers at 95 °C
for 2 min, and put them on ice for 2 min.

19. Load the samples from Subheading 3.6, step 18 into the wells,
and run the gel for ~3 h at 300 V.

20. Gel purify the ~40-50 nt ligated products as described in
Subheading 3.6, steps 8 and 12 (Fig. 2¢) (se¢ Note 12).
Resuspend each RNA pellet with 3.5 pl of sterile water.

21. Denature the sample and the 5’ linker by heating the following
mixture at 70 °C for 2 min.

Sample from Subheading 3.6, step 20 3.5 pl
100 uM RAS5 linker 2 pl

22. Set up the ligation reaction and incubate at 37 °C for 2 h.

Denatured sample from Subheading 5.5 pl

3.6, step 21
10 mM ATP 2pl
10x T4 RNA ligase buftfer 2 ul
50% PEG 8000 8l
T4 RNA ligase 1 2 pl

RNAse OUT 0.5 pl
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Set up a 12% urea gel and pre-run the gel (see Subheading 3.6,
steps 3 and 6):

SequaGel diluent 21 ml
SequaGel concentrate 24 ml
SequaGel buffer 5 ml
10% APS 400 pl
TEMED 20 pl

After adding 25 pl of gel loading buffer to the samples from
Subheading 3.6, step 22, heat the mixtures at 95 °C for 2 min
and put them on ice for another 2 min. Load the samples into
the well and run the gel for 3.5 h at 300 V.

Expose the gel and cut out the bands in the ~70-80 nt region
according to Subheading 3.6, steps 8 and 9 (Fig. 2d) (see
Note 12).

Elute and precipitate RNAs as described in Subheading 3.6,
steps 10 and 12. Resuspend each RNA pellet with 6 pl of ster-
ile water, and transfer it to a PCR tube.

Reverse transcribe the RNA samples. Add 5 pl of 5 pM gene-
specific RT primer to the samples from Subheading 3.6, step
26 (see Note 13). Heat the mixture at 63 °C for 2 min and
then cool them to 58 °C. Without removing the tubes from the
PCR machine, add the following reagents:

5% cDNA synthesis bufter 4l
100 mM DTT 1l
10 mM dNTP mix 2 pul
RNaseOUT 1 pl
ThermoScipt 1l

Continue to incubate the reactions at 58 °C for 1 h. Terminate
the reaction by heating the samples at 85 °C for 15 min.

Set up the following PCR reactions:

First-strand cDNA (from Subheading 3.6, step 28) 5 pl
2x iProof HF Master Mix 50 pl
10 pM RP1 8 ul

10 uM RPI (different for each sample) (sec Note 14) 8 pl

Sterile water 29 pl
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30.

31.

32.

33.

34.

35.

36.

Run the PCR reaction with the following program:

(a) 98 °C 2 min
(b) 98 °C 10s
(c) 66 °C 30s
(d) 72 °C 15
Step (b) to (d): 25 cycles

(e) 72 °C 10 min

After transferring the PCR samples to new eppendort tubes,
mix them well with 200 pl of 0.4 M NaCl and 300 pl of
PCI. Centrifuge the mixture at 21,100 rcf for 5 min, transfer
the aqueous layer to 200 pl chloroform, and mix it well.
Centrifuge at 21,100 rcf for 5 min again. After transferring the
aqueous layer to a new eppendorf tube, add 1 pl of glycogen
and three volumes of 100% ethanol. Precipitate the samples at
—80 °C for 45 min or —20 °C for 3 h.

Centrifuge all the samples at 21,100 rcf at 4 °C for 30 min.
Discard the supernatants leaving behind just the white pellets
(due to glycogen). Rinse the pellet with 70% ethanol and
ensure no ethanol left. Air dry the RNA pellets for 1 min.
Resuspend the pellet with 24 pl of sterile water.

Set up the Sturdier vertical slab gel unit(s) with 1.5 mm
spacers.

In a 50 ml falcon tube, mix the following regents to make 6%
native gel:

30% Acrylamide 10 ml
10x TBE 5 ml
Sterile water 35 ml
10% APS 300 pl
TEMED 23 ul

Use a 25 ml serological pipette to fill up the vertical slab with
the native gel. Insert a 1.5 mm comb from above and stop %
way through. The gel fully solidifies in about 45 min.

Aliquot 6 pl of DNA loading buffer to all samples from
Subheading 3.6, step 32. Mix 3 pl of 10 bp ladder with 6 pl of
DNA loading butffer in a new eppendorf tube. Do not heat the
samples. Load all the samples including the ladder into the
wells. Start electrophoresis at 200 V for 1.5 h.



37.

38.

Specific Amplification of Partially Randomized RNA Oligos 59

Stain the gel in 0.5x TBE containing 1x SYBR Safe, for
5-10 min on a shaker. After staining, place the gel on a plastic
wrap with an underlying glass plate. Visualize bands under the
blue light and cut out bands of 130-140 bp (se¢ Note 14)
(Fig. 2e). Transfer the gel pieces in an eppendorf tube and add
80 pl of sterile water to it. Grind the gel into tiny pieces for
overnight elution at room temperature.

Transfer all the suspensions to Pierce columns (columns sit on
the top of new eppendorf tubes) and centrifuge them at 8000
rcf for 1 min. Discard the columns. Check the concentration of
the PCR products by nanodrop. The library is ready for quality
check and sequencing.

4 Notes

. The bridge oligo should have a 3’ end modification (see

Subheading 2.6, item 9) to prevent it from acting as RT
primer. However, the 3’ dideoxy modification is not essential
for the preliminary tests of bridges (se¢ Note 9).

. The randomized bases at the 3’ end of the 5’ linker aid in

improving the ligation efficiency [14].

. In addition to the mock-loading sample, we also constructed

two additional control libraries. One of the controls under-
goes the same loading reaction as well as the AGO2-IP sam-
ple, except for using normal mouse IgG instead of
FLAG-antibody. This will ensure that the enriched sequences
in the AGO2-IP libraries are the species bound not to the
beads but to AGO2. Another control (“Raw”) is a library
using the partially randomized RNA oligo without mixing it
with the AGO2-associated endogenous small RNAs. “Raw”
sample serves as a good control for differentiating between
contamination/abnormal read counts versus real events of
binding. Abnormal read counts could come from endoge-
nous RNAs that share same backbone sequence as the ran-
domized oligo. We exclude sequences that have abnormally
high read counts in the mock-loading samples compared to
those in “Raw” samples by assuming that those reads were
derived from endogenous species. For example, in this proto-
col, we are randomizing the first five positions of the mir-317
loop sequence (NNNNNUGAAAUGCAAGCAAG) and
hence the resulting libraries contain a high read count of the
endogenous mir-317 loop sequence (UUGAAUGAAAUGC
AAGCAAG). This sequence could be removed by the filtering
using the “Raw” library data.

. The scale of the 3*P-labeling reaction of randomized oligo

should be determined according to the scale of loading reaction.
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Each standard labeling reaction typically yields ~6 x 10° cpm
labeled oligos and the five tubes of lysate used for “AGO2-
loading-IP” (Subheading 3.3) would require 1 x 107 ¢cpm in
total. Therefore, two 32P labeling reactions were carried out in
this protocol.

. The 3?P-labeled oligos can be stored at —20 °C.

6. It is important to estimate the scale of loading reaction per IP

sample before preparing the library. We typically perform
in vitro loading of the randomized oligo in 160 pl of lysate,
and subsequently ~80 pl of the reaction is used for each of
AGO2-IP and Mouse IgG mock IP. For library construction,
a proper scale yields ~1100 cpm of oligos in the AGO2-1P
sample, which corresponded to 10x of this standard reaction.
Therefore, 800 pl of the lysate is required per IP sample (equiv-
alent to 5 tubes of 160 pl lysate).

. The incubation temperature during the loading reaction is

important because the degradation rates of the introduced ssR-
NAs can vary significantly depending on the temperature and
would aftfect the loading efficiency. The temperature needs to
be kept constant throughout the reaction by placing the tubes
on a heat block and keeping samples away from any heat
sources. The loading reaction shown here is optimized at 25 °C.

. This step is essential to avoid carryover of oligonucleotides

non-specifically bound to the walls of eppendorf tubes.

. It is highly recommended to optimize the bridge design used

in the 3’ linker splinted-ligation step. As specificity generally
increases as the length of bridge decreases, we aim to reduce
the number of base-pairings with the 3’ linker and oligo as
much as possible. In addition, determination of the minimum
base-pairings to oligo aids in deciding the maximum number
of randomized bases for study.

We used three bridges with different lengths for optimiza-
tion (Fig. 4a). The bridge sequences for this test are shown
below (100 nM in Ix Capture buffer, standard desalting;
underlined: base-pairing with the constant sequence of the
partially randomized RNA oligo):

e ACCCGAGAATTCCACTTGCTTGCATTTCA (14-nt
linker +15-nt oligo).

e GAATTCCACTTGCTTGCATTTCA (8-nt linker +15-nt
oligo).

*  GAATTCCACTTGCT (8-nt linker +6-nt oligo).

The splinted-ligation assay was carried out according to a pub-

lished protocol [15]. The optimal bridge is the one that gives the

highest ratio of ~40 nt ligated product between the lane with
oligo and the negative control lane (without oligo) (Fig. 4b).
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For optimization of splinted-ligation reaction, a large amount
of “AGO2-loading-1P” samples will be required. Alternatively,
one can mix appropriate amounts of non 3?P-labeled RNA oligo
and size-fractionated (20-30 nt) small RNA that is gel-purified
from the lysate to mimic the “AGO2-loading-1P” samples,
instead of using precious AGO-IP RNA samples. Based on our
Western blotting analysis (not shown), the AGO2-IP efficiency
is ~10% and the in vitro loading followed by AGO2-IP typically
yield 0.8 fmol RNA oligo (~1100 cpm). Therefore, 0.8 tmol
5’-monophosphorylated (non-radioactive) RNA oligo was
added to an RNA sample gel purified from 80 pl of the lysate
(10% of 800 pl lysate used per IP sample).

To estimate the specificity of library construction, instead of
using the RNA oligo for actual library construction we used
the following RNA oligo (underlined: BspHI restriction site:
NNNNNUCAUGAAAUGCAAGCAAG). The PCR products
containing the correct target sequence retain the diagnostic
BspHI site (Fig. 5a), whereas non-target species derived from
endogenous sources do not. The cleavage percentage reflects
the specificity of the library (Fig. 5b). For this test, we pre-
pared two samples: One of the samples contains the random-
ized oligo harboring the BspHI site while another contains no
oligo (Fig. 5b). In this way, one could deduce if the digested
products are due to the specific amplification of oligo sequence
or background contributed by endogenous RNAs. It is useful
to have a undigested sample as a negative control in the case
where unexpected bands emerge in the “no oligo” sample or
no smaller sized bands are seen in the “with oligo” sample.
Having non-template RT and/or non-template PCR as a con-
trol helps detect template contamination. Do not overexpose
the agarose gel to the UV light so as to ensure linearity of
quantification. This protocol uses the GAATTCCACTTGCTT
GCATTTCA (8-nt linker +15-nt oligo) bridge and gives
80-90% specificity.

To minimize contamination of shorter or longer RNA species,
the AGO2-IP samples were gel purified.

Note that 3’- and 5'-end linker ligation efficiencies are not
100%. Therefore, residual free radiolabeled oligos may remain
in the regions of 20-30 and 40-50 nt. Run the gel long enough
to clearly separate ligated and non-ligated RNA products for
subsequent easy excision. After the 5’ ligation, the ligated
(~70-80 nt) and non-ligated (~40-50 nt) RNA products
should be separated well.

It is desirable to optimize the gene-specific RT and RPI prim-
ers as well as the corresponding annealing temperature. As a
general guideline, the specificity is determined primarily by the
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number of the complementary bases between the oligo and
the RT primer, and the degree of the complementarity between
the oligo and the RPI primer alters the specificity less strongly.
In addition, it is essential to make sure that at least ~6 nt of the
oligo sequence (right after the randomized region) are not
base-paired by the RT or RPI primer as they are needed for
identification of the specific species in the sequencing data. If
the splinted-ligation is sufficiently specific, it is optional to use
gene-specific primers or high annealing temperature. In this
protocol, the RT and RPI primers have 6- and 9-nt base-
pairings with the oligo, respectively (see Subheading 2.6, items
45 and 52). RT and PCR annealing temperatures are set at 58

and 66 °C, respectively.

14.

Do not include any of ~110 bp PCR products because they are

linker-linker ligation products.
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Chapter 4

Dumbbell-PCR for Discriminative Quantification of a Small
RNA Variant

Megumi Shigematsu, Shozo Honda, and Yohei Kirino

Abstract

Cellular RNAs are often expressed as multiple isoforms of complex heterogeneity in both length and ter-
minal sequences. IsomiRs, the isoforms of microRNAs, are such an example. Distinct quantification of
cach RNA variant is necessary to unravel the biogenesis mechanism and biological significance of hetero-
genetic RNA expression. Here we describe Dumbbell-PCR (Db-PCR), a TagMan RT-PCR-based method
that distinctively quantifies a specific small RNA variant with single-nucleotide resolution at terminal
sequences. Db-PCR enables the quantitative analysis of RNA terminal heterogeneity without performing
Next-Generation Sequencing.

Key words Dumbbell-PCR, Db-PCR, TagMan qRT-PCR, T4 RNA Ligase 2, Small regulatory RNA,
miRNA, isomiR, tRNA fragment

1 Introduction

Recent advances in Next-Generation Sequencing (NGS) technolo-
gies have revealed that RNAs are not always expressed as single
entities with fixed terminal sequences. Instead, their expression
allows for multiple isoforms bearing complex heterogeneity in
both length and terminal sequences. For example, identical
microRNA (miRNA) genes encode mature isoforms, termed
isomiRs, that vary in size by one or more nucleotides (nt) at the
5’- and/or 3’-end of the miRNA [1]. The isomiRs are differen-
tially expressed across different cell and tissue types at different
developmental stages and during disease [2-7]. To unravel the
complexities of RNA heterogeneity and their biological signifi-
cance, the accurate and convenient quantification of individual
small RNA variants is imperative. A conventional TagMan RT-PCR
using stem-loop primers [8], microarray analysis, and Northern
blot analysis are all insufficient to distinguish miRNAs from their
corresponding isomiRs [9, 10]. NGS can capture the entire reper-
toire of miRNAs and their corresponding isomiRs. However, the
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required cost, time, and bioinformatic analyses could preclude the
use of NGS for examining only focused isomiR species.

We recently developed Dumbbell-PCR (Db-PCR), an efficient
and convenient TagMan RT-PCR-based method, that can specifi-
cally quantity individual small RNA variants with single-nucleotide
resolution at terminal sequences [10]. Db-PCR has three varia-
tions: 3’-Db-PCR, 5’-Db-PCR, and Db-PCR (Fig. 1). Of these,
the first two methods have been designed for selective quantifica-
tion of 3’-variants and 5’-variants of RNAs, respectively, whereas
Db-PCR enables simultaneous discrimination of target RNAs from
their corresponding 5'- and 3’-variants. In each of the three meth-
ods, a stem-loop adapter is specifically ligated to target RNA vari-
ants by using T4 RNA ligase 2 (Rnl2) which catalyzes RNA ligation
at a 3’-OH/5’-P nick in a double-stranded RNA (dsRNA) or an
RNA-DNA hybrid [11-13]. For the 3’- or 5'-Db-PCR method, a
3’-Dumbbell adapter (3’-Db-adapter; containing a protruding
3’-end) or a 5’-Dumbbell adapter (5’-Db-adapter; containing a
protruding 5'-end) is hybridized and ligated to the 3'- or 5’-end of
the target RNA in the total RNA, respectively (Fig. la, b). Rnl2
ligation efficiency is severely reduced when double-stranded nucle-
otides of the substrate contain gaps or overlaps [12], suggesting
that Rnl2 ligation achieves high specificity toward target
RNA. Db-PCR has been designed by combining 3’- and
5’-Db-PCRs, and this Db-PCR procedure involves hybridization
and Rnl2 ligation of the 5’-Dumbbell adapter containing a spacer
(5’-Dbs-adapter) to the 5’-end of target RNAs, followed by
3’-Db-adapter addition and ligation to the 3’-end (Fig. 1c).

For the 3’- and 5’-Db-PCR methods, the ligation product
with a one-sided “dumbbell-like” secondary structure is amplified
and quantified by a TagMan RT-PCR. This involves the TagMan
probe targeting the boundary of the adapter and target
RNA. Because the TagMan probe has the ability to discriminate a
single nucleotide difference [14], the design results in highly spe-
cific detection of target RNA which does not cross-react with its
terminal variants. In addition to the 3’-terminal discrimination by
the TagMan probe, Db-PCR allows the forward primer to dis-
criminate the 5’-end of the target RNA by recognizing 5’-terminal
nucleotides of the target RNA. Db-PCR has broad applicability for
quantifying various small RNAs in different cell types, and the
quantification results are consistent with those from Northern blot
analyses [10]. Thus, Db-PCR is an efficient and convenient tech-
nique for specific detection and difterential expression analysis of
RNA variants, such as isomiRs (Fig. 2a). In addition, it can also
shed light on the biological significance of small RNAs coexisting
with abundant precursor RNAs in cells (e.g., tRNA-derived RNAs),
allowing for their specific detection and quantification which
require discrimination from their precursor RNAs (Fig. 2b).
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2 Materials

O 00 NN O Ul R W

. Total cellular RNA extracted by an acid guanidinium-phenol

reagent, such as TRIsure (Bioline; see Note 1).

. 10x Annealing buffer: 50 mM Tris—HCI (pH 8.0) and 100 mM

. T4 RNA Ligase 2 [Rnl2; New England Biolabs (NEB)].

. 10x T4 Rnl2 reaction buffer (supplied with Rnl2, NEB).

. dNTPs, 10 mM of each (Thermofisher Scientific).

. RNasin Ribonuclease Inhibitor (Promega).

. SuperScript III Reverse Transcriptase (Invitrogen).

. 5x First-strand buffer (supplied with SuperScript 111, Invitrogen).
. 100 mM DTT (supplied with SuperScript III, Invitrogen).
10.
. MultiGen OptiMax Thermal Cycler (Labnet).
12.
13.

Premix Ex Taq (Probe qPCR), ROX Plus (TaKaRa).

StepOne Plus Real-Time PCR system (Applied Biosystems).

Synthetic adapters and primers [synthesized by Integrated
DNA Technologies (IDT)] (Table 1).

3 Methods

3.1 3-Db-PCR

3.1.1 3 -Db-Adapter
Ligation

3.1.2 Reverse
Transcription

The outline of the procedures is shown in Fig. 1. The described
conditions are for discriminative quantification of miR-16 and
its variant whose representative results are shown in Fig. 3.
Unless otherwise indicated, all solutions and materials should
be kept on ice during the procedure. Also, RNase-free solu-
tions, tubes, and pipettes should be used throughout.

1.

Mix 1 pg of cellular total RNA with 20 pmol of the
3’-Db-adapter (9-pL volume) in a 1.5 mL centrifuge tube.

. Incubate at 90 °C for 3 min, and immediately add 1 pL of 10x

Annealing buffer.

. Incubate at 37 °C for 20 min to allow annealing and hybridiza-

tion to occur.

. Add 2 pL of 10x Ligase buffer, 1 U of Rnl2, and RNase-free

water to make 20-pL volume solution.

. Incubate at 37 °C for 1 h, followed by overnight incubation at

4 °C.

. Mix 1 pL of the ligated RNA with 0.5 pL of dNTP (10 mM

each), 1 pL of 5 pM RT primer, and 4.5 pL of RNase-free
water (total 7 pL) in a 0.2 mL PCR tube.
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3.1.3 TagMan PCR

3.2 5-Db-PCR

3.2.1
Ligation

5 -Db-Adapter

3.2.2 Reverse
Transcription and TagMan
PCR

3.3 Db-PCR

3.3.1 5 -Dbs-Adapter
Ligation, Followed
by 3 -Db-Adapter Ligation

3.3.2 Reverse
Transcription and TagMan
PCR

2.

Incubate at 90 °C for 2 min using a thermal cycler, and then
immediately cool on ice.

. Add 0.5 pL of 100 mM DTT, 2 pL of 5x First-strand bufter,

0.25 pL (10 U) of RNase inhibitor, and 0.25 pL (50 U) of
SuperScript 111 Reverse Transcriptase (total 10 pL).

. Using a thermal cycler, incubate at 55 °C for 60 min,

tollowed by incubation at 70 °C for 15 min to deactivate
the enzyme.

. Dilute the ¢cDNA solution to 1:5. Mix 1.5 pL of the diluted

cDNA with 2 pmol each of the forward and reverse prim-
ers, 100 nM of TagMan probe (see Note 5), 5 pL. of 2x
Premix Ex Taq reaction solution, and RNase-free water
(total 10 pL).

. Using a real-time PCR machine, incubate the mixture at 95 °C

for 20 s, followed by 30—40 cycles of 95 °C for 1 s and 60 °C
(see Note 5) for 20 s.

. Estimate the quantity of target RNAs based on Ct values.

. Mix 1 pg of cellular total RNA with 20 pmol of the

5’-Db-adapter (9-pL volume) in a 1.5 mL centrifuge tube.

. Perform the ligation procedures as described in the steps 2-5

of Subheading 3.1.1.

. Perform the RT procedures as described in the steps 1-4 of

Subheading 3.1.2.

. Perform the PCR procedures as described in the steps 1-3 of

Subheading 3.1.3.

. Mix 1 pg of cellular total RNA with 20 pmol of the

5'-Dbs-adapter (9-pL volume) in a 1.5 mL centrifuge tube.

. Perform the annealing procedures as described in the steps

2—4 of Subheading 3.1.1.

. Incubate at 37 °C for 30 min.

4. Add 20 pmol of 3'-Db-adapter (1 pL), and then incubate the

total 21-pLL volume reaction mixture at 16 °C for 30 min,
followed by overnight incubation at 4 °C.

. Perform the RT procedures as described in the steps 1-4 of

Subheading 3.1.2.

. Perform the PCR procedures as described in the steps 1-3 of

Subheading 3.1.3.
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Fig. 3 Db-PCR to specifically quantify miR-16 and its variant. (a) The Db-PCR schemes were evaluated by tar-
geting human miR-16, a widely expressed miRNA, and its 5’-/3’-variant, miR-16-[5"+U/3’'-G], that contains an
additional U at the 5’-end while lacking a G at the 3’-end. (b) 3'-Db-PCR (/eff), 5’-Db-PCR (middle), and Db-PCR
(right) were employed for the detection of synthetic miR-16 and its variant (20 fmol). The data represent the
average Ct values from three independent experiments, with bars showing the SD. miR-16, but not its variant,
was specifically detected by all the Dumbbell methods in which the adapter/primer/probe set for miR-16 was
utilized. When the adapter/primer/probe set for the variant was utilized, the variant, but not miR-16, was specifi-
cally detected. (¢) Db-PCR was employed for the detection of miR-16 and its variant expressed in MCF-7,
MCF10A, and HEK293T cells. U6 snRNA expression was also quantified for use as an internal control. This uti-
lized SsoFast EvaGreen Supermix (BioRad) and the forward (5’-TCGCTTCGGCAGCACATATAC-3’) and reverse
(5’-CGAATTTGCGTGTCATCCTTG-3') primers. The abundance in MCF-7 cells was defined as 1, and the average
relative abundance from three independent experiments are shown with SD bars. miR-16 was differentially
expressed in the three cells, while its variant did not give a detectable signal in all the examined cells

4 Notes

1. For Rnl2-catalyzed ligation of Db-adapters, the target RNA
should contain a 5’-P (for 5’-Db-PCR and Db-PCR) and/or
3’-OH ends (for 3’-Db-PCR and Db-PCR) (Fig. 1). If the tar-
get RNA is expected to contain a different terminal structure,
the total RNA should be subjected to dephosphorylation/
phosphorylation treatment using T4 Polynucleotide Kinase
(T4 PNK) in the presence of ATP prior to adapter ligation.

2. The 3’-Db-adapter comprises DNA forming a stem-loop
structure with the loop sequences identical to those of the
stem-loop primer for the miRNA quantification method [8].
The protruding 3’-terminus comprises 5-7 nucleotides com-
plementary to and thereby hybridize with the 3’-terminal
nucleotides of the target RNA [10]. After designing the
adapter for the desired target RNA, the overall secondary
structure of the adapter should be checked using mfold [15] or
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other programs to confirm the formation of the stem-loop
structure. The adapter contains 5'-P for Rnl2 ligation and
3’-inverted dT to prevent undesired nucleotide synthesis from
the 3’-end of the adapter during RT-PCR.

. The 5’-Db-adapter forms a stem-loop structure with 6-7

nucleotides protruding from the 5’-end to hybridize the 5'-ter-
minal nucleotides of the target RNA [10]. The Db-adapter
contains both 5’- and 3’-OH ends and comprises DNA, with
the exception of the last two 3’-terminal nucleotides that are
designed as RNA. The hybridization of the 5’-Db-adapter with
the target RNA generates double-stranded DNA /RNA hybrids
containing a nick of “RNA-OH-3’/5’-P-RNA” between the
3’-end of the adapter and 5’-end of the target. This is an effi-
cient substrate for Rnl2 ligation [11-13].

. The 5’-Dbs-adapter has a similar structure to the 5’-Db-adapter

but contains a base-lacking 1’,2’-dideoxyribose spacer in the
loop region, which terminates reverse transcription at its pre-
ceding nucleotide and thereby prevents generation of highly
structured ¢cDNAs for efficient PCR reaction. The length of
the protruding 5’-end of the adapter affects detection effi-
ciency; the longer the protruding 5’-end, the more efficient
the detection is [ 10]. This probably occurs because of the high
stability of the adapter—target RNA duplex. The 5’-Dbs-
adapter with a 16-nt protruding end was used in this study and
in our previous study [10].

. The indicated conditions are for discriminative quantification

of miR-16 and its variant whose results are shown in Fig. 3.
Detection efficiency and specificity are dependent on the
design and concentration of the TagMan probe as well as the
annealing/polymerization temperature in real-time PCR reac-
tions. Longer length/higher concentration of the TaqgMan
probe and lower annealing/polymerization temperature result
in more efficient detection with lower Ct values. However,
these have the consequence of a higher probability of undesir-
able cross-reactions with non-targeted RNA containing similar
sequences. The typical length of TagMan probe is 12-20 nt.
Preliminary experiments are required in advance to determine
the appropriate concentration to use for the TagMan probe
(typically between 100-400 nM) and the annealing/polymer-
ization temperature (typically between 50-65 °C) for efficient
detection and specific discrimination of target RNAs.
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Chapter 5

MicroRNA Detection by Whole-Mount In Situ
Hybridization in C. elegans

Yoshiki Andachi and Yuji Kohara

Abstract

MicroRNAs (miRNAs) loaded on argonaute proteins guide RNA-induced silencing complexes to target
mRNAs. An excellent method to decipher the spatiotemporal expression patterns of miRNAs is whole-
mount in situ hybridization (WISH), which has been successfully used in vertebrate embryos but still
remains unavailable for many animal species. Here, we describe a WISH method for miRNA detection in
Caenorbabditis elegans at both embryonic and post-embryonic stages. Strategies devised for detection
include fixation of animals with carbodiimide at a high temperature and subsequent partial digestion of the
fixed animals with an extremely high concentration of proteinase. WISH signals are visualized by staining
with a chromogenic substrate or a fluorescent dye.

Key words microRNA, In situ hybridization, C. elegans, Fixation, Chromogenic staining, Fluorescent
staining

1 Introduction

MicroRNAs (miRNAs) are RNA components of the RNA-induced
silencing complex (RISC) that contains argonaute proteins, and
play a central role in targeting the RISC to mRNAs bearing a
sequence complementary to the miRNAs. Expression analysis of
miRNAS is indispensable to elucidate their functions. A technique
for detecting cells that express miRNAs is in situ hybridization.
Whole-mount in situ hybridization (WISH), which investigates
the whole-body distribution of miRNAs, is especially effective for
examining their spatiotemporal expression patterns. A WISH
method for miRNA detection was initially developed in zebrafish
embryos [1], and the method was quickly adapted for embryos of
mouse, chicken, medaka, and fruit fly [2-5]. In the WISH method,
oligonucleotide probes containing locked nucleic acids (LNAs) are
used to acquire hybridization signals with high specificity [1]. LNA
is a nucleotide analog in which the 2’-oxygen and 4’-carbon of the
ribose moiety are connected via a methylene bridge that locks the

Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
vol. 1680, DOI 10.1007/978-1-4939-7339-2_5, © Springer Science+Business Media LLC 2018
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ribose in the 3’-endo conformation, which enhances base stacking
and backbone pre-organization [6]. In addition, the intensity of
hybridization signals is increased by fixation of sectioned mouse
tissues with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) at a high temperature [7, 8]. EDC reacts with phosphates
at the 5’ end of miRNAs to introduce phosphoramidate linkages,
leaving all miRNA nucleotides accessible to probes for hybridiza-
tion [7]. Cross-linking with EDC, however, acts not only on miR-
NAs but also on proteins to form peptide bonds [8, 9]. Fixed
samples are usually subjected to partial digestion with proteinase to
enable WISH reagents, such as probes, to penetrate inward. The
epidermis of Caenorbabditis elegans is surrounded by cuticle layers
composed of collagens, which start to be produced at the late stage
of embryogenesis. We discovered that fixation of C. elegans with
EDC at a high temperature required digestion of the fixed animals
with an extremely high concentration of proteinase to reveal WISH
signals [10]. WISH methods for mRNA detection have already
been established in C. elggans at the embryo, larval, and adult
stages [11-13]. Based on these WISH methods, we developed a
new WISH method for miRNA detection by incorporating these
procedures, i.c., fixation with EDC at a high temperature, partial
digestion with an extremely high concentration of proteinase, and
hybridization with LNA probes [10]. A hundred or more animals
stuck on a slide are analyzed all at once by WISH to show hybrid-
ization signals visualized by chromogenic staining (Fig. la, b) or

Fig. 1 WISH analysis for the detection of mir-48 miRNA at the fourth larval stage. The analysis was conducted
on a strain that contains the wild-type mir-48 gene (a, ¢), and on one that is homozygous for the deletion of
the mir-48 gene (b, d). Hybridization signals were visualized by chromogenic staining (a, b) and fluorescent
staining (c, d) Scale bars are 500 um. The sequence of the probe used for the detection of mir-48 miRNAs is
5’-(DIG)TCGCATCGTACTGAGCCTACCTCA-3’, in which DIG shows 5’-labeled digoxigenin, and LNA nucleotides
are indicated in bold. The hybridization temperature in using the probe is 58 °C
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fluorescent staining (Fig. lc, d). Subsequently, another in situ
hybridization method has been reported in which gonads and
embryos are released from adults and then freeze-cracked on dry
ice to increase the accessibility of miRNAs [14].

2 Materials

2.1 CGulture

2.2 Fixation

1. LB broth: Dissolve 10 g of tryptone, 5 g of yeast extract, 10 g
NaCl in 1 L of deionized H,O. Adjust pH to 7.0 with 4 M
NaOH. Sterilize by autoclaving.

2. S basal: 50 mM potassium phosphate, pH 6.0, 100 mM NaCl,
5 mg/L cholesterol. Sterilize by autoclaving.

3. NGM agar: Dissolve 2.5 g of peptone, 3 g of NaCl, 5 mg of
cholesterol, 17 g of agar in 1 L of deionized H,O by autoclav-
ing. Autoclave the following components separately, and add
them to the above solution using sterile technique: 25 mL of
1 M potassium phosphate, pH 6.0, 1 mL of 1 M CaCl,, 1 mL
of 1 M MgSO..

4. Trace metals solution: 5 mM EDTA, 2.5 mM FeSO,, 1 mM
MnCl,, 1 mM ZnSOy, 0.1 mM CuSO,. Sterilize by autoclav-
ing. Store in the dark.

5. S medium: Autoclave the following components separately,
and add them to 1 L of S basal using sterile technique: 10 mL

of 1 M potassium citrate, pH 6.0, 10 mL of trace metals solu-
tion, 3 mL of 1 M CaCl,, 3 mL of 1 M MgSO,.

6. M9 buffer: 86 mM NaCl, 42 mM Na,HPO,, 22 mM KH,PO,,
1 mM MgSO,. Sterilize by autoclaving.

7. Alkaline hypochlorite solution: 250 mM KOH, 12% sodium
hypochlorite solution.

8. Sucrose solution: Dissolve 600 g of sucrose in 400 mL of
deionized H,O.

1. Phosphate-free fixative: 80 mM HEPES, pH 6.9, 1.6 mM
MgSO,, 0.8 mM EGTA, 100 mM NacCl, 3.7% formaldehyde.

2. EDC bufter: 130 mM 1-methylimidazole, 300 mM NaCl.
Adjust pH to 8.0 with 6 M HCL

3. EDC fixative: EDC buffer containing 160 mM EDC (see Note 1).
4. BO; buffer: 25 mM sodium borate, pH 9.0.

5. PBS: 137 mM NaC(l, 2.7 mM KCl, 4.3 mM Na,HPOy,, 1.5 mM
KH,PO,.

6. PBT: PBS containing 0.1% Tween-20.

7. Proteinase K solution: Dilute conc. proteinase K stock solution
in PBT containing 1% p-mercaptoethanol.
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2.3 Hybridization

8.

10.

11.

12.

13.

14.

N O\ Ul W

10.

11.

12.

Fixative: 137 mM NaCl, 2.7 mM KCI, 4.3 mM Na,HPO,,
1.5 mM KH,PO,, 80 mM HEPES, pH 6.9, 1.6 mM MgSO,,
0.8 mM EGTA, 3.7% formaldehyde.

. Poly-1-lysine solution: Dilute 0.1% poly-L-lysine stock solution

ten times with deionized H,O.

Slide: Load 100 pL of poly-L-lysine solution into each well of
a 3-well teflon printed diagnostic slide, and keep at room tem-
perature for 1 h (see Note 2). After removal of the solution,
heat the slide at 60 °C for 1 h.

Basal embryo handling buffer: 300 mM mannitol, 50 mM
HEPES, pH 7.2, 10 mM NaCl, 10 mM MgCl,.

Embryo handling buffer: basal embryo handling buffer con-
taining 1 mM EGTA, 2 mM NH,NO;, 0.1% gelatin.

Yatalase solution: Dissolve powdered yatalase in embryo han-
dling buffer at a working concentration of 15 mg/mL (see
Note 3). Dispense into small aliquots and store at —20 °C.

TBS: 10 mM Tris, pH 7.5, 100 mM NaCl.

. Hybridization buffer: 50% formamide, 75 mM sodium citrate,

pH 7.0, 750 mM NaCl, 100 pg/mL heparin, 2% blocking
reagent (see Note 4).

. Probe mixture: Hybridization buffer containing 10 nM digoxi-

genin-labeled LNA probe. Heat the mixture at 95 °C for
2 min, and then cool on ice.

. SSC dilution buffer: 3 mM sodium citrate, pH 7.0, 30 mM

NaCl.

. TN: 100 mM Tris, pH 7.5, 150 mM NaCl.
. TNT: TN containing 0.5% Tween-20.
. TNB: TN containing 0.5% blocking reagent (see Note 5).

. Anti-digoxigenin-phosphatase solution: Dilute conc. anti-

digoxigenin-AP, Fab fragments solution 2500 times with TNB
(see Note 6).

. Staining buffer: 100 mM Tris, pH 9.5, 100 mM NaCl, 50 mM

MgCl,, 1 mM levamisole, 0.1% Tween-20.

. NBT/BCIP reaction mixture: Dilute 50x conc. nitroblue tetra-

zolium chloride (NBT) /5-bromo-4-chloro-3-indolyl-phosphate
(BCIP) stock solution 50 times with staining buffer (sec Note 7).

Mounting medium: 90% glycerol, 10 mM Tris, pH 7.4,
100 mM NaCl, 1% propyl gallate, 1 mM levamisole.

Anti-digoxigenin-peroxidase solution: Dilute conc. anti-
digoxigenin-POD, Fab fragments solution 500 times with
TNB (see Note 8).

TSA-Cy3 reaction mixture: Dilute cyanine 3 amplification
reagent 50 times with 1x plus amplification diluent (see Note 9).
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3 Methods

3.1 Synchronized 1.

Population of C. elegans

10.

11.

12.

3.2 Fixation 1.

of Larvae and Adults

Cultivate Escherichia coli strain OP50, which is used as food for
C. elegans, in a 5-L conical flask containing 1 L of LB broth at
37 °C on a rotary shaker until stationary phase.

. After cooling on ice, collect the bacteria by centrifugation at

5000 x g for 15 min at 4 °C, wash the pellet twice by resuspen-
sion in an appropriate amount of S basal at 4 °C, and finally
suspend the pellet in 100 mL of S basal at 4 °C (see Note 10).

. Grow C. elegans strain N2 on an NGM agar plate with a lawn

of E. colzstrain OP50 at 20 °C until the food supply is exhausted.

. Collect animals by washing the plate with 1 mL of S basal.

Grow them in a 500-mL conical flask containing 80 mL of S
medium and 20 mL of the bacterial suspension at 20 °C on a
rotary shaker until many animals grow up to be gravid adults.

. Collect animals in liquid culture by centrifugation at 800 x4

for 1 min, and suspend them in 5 mL of M9 buffer.

. Mix the animal suspension with 10 mL of alkaline hypochlorite

solution, and leave to stand with occasional agitation for approx-
imately 7 min until the animals are dissolved (se¢ Note 11).

. Collect remaining embryos by centrifugation at 800xy for

1 min, wash them three times by resuspension in an appropri-
ate amount of M9 butffer, and finally suspend them in 1 mL of
S basal.

. Grow the embryos in liquid culture as in step 4 until animals

reach the developmental stage of interest (se¢ Note 12).

. Collect animals by centrifugation, suspend them in 25 mL of

M9 buffer chilled at 4 °C, and transfer the animal suspension
to a new 50-mL centrifuge tube (se¢ Note 13).

Mix the animal suspension with 25 mL of sucrose solution
chilled at 4 °C, and immediately centrifuge the mixture at
800 x4 for 5 min at 4 °C.

Transfer animals floating on the top of the mixture to a 500-
mL conical flask containing 200 mL of M9 buffer, and incu-
bate for 20 min at 20 °C on a rotary shaker.

Collect animals by centrifugation, and wash them three times
by resuspension in an appropriate amount of M9 buffer.

Transfer approximately 300 pL of animals to a new 2-mL sili-
conized microcentrifuge tube (see Note 14).

. In the following procedures, incubation is carried out in 1 mL

of a specified solution at room temperature for 2 min with
continuous rotation of the tube, and is terminated by
centrifugation at 400 x g for 1 min followed by removal of the
supernatant fluid by pipetting, unless otherwise indicated.
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3.

80% methanol, 20% dimethyl sulfoxide chilled at =20 °C.
Incubate at 4 °C for 10 min.

4. Methanol chilled at 4 °C. Incubate at 4 °C.

11.
12.
13.
14.

15.
16.
17.
18.

19.
20.
21.
22.
23.

24.

25.
26.
27.
28.
29.

. 90% methanol, 10% phosphate-free fixative chilled at 4 °C.

Incubate at 4 °C (see Note 15).

. 70% methanol, 30% phosphate-free fixative chilled at 4 °C.

Incubate at 4 °C.

. 50% methanol, 50% phosphate-free fixative chilled at 4 °C.

Incubate at 4 °C.

. 30% methanol, 70% phosphate-free fixative chilled at 4 °C.

Incubate at 4 °C.

. Phosphate-free fixative chilled at 4 °C. Incubate at 4 °C.
10.

Phosphate-free fixative chilled at 4 °C. Incubate at 4 °C for
20 min.

EDC buffer. Repeat three times.
EDC fixative. Incubate at 60 °C for 1 h (se¢ Note 16).
BO; buffer. Repeat three times.

BO; bufter containing 10 mM dithiothreitol. Incubate for
20 min.

BOj; buffer. Repeat three times.
BO; buffer containing 0.6% H,0O,. Incubate for 20 min.
PBT. Repeat three times.

Proteinase K solution at a concentration of 2 mg/mkL (see
Note 16). Incubate at 37 °C for 20 min.

PBS. Repeat three times.

Fixative. Incubate for 20 min.

PBS. Repeat three times.

Suspend the fixed animals in 1 mL of PBS.

After loading 200 pL of PBS into each poly-L-lysine-coated
well of a Teflon printed diagnostic slide, add 20 pL of the ani-
mal suspension to the PBS (see Note 17). Leave to stand for
5 min, and then remove most of the supernatant fluid by
pipetting.

In the following procedures, animals stuck on the slide are
immersed in a specified solution at room temperature for
5 min, unless otherwise indicated.

30% ethanol, 70% PBS.

50% ethanol, 50% PBS.

70% ethanol, 30% PBS.

90% ethanol.

Ethanol. Repeat twice (see Note 18).
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17.

18.

19.

20.
. Wipe off excess fluid on the slide (se¢ Note 19). Load 100 pL

21

22.

23.
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. In the following procedures, fixed animals stuck on the slide

are immersed in a specified solution at room temperature for
5 min, unless otherwise indicated.

. Ethanol containing 24 mM HCI.
. 90% ethanol.

70% ethanol, 30% PBS.

. 50% ethanol, 50% PBS.

. 30% ethanol, 70% PBS.

. PBT. Repeat twice.

. Wipe oft excess fluid on the slide (see Note 19). Load 100 pL.

of proteinase K solution at a concentration of 0.5 mg,/mL into
each well of the slide (see Note 16). Incubate at 37 °C for
20 min in a moist chamber (see Note 20).

. PBS. Repeat twice.
10.
11.
12.
13.
14.
15.
16.

Fixative. Incubate for 20 min.

PBS. Repeat twice.

PBS containing 27 mM glycine.

PBS.

50% hybridization buffer, 50% PBS. Incubate for 10 min.
Hybridization bufter. Incubate for 10 min.

Wipe off excess fluid on the slide (see Note 19). Load 100 pL
of hybridization buffer into each well of the slide, and place the
slide in a moist chamber (see Note 21). Incubate for 1 h at a
hybridization temperature suitable for a probe (see Note 22).

Exchange the buffer with 100 pL of probe mixture. Incubate
for 2 h in a moist chamber at the hybridization temperature
(see Note 21).

Hybridization buffer heated at the hybridization temperature.
Incubate for 10 min at the hybridization temperature with
continuous agitation. Repeat twice.

SSC dilution buffer heated at the hybridization temperature.
Incubate for 10 min at the hybridization temperature with
continuous agitation. Repeat twice.

TNT. Repeat twice.

of TNB into each well of the slide. Incubate for 30 min in a
moist chamber (see Note 20).

For staining with a chromogenic substrate, proceed from steps
23 to 29. For staining with a fluorescent dye, proceed from

steps 30 to 36.

Exchange the TNB with 100 pL of anti-digoxigenin-phosphatase
solution. Incubate for 2 h in a moist chamber (se¢ Note 20).
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3.4 Fixation
of Embryos

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

TNT. Incubate for 10 min with continuous agitation. Repeat
four times.

Staining buffer. Repeat twice.

Wipe off excess fluid on the slide (see Note 19). Load 100 pL
of the NBT /BCIP reaction mixture into each well of the slide.
Incubate in a moist chamber in the dark for a few hours to a
few days until chromogenic staining appears in the animals (see
Note 20).

TN containing 20 mM EDTA. Repeat twice.
TN containing 0.1 mM EDTA. Repeat twice.

Wipe off excess fluid on the slide. After loading 20 pL of
mounting medium, place a cover glass on the slide (see Note
23).

Exchange the TNB with 100 pL of anti-digoxigenin-peroxidase
solution. Incubate for 1 h in a moist chamber (se¢ Note 20).

TNT. Incubate for 10 min with continuous agitation. Repeat
four times.

Wipe oft excess fluid on the slide (see Note 19). Load 50 pL of
the TSA-Cy3 reaction mixture into each well of the slide.
Incubate for 5 min.

TNT. Repeat twice.

TN containing 0.02 pg/mL 4',6-diamidino-2-phenylindole
(DAPI).

TN. Repeat twice.

Wipe off excess fluid on the slide. After loading 20 pL of
mounting medium, place a cover glass on the slide (see Note

23).

. Transfer approximately 100 pL of embryos to a new 1.5-mL

siliconized microcentrifuge tube (see Note 24).

. Add 100 pL of yatalase solution. Incubate for 75 s with

vortexing.

. Suspend the embryos in 1 mL of embryo handling buftfer.

Centrifuge the embryo suspension at 800x g4 for 1 min, and
then remove the supernatant fluid by pipetting. Repeat three
times.

. Suspend the embryos in 1 mL of basal embryo handling but-

ter. Centrifuge the embryo suspension at 800x 4 for 1 min,
and then remove the supernatant fluid by pipetting.

. Suspend the embryos in 1 mL of basal embryo handling buffer

(see Note 25).

. After loading 200 pL of basal embryo handling buffer into

each poly-L-lysine-coated well of a Teflon printed diagnostic
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11.

12.
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slide, add 20 pL of the embryo suspension to the buffer (see
Note 17). Leave to stand for 10 min, and then remove most
of the supernatant fluid by pipetting.

. In the following procedures, embryos stuck on the slide are

immersed in a specified solution at room temperature for
5 min, unless otherwise indicated.

. Methanol chilled at —20 °C. Incubate at 4 °C for 10 min.
. Methanol.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

90% methanol, 10% phosphate-free fixative (see Note 15).
70% methanol, 30% phosphate-free fixative.
50% methanol, 50% phosphate-free fixative.
30% methanol, 70% phosphate-free fixative.
Phosphate-free fixative.

Phosphate-free fixative. Incubate for 20 min.
30% ethanol, 70% TBS.

50% ethanol, 50% TBS.

70% ethanol, 30% TBS.

90% ethanol, 10% TBS.

Ethanol. Repeat twice (se¢ Note 18).

. In the following procedures, embryos stuck on the slide are

immersed in a specified solution at room temperature for
5 min, unless otherwise indicated.

. Ethanol containing 0.6% H,O,.
. 90% ethanol, 10% TN.
. 70% ethanol, 30% TN.
. 50% ethanol, 50% TN.
. 30% ethanol, 70% TN.

TN.

. EDC buftfer. Repeat twice.
. EDC fixative heated at 60 °C. Incubate at 60 °C for 20 min

(see Note 16).

PBT. Repeat twice.

Wipe off excess fluid on the slide (se¢ Note 19). Load 100 pL.
of proteinase K solution at a concentration of 2 mg/mL into

each well of the slide (see Note 16). Incubate at 37 °C for
20 min in a moist chamber (see Note 20).

After this step, carry out the procedures from step 9 in
Subheading 3.3.
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4 Notes

10.

11.

12.

13.

14.

15.

16.

. EDC fixative should be prepared just before use.
. Three-well Teflon printed diagnostic slides should be washed

with laboratory cleaning solution before use in order to ensure
hydrophilic surface conditions of the wells.

. Yatalase degrades the chitin layer of the eggshell. We use yata-

lase (TakaraBio, Shiga, Japan) for this purpose.

. Formamide should be stirred with anion- and cation-exchange

resin for 30 min to deionize, and the resin should be removed
by paper filtration. We wuse Blocking Reagent (Roche
Diagnostics GmbH, Mannheim, Germany) for this purpose.

. We use Blocking Reagent (PerkinElmer, Boston, MA, USA)

for this purpose.

. We use Anti-digoxigenin-AP, Fab fragments (Roche

Diagnostics GmbH) for this purpose.

. We use DIG Nucleic Acid Detection Kit (Roche Diagnostics

GmbH) for this purpose.

. We use Anti-Digoxigenin-POD, Fab fragments (Roche

Diagnostics GmbH) for this purpose.

. We use TSA Plus Cyanine three System (PerkinElmer) for this

purpose.

Vigorous shaking is required to suspend the bacteria pellet.
The bacterial suspension can be stored at 4 °C for at least
1 month.

Incubation for longer than the specified time leads to a reduc-
tion in the viability of embryos.

If the amount of animals is not sufficient for use, the animals
are allowed to grow up to be gravid adults, and the procedures
from steps 5 to 8 in Subheading 3.1 are repeated so as to pre-
pare animals at the next generation.

Unless the animals are cooled enough, the amount of animals
floating at step 11 in Subheading 3.1 decreases.

The amount of animals required for fixation indicates the vol-
ume at the time when they are precipitated by centrifugation. If
too few animals are used, most of the animals are lost during
the following procedures. On the other hand, too many ani-
mals may prevent the fixation reaction from proceeding enough.

The use of solutions containing phosphate ions should be
avoided because the ions interfere with the cross-linking
reaction.

The conditions of fixation with EDC and digestion with pro-
teinase K should be optimized according to experimental
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design. Fixation at a higher temperature or for a longer time
introduces cross-linking into more miRNAs, resulting in their
retention in fixed animals. Nevertheless, the intensity of
hybridization signals decreases, possibly due to a reduction of
the permeability of cuticle layers. Digestion with proteinase K
at a higher concentration, at a higher temperature up to 60 °C
or for a longer time increases the permeability, resulting in
intense hybridization signals. However, too much digestion
causes poor morphology and leads to high background signals.
The first choice for optimization is to conduct the digestion at
different concentrations of proteinase Kin each well on a slide.

To evenly distribute fixed animals in the wells, the micropi-
pette holding the animal suspension is held almost horizon-
tally, and the suspension should be pushed from the side into
the buffer in the wells.

The fixed animals stuck on the slide can be stored at =20 °C
for at least 1 month.

After excess fluid is wiped off, the surface of Teflon printed
diagnostic slides is water repellent.

There is no need to overlay a lid on the wells during the incu-
bation. As a moist chamber, we use a plastic box with snap-
tight lid in which paper towels wetted with deionized H,O are
laid on the bottom, and a slide holder is put on the paper
towels.

There is no need to overlay a lid on the wells during the incu-
bation. As a moist chamber, we use a plastic box with snap-
tight lid in which paper towels wetted with a buffer composed
of 50% deionized formamide, 75 mM sodium citrate, pH 7.0,
and 750 mM NaCl are laid on the bottom, and a slide holder
is put on the paper towels.

The hybridization temperature for a probe is experimentally
determined as follows. The hybridization temperature is tenta-
tively set at 20-25 °C below the melting temperature of the
probe that is calculated by the probe manufacturer. WISH
experiments are carried out at the hybridization temperature
and at slightly different (both higher and lower) hybridization
temperatures. A hybridization temperature is chosen at which
tissue-specific signals are detected in wild-type animals but are
lost in their deletion mutants.

For permanent storage, four sides of cover glass need to be
sealed with nail polish to prevent drying out.

The amount of embryos required for fixation indicates the vol-
ume at the time when they are precipitated by centrifugation.

The efficacy of the degradation of chitin layers is verified by the
presence of a few percent of late-stage embryos that have
escaped from the eggshell.
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Chapter 6

cCLIP-Seq: Retrieval of Chimeric Reads from HITS-CLIP
(CLIP-Seq) Libraries

Panagiotis Alexiou, Manolis Maragkakis, Zissimos Mourelatos,
and Anastassios Vourekas

Abstract

HITS-CLIP (High-Throughput Sequencing after in vivo Crosslinking and Immunoprecipitation, CLIP-
Seq) libraries contain fragments of the RNA sequences bound in vivo by an RNA binding protein (RBP).
Such fragments, especially if they represent RNA duplexes bound in vivo by the RBP, can occasionally be
ligated together to form chimeric CLIP tags. Chimeric CLIP tags from Argonaute CLIP libraries can pro-
vide the exact base pairing profiles of small RNAs with their target RNA sequences, thus solving a critical
problem in the field of post-transcriptional regulation. We recently reported an analysis of chimeric reads
from the Drosophila Piwi protein Aubergine, which revealed a novel mechanism for mRNA entrapment
within germ RNP granules. We term this novel approach chimeric CLIP (¢CLIP) and present here the
main steps that a researcher can take after the acquisition of the deep sequencing data, for the identification
of candidate chimeric reads in Piwi CLIP libraries. Extending the scope beyond small-RNA binding pro-
teins, we believe that cCLIP can be utilized to elucidate the in vivo functions of RNA-binding proteins in
general, and especially those that modulate RNA secondary structures. We, therefore, also describe aspects
of the generalized chimeric read identification problem, which can find use in the analysis of the CLIP
libraries of any RNA-binding protein.

Key words HITS-CLIP, CLIP-Seq, RNA-IP, Argonaute, Piwi, Next generation sequencing, Illumina,
c¢DNA, Immunoprecipitation, Chimeric reads, RNA-binding protein, Ribonucleoprotein complexes,
In vivo, Transcriptomic analysis, Base-paired RNA, miRNA target sequences, piRNA target sequences,
Posttranscriptional RNA processing, Gene silencing

1 Introduction

High-Throughput = Sequencing  after  Crosslinking ~ and
Immunoprecipitation (HITS-CLIP, CLIP-Seq) has become the
leading method to probe the target specificity of RNA-binding pro-
teins (RBPs) in general and Argonaute family proteins in particular.
UV crosslinking of freshly harvested live tissue or live cells induces
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Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
vol. 1680, DOI 10.1007/978-1-4939-7339-2_6, © Springer Science+Business Media LLC 2018
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the formation of covalent bonds between RNA and proteins that are
in complex, and this allows the immunopurification of the cross-
linked complexes under very stringent conditions [ 1-3]. CLIP librar-
ies contain fragments of the RNA sequence that were directly bound
by the studied protein in vivo, called CLIP tags. Recently, our group
and others have discovered CLIP tags that contain fragments of RNA
sequences ligated together [4-9]. These reads were called chimeric
(also referred to as hybrid), and it was determined that they represent
base-paired RNA sequences, bound in vivo by the RNA-binding pro-
tein that is being probed by the CLIP approach, and ligated together
by virtue of their proximity while bound by and crosslinked to the
RBP (Fig. 1). Chimeric reads between small RNAs and their comple-
mentary RNA targets have been discovered in Argonaute (Ago) and
Piwi CLIP libraries [4-6, 8, 9], and have been analyzed to provide
the small RNA (miRNA or piRNA) target sequence in vivo. This
discovery reduces the need for prediction approaches for target
sequence identification in an Argonaute CLIP experiment, approaches
that are blind to the availability of the target sequence in vivo, and
have known limitations concerning the specificity and sensitivity of
target sequence detection. Similar to the chimeric reads are the hybrid
reads identified by the hiCLIP method, which revealed secondary
structures bound by Staufen 1 [7].

Chimeric reads can be formed by endogenous activities, in
addition to being an objective of a specific step of the CLIP experi-
mental protocol [6, 9]. Our group has adapted and optimized the
HITS-CLIP protocol [2] for Piwi proteins, and has previously
published a detailed description of this protocol [ 10]. Although we
did not include a specific step to promote the generation of chime-
ric reads, numerous chimeras were identified in mouse (unpub-
lished data) and Drosophila Piwi protein CLIP libraries [5], in
agreement with previous observations [6, 9]. It was suggested that
an endogenous ligase activity present in the lysates of crosslinked
cells can ligate RNAs cleaved by endonuclease RNase T1 (provided
exogenously) to produce 5' -OH and 2’-3’ cyclic phosphate ends

B

P N ( RBP ) .
51 Piwi protein DIRNA i i.e. helicase Qb
3 il — W7 Rwa
3
RNAse treatment, ligation RNAse treatment, ligation
3 1111 3 i )
chimeric CLIP tag chimeric CLIP tag

Fig. 1 Formation of chimeric reads in CLIP libraries. (@) Chimeric reads in Piwi CLIP libraries. (b) Hypothesis on
how chimeric reads can be formed in CLIP libraries of any RNA binding protein that binds RNA duplexes
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(these are slowly resolved into 3’-P) [6]. These ends can be sub-
strates for the endogenous RtcB tRNA ligase activity, which joins
the spliced tRNA halves after the removal of introns [11], there-
fore RtcB can play the role of the suggested activity that generates
chimeric reads in the absence of exogenously provided ligase. We
have observed the telltale sequence bias of RNase A cleavage on
CLIP tags from mouse testis [12] and Drosophila early embryo
(02 h) libraries. RNase A, like RNase T1, generates 5’ -OH ends
and 2'-3’ cyclic phosphate ends, therefore both activities required
for the generation of chimeric reads can be endogenously present
in the cell lysate. We have verified that the chimeric reads generated
by the endogenous activities accurately capture authentic, in vivo
piRNA base pairing with mRNAs in the context of a
Piwi-piRNA-mRNA tripartite complex [5]. It is also possible that
a small degree of other nucleolytic and ligase activities can promote
the generation of some chimeras. The subsequent steps of our pro-
tocol should prevent any other RNA ligase byproducts; therefore,
our data are compatible with fortuitous chimeric read generation
(possibly during the immunoprecipitation step) by endogenous
nucleolytic and ligase activities [5]. We have noticed that such
activities are apparently not always present in the cell and tissue
lysates at sufficient levels to promote the formation of chimeras;
therefore, the researcher should employ one of the relevant pub-
lished protocols, it chimeras are an experimental objective.

We have observed the presence of chimeric reads in libraries of
various RNA-binding proteins (unpublished data). These concern
both iz cis and in trans RNA duplex elements. We are certain that
the analysis of these chimeras can reveal a trove of information on
the type of structures that different RBPs recognize, and how the
activities of certain RBPs can potentially modulate these structures.

This method paper aims to provide details on how to bioinfor-
matically retrieve and analyze chimeric reads from CLIDP libraries
(Fig. 2), assuming that the researcher has employed one of the rele-
vant methods that have been described adequately elsewhere. We use
as example CLIP libraries of the Piwi protein Aubergine, and we try
to set the framework for generalizing the chimeric read identification
approach for any RNA-binding protein that binds structured RNAs.

Candidate chimeric reads are found in the pool of the
unmapped CLIP tags (see Note 1). We filter reads in which an
intact piRNA sequence can be found ecither at the 5" or 3’ end of
an unmapped read. We have observed the occurrence of chimeras
containing piRNAs at both the 5’ and 3’ ends at comparable rates,
and at least in Aubergine CLIP libraries the properties of such chi-
meras are similar. Therefore, we include both types of chimeras in
downstream analyses. We then map the remaining fragment of the
chimera against the genome, and for the purposes of the analysis of
the entrapment of germ plasm localized mRNAs, we keep only
chimeras that contain both a piRNA and a sequence fragment that
can be uniquely aligned to an mRNA.
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Fig. 2 Graphic outline of the retrieval of chimeric reads from a Piwi CLIP library. Throughout the text, we provide
additional guidelines for applying this methodology to address the general problem of retrieving chimeric
reads from a CLIP library of any RNA binding protein
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Ciritical for the successful retrieval and subsequent analysis of
chimeric reads from CLIP libraries is the approach followed for
uncovering the base pairing patterns between the two RNA frag-
ments found within the chimeric reads. We note that the use of
RNA folding algorithms for determining candidate chimeras has
several weaknesses, and in our opinion should be used with cau-
tion. First, the chimeric read is expected to fold back into a hairpin,
but since this structure may have never existed in vivo, considering
the thermodynamic score of this structure as a proxy for the legiti-
macy of the chimera can be misleading. Protein binding can mod-
ity the thermodynamic stability of an RNA duplex, and in fact
many RNA-binding proteins such as RNA helicases in the presence
of ATP can force the formation of RNA structures or duplexes that
are not favored thermodynamically [13]. Further, due to the ran-
domness of the nucleolytic trimming of the crosslinked RNAs, part
of the base-paired sequences might be missing, or parts of the
mRNA target sequence might be able to fold back on itself.

Having the above in mind, we followed a straightforward
approach that reduces the assumptions about the base pairing profiles
of the piRNA and mRNA fragments of chimeric reads. We employed
a local alignment strategy that maps the piRNA sequence to a
genomic window, extended —/+100 bases from the midpoint of the
genomic alignment of the mRNA fragment. This allows the uncover-
ing of the full base-paired sequence in case of missing nucleotides,
and also provides a reliable estimate of the signal-to-noise ratio (here
as noise we consider the random complementarity that a piRNA can
show to genomic sequences neighboring the captured complemen-
tary site). Our pipeline delivers the chimeras and the complementar-
ity profiles of the pairs of RNA fragments found in them (in this
example piRNAs and mRNA fragments). We utilize the plot of the
complementarity events relative to the mRNA fragment midpoint as
a way to evaluate the authenticity of the complementarity events and
therefore the chimeras, by comparing the distribution of these events
with the negative control (random piRNA complementarity), and
the events occurring by chance in sequences neighboring the mRNA
fragment (Figs. 2 and 3). The researcher can use filters present in our
pipeline to select any subset of the chimeras based on the comple-
mentarity score and on the position of the complementarity event
relative to the mRNA fragment midpoint.

2 Required Programs and Data

2.1 Programs 1. Perl (https: /www.perl.org/).

(a) GenOO [14] (https: /github.com/genoo/GenOO/).

(b) Modern::Perl (http:/search.cpan.org/~chromatic/
Modern-Perl-1.20161005 /lib/Modern/Perl.pm).


https://www.perl.org
https://github.com/genoo/GenOO
http://deps.cpantesters.org/?module=Modern::Perl;perl=5.24.0;os=any OS;pureperl=0
http://search.cpan.org/~chromatic/Modern-Perl-1.20161005/lib/Modern/Perl.pm
http://search.cpan.org/~chromatic/Modern-Perl-1.20161005/lib/Modern/Perl.pm
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(¢) Getopt::Long (http: /search.cpan.org/~jv/Getopt-
Long-2.49.1 /1ib/Getopt/Long.pm).
(d) File::Path (http: /search.cpan.org/~riche /File-

Path-2.12 /1ib /File /Path.pm).
2. R (for plots only) (https:/cran.r-project.org/ ).
(a) Optparse (https: //cran.r-project.org/web /packages/
optparse/).
3. STAR aligner (https: /github.com /alexdobin/STAR).
4. Samtools (http: /www.htslib.org/).
5. Bedtools (http: /bedtools.readthedocs.io/).

2.2 Data 1. Chromosome sequences for reference genome (FASTA
format).
2. Gene locations (.gtf format file).
3 Methods

3.1 Preprocessing
and Alignment

3.2 Split Unmapped
Reads

This is a step-by-step description of the bioinformatic pipeline used
to retrieve the chimeric reads from a Piwi CLIP library. The seg-
ments of the functional bash script that can run this pipeline can be
found in every section. A functional, complete bash script that can
be used to run this analysis, along with all the required analysis
scripts, are also deposited online (https://github.com/palexiou/
CLIP-chimaeric/).

The input CLIP reads have been prepared by trimming adaptor
sequences followed by alignment to the genome using the STAR
aligner (see Note 2).

Script: split_unmapped_reads.pl

Unmapped reads are split into “small” and “large” fragments
and converted into .fasta format files. The flags --min-small 23
and --max-small 29 limit the length of small sequence output. The
flag --min-large 30 only allows large fragments 30 nucleotides or
longer to be produced. Chimeras are split at every point that
allows for pairs of fragments within the given length constraints to
be produced (see Notes 3-5). For example, a 55 nt long read
would be broken in pairs of (23,32), (24,31), (25,30), (30,25),
(31,24) and (32,22) nucleotides, within the constraints used here.

perl dev/split unmapped reads.pl \
-—ifile $UnmappedReadsFile.fastqg \
--min-small 23 \
--max-small 29 \


http://search.cpan.org/~jv/Getopt-Long-2.49.1/lib/Getopt/Long.pm
http://search.cpan.org/~jv/Getopt-Long-2.49.1/lib/Getopt/Long.pm
http://search.cpan.org/~riche/File-Path-2.12/lib/File/Path.pm
http://search.cpan.org/~riche/File-Path-2.12/lib/File/Path.pm
https://cran.r-project.org
https://cran.r-project.org/web/packages/optparse
https://cran.r-project.org/web/packages/optparse
https://github.com/alexdobin/STAR
http://www.htslib.org
http://bedtools.readthedocs.io
https://github.com/palexiou/CLIP-chimaeric/
https://github.com/palexiou/CLIP-chimaeric/
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3.3 Filter Small
Fragments

with Library of Known
Small Reads (piRNAs)

3.4 Filter Large
Fragments

with Passed Small
Fragments

3.5 Align Fragments
to the Genome

--min-large 30 \
-—-out-small results/$samplename/frag-
ments.small.fa \
--out-large results/S$samplename/frag-
ments.large. fa

Script: filter_fu_by_sam_sequence.pl

We want to retain only possible chimeric pairs that contain a
real piRNA sequence. To this end, the small fragments are filtered
based on the sequences found in the aligned reads of'a piRNA CLIP
library. Other sequence filtering steps can be performed here.

cat $Aligned.SmallReadsFile.bam \
| samtools-1.2 view \
-h \
-\
| perl dev/filter fa by sam sequence.pl \
--ifile results/$samplename/frag-
ments.small.fa \
--ffile - \
> results/$samplename/fragments.small.
filtered. fa

Script: filter_by_name.pl

After the “small fragment file” has been filtered, we remove
from the “large fragment file” all large fragments that were paired
with small fragments that did not pass the filter (se¢ Note 6).

perl dev/filter by name.pl \
--ifile results/$samplename/fragments.
large.fa \
--ref-file results/$samplename/frag-
ments.small.filtered.fa \
> results/$samplename/fragments.large.
filtered. fa

Tool: STAR 2.5.2b aligner

We align the filtered large and small fragment files separately to
the reference genome using the STAR aligner. The attached bash
script contains the STAR settings used in this step. Neither align-
ment allows introns based on known genes. Again, small fragments
are allowed to map in up to 50 genomic locations with equally
good score.

### ALIGN LARGE FRAGMENTS
STAR-2.5.2b \



3.6 Post-Alignment
Filters

HITS-CLIP Chimaeric Read Analysis

--genomeDir data/genome/dm3/ \
--readFilesIn results/S$samplename/
fragments.large.filtered.fa \
-—-readFilesCommand cat \
--runThreadN 12 \
--outSAMtype SAM \
--outSAMattributes A1l \
--outFilterMultimapScoreRange 0 \
--alignIntronMax 1 \
--outFilterMatchNmin 8 \
--outFilterMatchNminOverLread 0.9 \
--outFileNamePrefix
results/$samplename/fragments.large.filtered.

### ALIGN SMALL FRAGMENTS
STAR-2.5.2b \
-—genomeDir data/genome/dm3/ \
--readFilesIn results/S$samplename/
fragments.small.filtered.fa \
-—-readFilesCommand cat \
--runThreadN 12 \
--outSAMtype SAM \
--outSAMattributes A1l \
--outFilterMultimapScoreRange 0 \
--alignIntronMax 1 \
--outFilterMatchNmin 8 \
--outFilterMatchNminOverLread 0.9 \
--outFileNamePrefix
results/$samplename/fragments.small.filtered.
--outFilterMultimapNmax 50

Tool: bedtools intersect

95

\

We use bedtools intersect and a General Transfer /Feature Format

(.gtf/.gff) file of gene location to filter large fragments that map

on

genes. The output of this process should be two .sam files—one
containing the filtered and aligned small fragments, and one con-

taining the filtered and aligned large fragments (se¢ Notes 7 and 8).

cat results/$samplename/fragments.large.
filtered.Aligned.out.sam \
| grep 'NH:i:1' \
| samtools-1.2 view \
-b \
-T $GenomeFile.fa \
-\

> results/$samplename/fragments.large.

filtered.Aligned.bam
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3.7 Keep Unique Pair

3.8 Get Fragment
Sequences

bedtools intersect \
-a results/$samplename/fragments.
large.filtered.Aligned.bam \
-b $GenesFile.gtf \
-split \
-u \
| samtools-1.2 view \
-\
> results/$samplename/fragments.large.
filtered.Aligned.OnGenes.sam

Scripe: filter_best_pairs.pl

At this step, we still possibly have multiple pairs of fragments
per original chimeric read. Considering the genomic alignment of
both the short and long fragments, we choose the pair of fragments
with the highest sum of matching nucleotides. If there are multiple
pairs with the same total alignment score, a random pair is selected.

perl dev/filter best pairs.pl \

--ifilel results/$samplename/fragments.
large.filtered.Aligned.OnGenes.sam \

--ifile2 results/S$samplename/fragments.
small.filtered.Aligned.out.sam \

--ofilel results/$samplename/fragments.
large.filtered.Aligned.OnGenes.paired.sam \

--ofile?2 results/$samplename/fragments.
small.filtered.Aligned.paired.sam

Script: sam-to-fasta.pl

We extend the large reads to a 200-nucleotide (nt) window
using the —-out-length 200 flag and convert to .fasta file format. We
also convert small reads to .fasta file format without extending
their length (see Note 9).

perl dev/sam-to-fasta.pl \
--sam results/S$samplename/fragments.
large.filtered.Aligned.OnGenes.paired.sam \
--chr dir data/$species/chromosomes/ \
--out-length 200 \
> results/$samplename/fragments.large.
filtered.Aligned.OnGenes.paired.200nt. fa

perl dev/sam-to-fasta.pl \
--sam results/S$samplename/fragments.
small.filtered.Aligned.paired.sam \
--chr dir data/$species/chromosomes/ \
--exact \
> results/S$samplename/fragments.small.
filtered.Aligned.paired. fa
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3.10 Align
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Script: make_pairs_table.pl

This step combines the two .fasta sequence files produced in
the previous step to create a tab delimited pairs table. We run the
same command a second time with the --shuffle option to make the
same number of random pairs (se¢ Note 10).

perl dev/make pairs table.pl \
--ifilel results/$samplename/fragments.
small.filtered.Aligned.paired.fa \
-—ifile2 results/$samplename/fragments.
large.filtered.Aligned.OnGenes.paired.200nt.fa \
> results/$samplename/pairs.tab

perl dev/make pairs table.pl \
-—ifilel results/$samplename/fragments.
small.filtered.Aligned.paired.fa \
--ifile2 results/S$samplename/fragments.
large.filtered.Aligned.OnGenes.paired.200nt.fa \
--shuffle \
> results/$samplename/pairs.shuffled. tab

Script: align.pl

We align the small fragments to the extended 200-nt fragments
(for both real and random pairs). We use a slightly modified Smith—
Waterman [15] alignment method (weights: match = +1, mis-
match = —1, gap = —2). Differences of our alignment versus
Smith—-Waterman: (a) No penalties are given to non-matching
nucleotides on the edges of the alignment. (b) If there are multiple
optimal alignment scores, one is picked randomly. (¢) Alignments
in which part of one sequence is outside the boundaries of the other
sequence are not considered. The fields of the output alignment file
are as follows: “chimeric read name”, “sequence small fragment”,
“sequence large fragment (200 nt)”, “length small fragment”,
“length large fragment”, “alignment score”, “midpoint location on
large fragment”, “binding vector large fragment”, “binding vector
small fragment reverse complement”, and “reverse complement

sequence small fragment” (see Notes 11 and 12).

perl dev/align.pl \
--ifile results/S$samplename/pairs.tab \
> results/S$samplename/pairs.aligned.tab

perl dev/align.pl \
--ifile results/S$samplename/pairs.shuf-
fled.tab \
> results/$samplename/pairs.shuffled.
aligned.tab
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3.11 Plots

Script: plots. R

Using the alignment files as input (real and random align-
ments) this R script produces several plots that help understand the
alignment and therefore provide valuable insight into the attributes
of the complementarity between the piRNAs and their target
sequences. Plot-1 is a scatter plot of real versus random alignment
scores. Plot-2 is a histogram of real and random alignment scores.
Plot-3 is a histogram of the distribution of real and random align-
ment midpoint locations on the 200-nt extended large fragment.

Rscript dev/plots.R \
--ifile results/S$samplename/pairs.
aligned.tab \
--sfile results/$samplename/pairs.shuf-
fled.aligned.tab \
--ofile results/$samplename/pairs.
aligned.pdf

Script: filter_alignment.pl

Allows user defined filtering of the alignment file. Flags --min-
score, --max-score, and --min-midpoint, --max-midpoint, give the
constraints for output alignments. These settings allow the user to
filter a subset of the chimeras based on their alignment characteris-
tics for further analysis downstream.

4 Notes

1. Gapped read alignment can interfere with the retrieval of the
candidate chimeras, especially for CLIP libraries in which local
secondary structures are expected to be captured by chimeric
reads. In this case, the researcher should opt for non-gapped
alignment of the CLIP libraries, and also develop a rationale
tfor separating chimeric reads from standard CLIP tags that
may have small deletions in their sequence.

2. Using the flag—outReadsUnmapped Fastx will output unmapped
reads into a separate file. Using the flag —outFilterMultimap-
Nmax 50 allows up to 50 equal score mappings per read instead
of the default ten. This is recommended when working with
repetitive sequences such as piRNAs. Any aligner that produces
a standard SAM /BAM file can be used at this step.

3. In order to avoid piRNA:piRNA chimeras, the remaining
sequence after generating the piRNA-sized small fragment is
required to be >29-nt long.

4. Pairs with the small fragment both on the 5’ end and the 3’
end of the chimeric read can be output.

5. Extending the method to any size is a matter of tweaking the —
min-small, --max-small, --min-large, --max-large flags to the
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desired lengths. If these flags are left undefined then pairs of
fragments of all potential sizes will be produced. The researcher
should be aware that many sequence fragments with a size of
<20 bases cannot be unambiguously aligned to the genome.
This ambiguity increases, as the size gets smaller. We chose to
process only chimeric reads that contain sequence fragments
that are unambiguously identified within a piRNA library or
within mRNA exons. This requirement reduces uncertainty in
downstream analyses such as complementarity between the two
chimeric read fragments.

This is an optional step, but as the next step will be a resource
consuming alignment to the genome, it is more efficient to
filter unwanted reads before aligning rather than after.

Using the —split option we take into consideration only the
exonic regions of genes.

. At this point, any additional filters can be applied to the aligned files.

The —chr_dir flag denotes a folder containing a file per chro-
mosome named $ChrName.fa.

The random pairs consist of a random small sequence (piRNA)
of the same length as the original small fragment of chimeric
read, paired with the same long fragment sequence. In this
way, we avoid biases of sequence length distribution in the
alignment scores.

The binding vector shows “1” for binding nucleotides within
the binding area, “0” for non-binding nucleotides within the
binding area, “g” for nucleotides that have a gap across from
them in the alignment (insertions), “s” for soft clipped non-
matching nucleotides (outside the binding area and not
matching in the extension), “m” for soft clipped matching
nucleotides (outside the binding area and matching in the
extension). The binding area is the area in which binding
nucleotides count toward the final alignment score—the area
of local alignment.

Areas of the small fragment outside the core alignment area that
spans from the beginning of the trackback cell to the first
encountered cell of score zero are expanded in an ungapped
alignment and do not count toward the alignment score or
midpoint. In other words, soft-clipped nucleotides are not
penalized and do not affect the alignment score but are reported.

Acknowledgments

We thank members of the Mourelatos laboratory for discussions.
This research was supported by NIH grant GM072777 and a grant
from ALS Therapy Alliance to Z.M.



100

Panagiotis Alexiou et al.

References

1

. Licatalosi DD et al (2008) HITS-CLIP yields

genome-wide insights into brain alternative
RNA processing. Nature 456:464-469

. Chi SW, Zang JB, Mele A, Darnell RB (2009)

Argonaute HITS-CLIP decodes microRNA-
mRNA interaction maps. Nature 460:479-486

. Ule J et al (2003) CLIP identifies nova-

regulated RNA networks in the brain. Science
302(5648):1212-1215

. Kameswaran V et al (2013) Epigenetic regula-

tion of the DLK1-MEG3 MicroRNA cluster in
human type 2 diabetic islets. Cell Metab
19:135-145

. Vourekas A, Alexiou P, Vrettos N, Maragkakis M,

Mourelatos Z (2016) Sequence-dependent but
not sequence-specific piRNA adhesion traps
mRNAs to the germ plasm. Nature 531:390-394

. Grosswendt S et al (2014) Unambiguous iden-

tification of miRNA: target site interactions by
different types of ligation reactions. Mol Cell
54:1042-1054

. Sugimoto Y et al (2015) {hiCLIP} reveals the

in vivo atlas of {mRNA} secondary structures
recognized by  Staufen 1.  Nature
519:491-494

. Helwak A, Kudla G, Dudnakova T, Tollervey

D (2013) Mapping the human miRNA interac-

10.

11.

12.

13.

14.

15.

tome by CLASH reveals frequent noncanonical
binding. Cell 153:654-665

. Moore MJ et al (2015) miRNA-target chime-

ras reveal miRNA 3’-end pairing as a major
determinant of Argonaute target specificity.
Nat Commun 6:8864

Vourekas A, Mourelatos Z (2014) HITS-CLIP
(CLIP-Seq) for mouse piwi proteins. Methods
Mol Biol 1093:73-95

Popow J etal (2011) HSPC117 is the essential
subunit of'a human tRNA splicing ligase com-
plex. Science 331:760-764

Vourekas A et al (2015) The RNA helicase
MOVI10L1 binds piRNA precursors to initiate
piRNA processing. Genes Dev 29:617-629
Yang Q, Fairman ME, Jankowsky E (2007)
DEAD-box-protein-assisted RNA  structure
conversion towards and against thermody-
namic equilibrium values. ] Mol Biol
368:1087-1100

Maragkakis M, Alexiou P, Mourelatos Z (2015)
GenOO: a modern perl framework for high
throughput sequencing analysis. bioRxiv.
doi:10.1101,/019265

Smith TF, Waterman MS (1981) Identification
of common molecular subsequences. ] Mol
Biol 147:195-197


https://doi.org/10.1101/019265

Chapter 7

Kinetic Analysis of Small Silencing RNA Production
by Human and Drosophila Dicer Enzymes In Vitro

Susan E. Liao and Ryuya Fukunaga

Abstract

Dicer enzymes produce small silencing RNAs such as microRNAs (miRNAs) and small interfering RNAs
(siRNAs), which then are loaded into Argonaute proteins and act as sequence-specific guides. A powerful
tool to understand the molecular mechanism of small silencing RNA production by Dicers is an in vitro
RNA processing assay using recombinant Dicer proteins. Such biochemical analyses have elucidated the
substrate specificities and kinetics of Dicers, the mechanism by which the length of small RNAs produced
by Dicers is determined, and the effects of Dicer-partner proteins and endogenous small molecules such as
ATP and inorganic phosphate on small RNA production by Dicers, among others. Here, we describe
methods for in vitro small RNA production assay using recombinant human and Drosophila Dicer
proteins.

Key words Dicer, miRNA, siRNA, RNA silencing, Kinetics

1 Introduction

The ribonuclease (RNase) enzyme Dicer is central to the pro-
duction of small silencing RNAs such as microRNAs (miRNAs)
and small interfering RNAs (siRNAs) [ 1-4]. In canonical miRNA
biogenesis, Dicer processes precursor miRNAs (pre-miRNAs)
into miRNA duplexes, while some miRNAs are produced in a
Dicer-independent manner. Dicer also cleaves long dsRNA sub-
strates to produce siRNAs. Endogenous sources of long dsRNA
include viral RNA genomes or replication intermediates, conver-
gent mRNA transcription, transposon transcripts, and partially
self-complementary hairpin  RNAs. Exogenous long dsRNA
can be introduced experimentally to trigger RNA interference
(RNAI). After their production, miRNA duplexes and siRNA
duplexes are loaded into Argonaute proteins. Only one of the
strand of the duplexes (the guide strand) is retained in Argonaute
proteins while the other strand (the passenger strand) is released
to solution. The guide-strand and Argonaute complex is called

Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
vol. 1680, DOI 10.1007/978-1-4939-7339-2_7, © Springer Science+Business Media LLC 2018
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an RNA-induced silencing complex (RISC). miRNA-Argonaute
RISC complexes can repress mRNA translation and promote
mRNA turnover, whereas siRNA-Argonaute RISC complexes
cleave their RNA targets.

An in vitro RNA processing assay using recombinant Dicer
proteins can be used to investigate the functions of Dicer in small
RNA biogenesis. Such in vitro RNA processing assays directly
proved that Dicer processes precursor substrate RNAs into miR-
NAs and siRNAs, characterized biochemical and structural ele-
ments required for Dicer activity, determined kinetic parameters
in small RNA production by Dicer, and elucidated how Dicer
partner proteins and small molecules modulate small RNA bio-
genesis [5-19].

Here, we describe RNA processing assays which use recombi-
nant human or Drosophila Dicer to process various RNA sub-
strates in test tubes. It is important to note that the number of
Dicer genes and their respective functions in small RNA biogen-
esis varies between these species. A single human Dicer enzyme
produces both miRNAs and siRNAs. In contrast, Drosophila pos-
sesses two Dicer genes: Dicer-1, which produces ~22-24 nt miR-
NAs from pre-miRNAs, and Dicer-2, which precisely produces
21 nt siRNAs from long dsRNAs [20]. These Dicer proteins
share common domain architecture: N-terminal helicase domain,
dsRNA-binding domain, platftorm domain, PAZ (Piwi-Argonaute-
Zwille) domain, connector helix, two RNase III domains, and
C-terminal dsRNA-binding domain (Fig. 1). The crystal struc-
ture of Dicer from the unicellular Giardia lamblin, which lacks
the helicase and dsRNA-binding domains and produces ~25-
27 nt siRNAs, revealed that it adopts a hatchet-shaped structure;
the RNase III domains form the blade, and the PAZ domain
makes up the base of the handle [6]. Electron microscope studies
revealed that human Dicer and Drosophila Dicer-2 adopt an
L-shape structure where the platform, PAZ, and RNase III
domains constitute the longer axis while the helicase domain
composes the shorter axis of the L-shape [21-24]. Unlike human
Dicer and Drosophila Dicer-2, Drosophila Dicer-1 lacks the
DExD/H motif in the helicase domain. The ATP hydrolysis
activity of the DExD /H motif of the Drosophila Dicer-2 helicase
domain has been shown to facilitate Dicer-2 translocation along
dsRNA substrates [9, 11].

In this chapter, we describe an in vitro assay for characterizing
Dicer RNA processing activity, including purification of recombi-
nant human and Drosophila Dicer proteins, preparation of various
RNA substrates, performance of RNA processing reactions in test
tubes, and analysis of kinetic data. The methods described here can
aid studies developing quantitative understanding of Dicer func-
tion, mechanism, and regulation in small RNA processing.
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. Connector
Helicase HELICc dsRBD IX dsRBD
Drosophila Dicer-1 { I [Platiorm]_PAZ | Rilla RITEH | 2249 aa

Connector
helix

Helicase HELICc  dsRBD ell dsRBD
Drosophila Dicer-2 { DExo/ [ [} [Fiattorm] _PAZ 1] Rilla S} 1722 aa

) Connector
Helicase HELICc dsRBD helix

dsRBD
Human Dicer {{DB0H ] | [Platorm[_PAZ ]| Rilla ICAH } 1922 aa

Fig. 1 Drosophila and human Dicer domain architecture. DExD/H, DExD/DExH box helicase domain; HELICc,
helicase conserved C-terminal domain; dsRBD, dsRNA-binding domain; PAZ, PAZ domain; Rllla and RIllb,
Ribonuclease Ill domain

2 Materials

2.1 Purification 1. Bac-to-Bac® N-His TOPO® Cloning Kit (Thermo Fisher
of Recombinant Dicer Scientific).
Proteins 2. MAX Efficiency® DHI10Bac™ Competent Cells (Thermo

Fisher Scientific).
. FuGENE HD Transfection Reagent (Promega).
. S19 cells in Sf-900™ II SFM (Thermo Fisher Scientific).
. $t-900™ IT SEM (Thermo Fisher Scientific).
. Type B Dounce glass homogenizer.
. Ultracentrifuge.
. Glass Econo-Column chromatography column (Biorad).
. Ni-Sepharose 6 Fast Flow (GE Healthcare).
10. HiTrap Q HP (GE Healthcare).

11. AKTA protein purification system such as AKTA Pure (GE
Healthcare).

12. Ni-lysis buffer: 50 mM HEPES-NaOH pH 7.5, 500 mM
NaCl, 40 mM imidazole, 0.5 mM phenylmethylsulfonyl fluo-
ride (PMSF), 1 mM tris(2-carboxyethyl) phosphine (TCEP), 1
tablet /50 mL buffer of cOmplete™ Mini EDTA-free Protease
Inhibitor cocktail (Roche).

13. Ni-wash buffer: 50 mM HEPES-NaOH (pH 7.5), 500 mM
NaCl, 40 mM imidazole, 0.5 mM PMSE, 1 mM TCEP.

14. Ni-elution buffer: 50 mM HEPES-NaOH (pH 7.5), 500 mM
NaCl, 500 mM imidazole, 1 mM TCEP.

15. Dialysis bufter: 20 mM HEPES-NaOH (pH 8.0), 20 mM
NaCl, 1 mM EDTA, 1 mM TCEP.

16. HiTrapQ bufter A: 20 mM HEPES-NaOH (pH 8.0), 20 mM
NaCl, 1 mM TCEP.

17. HiTrapQ buffer B: 20 mM HEPES-NaOH (pH 8.0), 1 M
NaCl, 1 mM TCEP.

O 0 NN O Ul W
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2.2 Preparation
of Cold Pre-miRNA

18.

19.

20.

21.

22.
23.

24.

QU N

Slide-A-Lyzer™ Dialysis Cassette, MWCO 10,000 (Thermo
Fisher Scientific).

Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-30
membrane (Millipore).

Concentration buffer: 30 mM HEPES-KOH (pH 7.4),
100 mM KOAc¢, 1 mM TCEP.

80% glycerol buffer: 80% (v/v) glycerol, 30 mM HEPES-
KOH (pH 7.4), 100 mM KOAc, 1 mM TCEP.

Liquid nitrogen.

SDS-PAGE gels, SDS-PAGE sample bufter, SDS-PAGE run-
ning buffer, and running apparatus.

UV spectrophotometer.

. Pre-miRNA oligos (Custom synthesis).

Drosophila pre-let-7: 5'-UGA GGU AGU AGG UUG UAU
AGU AGU AAU UAC ACA UCA UAC UAU ACA AUG
UGC UAG CUU UCU-3".

Human pre-miR-590: 5'- GAG CUU AUU CAU AAA
AGU GCA GUA UGG UGA AGU CAA UCU GUA AUU
UUA UGU AUA AGC UAG U-3".

. 10 units/pL T4 Polynucleotide Kinase (NEB).

. 10x T4 PNK bufter (NEB).

. 100 mM ATP.

. 2x formamide RNA loading buffer without xylene cyanol: 98%

(v/v) formamide, 10 mM EDTA (pH 8.0), and 0.025% (w/v)
bromophenol blue.

. 0.3 M NaCl.

7. Acrylamide/Bis 19:1, 40% (w/v) solution.

11.
12.
13.
14.
15.
16.

17.
18.

. 5x TBE buffer: 1.1 M Tris, 900 mM Borate, 25 mM EDTA

(pH 8.3).

. 10% (w/v) ammonium persulfate (APS).
10.

Urea-PAGE gel solution [1x TBE, 7 M Urea, Acrylamide /Bis
19:1 8% (w/V)].

150 mL, 0.22 pm Tube Top Vacuum Filter.

Vertical gel electrophoresis apparatus (C.B.S. Scientific).

Glass Plate Set Notched, 33 x 22 cm. (C.B.S. Scientific).
Sequencing Spacer Set 1.5 mm Thick x 22 em(1) (C.B.S. Scientific).
1.5 mm x 8 Well Comb for 33 cm wide gel (C.B.S. Scientific).

Aluminum Heat Dispersion Plate, 33(w) x 6.8 cm(h)
(C.B.S. Scientific).

Rain-X original glass treatment, and Rain-X anti-fog solutions.
Handheld UV lamp.
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Fluor-coated TLC plate.
Razor blade.

. ¥-3*P ATP (6000 Ci/mmol, 150 mCi/mL. PerkinElmer).

2. Illustra MicroSpin G-25 Columns (GE Healthcare).

O 0 N N Ul w

—

11.
12.

. 2x formamide RNA loading buffer: 98% (v/v) formamide,

10 mM EDTA (pH 8.0), 0.025% (w/v) xylene cyanol, and
0.025% (w/v) bromophenol blue.

. 10 mg/mL glycogen.

. Spin-X Plastic Centrifuge Tube Filters (Corning).
. Storage Phosphor Screen (GE Healthcare).

. Typhoon FLA-9500 (GE Healthcare).

. Scintillation counter.

. Decade Marker (Ambion).

. pPEGFP-N3 plasmid (Clontech).
. Forward DNA primer for the 106 nt sense strand template:

5'-GTACTTAATACGACTCACTATAGCCAGGGCACGGG
CAGCTTGCCG-3'. (The sequence of T7 promoter is
underlined).

. Reverse DNA primer for the 106 nt sense strand template: 5'-

mTmTGGGCCACAAGTTCAGCGTGTCC-3’ (m,
2'-O-methyl ribose). (Incorporation of two bases with a
2’-O-methyl-modification at the 3’-end can cause the tran-
scription to stop without addition of non-templated nucleo-

tides [25]).

. Forward DNA primer for the 106 nt antisense strand template:

5'-GTACTTAATACGACTCACTATAGGGCCAGGGCACG
GGCAGCTTGCCG-3".

. Reverse DNA primer for the 106 nt antisense strand template:

5-mGmGGCCACAAGTTCAGCGTGTCC-3’ (m,
2'-O-methyl ribose).

. 2000 units/mL Phusion® High-Fidelity DNA Polymerase

(New England Biolabs).

. 5x Phusion® HF Buffer (New England Biolabs).
. dNTPs (10 mM each).

. Thermal cycler.

10.

Phenol /Chloroform/Isoamyl Alcohol (25:24:1 Mixture,
pH 6.7).

3 M sodium acetate (pH 5.2).

ATP, CTP, GTP, UTP, and GMP stocks (100 mM each,
pH 7.0).
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2.5 Preparation of
Internally Radiolabeled

13

14.

15.

16.
17.
18.

19.

20.

. 100 mM dithiothreitol (DTT).
10x T7 transcription buffer: 400 mM Tris—-HCI (pH 8.0),
260 mM MgCl,, 25 mM Spermidine, 0.1% (v/v) Triton-X100.

Inorganic pyrophosphatase (IPP) in storage buffer: Resuspend
the IPP (Sigma) in storage buffer [50 mM Hepes-KOH
(pH 7.4), 1 mM DTT, 50% (v/v) glycerol] at a concentration
of 0.5 units/pL.

40 units/plL RNasin RNase inhibitor (Promega).
1 unit/pL RQ1 RNase-free DNase (Promega).

T7 RNA polymerase, purchased commercially or prepared in
the laboratory.

10 unit/pL Alkaline Phosphatase, Calf Intestinal (CIP) (New
England Biolabs).

10x CIP butffer (500 mM Potassium Acetate, 200 mM Tris-
acetate, 100 mM Magnesium Acetate, 1 mg/mL BSA, pH 7.9).
(Same as 10x CutSmart buffer (New England Biolabs)).

. a-32P UTP (800 Ci/mmol, 10 mCi/mL).

Long dsRNAs
2.6 Performing 1. 1 M HEPES-KOH bufter (pH 7.4).
In Vitro ’_WA ) 2. 1 M Potassium acetate.
Processing Reactions 3. 1 M Magnesium acetate.
4. Glycerol.
5. 10 mg/mL bovine serum albumin (BSA).
6. 0.4 mm x 34 Well Comb for 33 cm wide gel (C.B.S. Scientific).
7. Sequencing Spacer Set 0.4 mm Thickness x 22 cm(l)
(C.B.S. Scientific).
8. Whatman™ 3MM Chr Chromatography Paper (Fisher
Scientific).
9. Thermal Laminating Film (GBC).
10. HydroTech™Vacuum Gel Drying System (Biorad).
2.7 Analyzing 1. Igor Pro software (WaveMetrics).
Enzyme Kinetics
3 Methods
3.1 Purification of 1. PCR-amplity the coding sequences of Drosophila Dicer-1 and

Recombinant Proteins

Dicer-2 and human Dicer (NCBI IDs: NM_079729,
NM_079054, and NM_177438, respectively) and clone them
into either the pFastBacHT or the pFastBac/NT-TOPO
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plasmid for N-terminally 6x His-tagged recombinant Dicer
protein expression in Sf9 cells. The cDNA clone plasmids for
Drosophila Dicer-2 and human Dicer are available from
Drosophila  Genomics Resource Center (FI15132) and
Addgene (#19873), respectively.

. Express the desired Dicer protein in Sf9 cells at 25-27 °C using

the prepared plasmids and Bac-to-Bac® Baculovirus Expression
System following the manufacturer’s manual.

. Harvest the Sf9 cells expressing Dicer protein 48-72 h after

baculovirus transfection by centrifugation at 1500 x g for
15 min at 4 °C. Flash-freeze pelleted cells in liquid nitrogen
and store pellets in —80 °C until use.

. Perform all purification procedures here and below at 4 °C or

on ice. Resuspend the Sf9 cell pellet in 40 mL Ni-lysis bufter.
Homogenize cells using a type B Dounce glass homogenizer.
Apply ~40 strokes.

. Ultracentrifuge the homogenate at 38,000 x g for 60 min at 4 °C.
. Carefully transfer the supernatant to a new 50 mL conical tube.

. Mix supernatant with ~5 mL of Ni-sepharose beads pre-

equilibrated with Ni-wash bufter. Incubate mixture on a gentle
tube rotator for 30 min at 4 °C.

. Centrifuge the beads at 3000 x g for 5 min at 4 °C in a swing

bucket rotor. Discard supernatant.

. Wash beads by mixing with ~40 mL Ni-wash buffer. Centrifuge

beads at 3000 x g for 5 min at 4 °C and discard supernatant.
Repeat wash two more times.

Resuspend beads in ~10 mL of Ni-wash buffer and pour beads
in an Econo-column. Wash the beads in the column with
~200 mL of Ni-wash buffer.

Slowly elute the proteins by pouring Ni-elution buffer into the
Econo-column, adjusting the flow rate as needed with the
stopcock. Elute the proteins into three 25 mL fractions.

Examine the amount and purity of the proteins in the eluted
fractions by SDS-PAGE. Usually, the first fraction contains the
highest yield of the target protein.

After identifying fraction(s) containing the highest yield of
eluted proteins, dialyze fractions against Dialysis buffer at 4 °C
overnight using a Slide-A-Lyzer™ Dialysis Cassette (MWCO
10,000) (see Note 1).

Purify the proteins using a HiTrapQ column on AKTA HPLC
system. Pre-equilibrate the column with HiTrapQ buffer A,
load the protein sample onto the column, and wash with
HiTrapQ buffer A. Elute the proteins with a linear gradient of
HiTrapQ buffer A and HiTrapQ buffer B.
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3.2 Preparation
of Cold Pre-miRNAs

15. Analyze the elution fractions using SDS-PAGE.

16.

17.

18.

19.

Pool the desired elution fractions. Concentrate fractions using
an Amicon Ultra-15 Centrifugal Filter Unit with Ultracel-30
membrane. Perform buffer exchange with Concentration buf-
ter and then concentrate to desired concentration.

Measure the UV spectrum of the concentrated proteins using
the concentration buffer as a blank solution with a UV spectro-
photometer. Determine protein concentrations based on the
absorbance at 280 nm and the calculated extinction coefficients.
The extinction coeflicients of untagged intact Drosophila Dicer-1
and Dicer-2 and human Dicer are 226,220, 180,840, and
211,670 Mt em™!, respectively. For example, 1 O.D. at 280 nm
tor Drosophila Dicer-1 = 4.42 pM = 1.13 mg/mL of Drosophiin
Dicer-1 protein.

(Optional). Run 1 pL from concentrated protein sample on an
SDS-PAGE gel to check purity. To determine relative protein
amounts, cut out visible protein bands, perform amino acid
analysis, and calculate concentrations of protein samples.

Add 80% glycerol buffer to the protein solutions to final 50%
(v/v) glycerol concentration. Aliquot protein solutions into
small volumes (ex. 10-20 pL) in tubes to avoid freeze—thaw.
Flash-freeze them in liquid nitrogen and store at —80 °C.

Phosphorylate 5 OH pre-miRNA oligos with cold ATP and T4
Polynucleotide Kinase to make 5 monophosphorylated pre-
miRNAs. Incubate the following reaction at 37 °C for 1 h (see
Note 2):

357 pL water.

50 pL 10x T4 PNK buffer.

33 pL 300 uM 5" OH pre-miRNA:s.

10 pL 100 mM ATP.

50 pLL 10 U/pL T4 Polynucleotide Kinase (PNK).

. During the PNK reaction, prepare a 1.5 mm thick 8% acryl-

amide PAGE gel (1x TBE, 7 M Urea). Coat notched glass
plates with hydrophobic glass treatment (e.g., Rain-X original
glass treatment) and back plates with hydrophilic glass treat-
ment (e.g., Rain-X anti-fog) to facilitate gel removal after run-
ning. Assemble the glass plates and spacers and pour gel.

. Pre-run the gel in 0.5x TBE as a running bufter in the vertical

gel electrophoresis apparatus. Use the aluminum plate to dis-
perse the heat generated during the gel running. The gel
should be pre-run for about 30 min at a constant power of
~15 W before loading RNA samples.
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. After the PNK reaction, mix the 5" monophosphorylated RNA

solutions with an equal amount of 2x formamide RNA loading
bufter without xylene cyanol (see Note 3). Incubate at 95 °C
for 2 min.

4. Load RNA solutions onto the pre-run gel.

9
10.
11.
12.
3.3 Preparation 1.
of 5 -Radiolabeled
Pre-miRNAs
2

. Run the gel at ~15 W until the faster bromophenol blue dye

almost runs off the gel.

. After electrophoresis, remove the notched glass plate and leave

the gel on the back plate. Cover the gel with plastic wrap. Place
the gel, plastic wrap-side-down, on the removed glass plate.
Remove the other glass plate and cover the gel with a second
sheet of plastic wrap.

. Place a fluor-coated TLC plate between the plastic-wrapped

gel and the bottom glass plate.

. Visualize RNA bands by using a hand-held UV lamp (254 nm;

shortwave) on the surface of the gel and mark the band to be
cut out. RNA will appear as dark shadow bands while the TLC
plate will appear green. Minimize the time of UV exposure to
RNA in order to avoid damaging RNA with UV.

. Cut out pre-miRNA bands using a razor blade, and place them

in a 50 mL tube. Elute RNAs from the gel pieces in 0.3 M
NaCl on a tube rotator at 4 °C overnight.

Filter eluted RNA solutions through a 150 mL, 0.22 pm Tube
Top Vacuum Filter to remove any gel pieces. Then perform
ethanol precipitation by adding three volumes of ethanol.

Precipitate the RINA pellet by centrifugation at 21,000 x4 for
30 min at 4 °C, wash the pellets with 80% (v/v) ethanol, and
air dry. Resuspend RINAs in water.

Measure the UV spectrum using a UV spectrophotometer and
determine the concentration based on the absorbance at
260 nm. 1 O.D. at 260 nm for RNA molecules = 40 ng/pL of
RNA. Store in —80 °C freezer.

Phosphorylate 5 OH pre-miRNA oligos with y-32 ATP by
incubating the reaction containing the following components
at 37 °C for 30 min (see Note 4).

e 11 pL water.

e 3 pL 10x T4 Polynucleotide Kinase bufter.

e 3 pL 10 pM 5" OH pre-miRNA.

e 3 pL 10 units/pL T4 Polynucleotide Kinase.

e 10 pL y-**P ATP (6000 Ci/mmol, 150 mCi/mL).

. During the PNK reaction, prepare and pre-run a 1.5 mm thick

8% acrylamide gel. Follow instructions as described in steps 2
and 3 in Subheading 3.2, Preparation of cold pre-miRNAs.
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3.

10.

11.

12.

13.

After the PNK reaction, remove free y-*P ATP using Illustra
MicroSpin  G-25 Columns following the manufacturer’s
instructions.

. Mix with an equal amount of 2x formamide RNA loading buf-

fer. Incubate at 95 °C for 2 min. Load samples onto gel. Keep
the microcentrifuge tube that contained radiolabeled RNA to
prepare radioactive position markers (see Step 7).

. Run the gel until the faster bromophenol blue dye almost runs

off the gel and the slower xylene cyanol dye is about halfway
down the gel.

. After electrophoresis, remove one of the glass plates and cover

the gel with plastic wrap.

. Prepare radioactive position markers to mark location on the

gel. Using the microcentrifuge tube which contained radiola-
beled RNA from step 4, add ~20 pL of 2x formamide RNA
loading bufter to the microcentrituge tube. This ~20 pL solu-
tion will be radioactive and will be visible when scanning on
the Phosphorimager. Cut Whatman 3MM filter paper into
small pieces and attach one piece to Scotch tape. Repeat to
make four position markers. Apply ~5 pL of radioactive RNA
tormamide loading buffer solution from the tube in step 8
onto the small piece of the filter paper attached to Scotch tape.

. Attach the radioactive position markers to the plastic wrap cov-

ering the gel, placing one at each of the four corners of the gel.
These radioactive paper pieces will be used as position markers
to identity location of the radioactive RNAs on the gel to facili-
tate gel excision after imaging the gel.

. Cover the gel with another sheet of plastic wrap, sandwiching

the radioactive filter paper pieces between the plastic wrap
layers.

Expose the gel to a Storage Phosphor Screen for ~10 s and
visualize the RNA bands and the position marker pieces by
scanning the screen on a Phosphorimager.

Print out the scanned image at actual size. Insert the print out
under the bottom gel glass plate and align it based on the posi-
tion marker signals. Mark the RNA bands.

Cut out the radioactive pre-miRNA bands with a razor blade
and put the cut out gel pieces in a microcentrifuge tube. Add
1 mL 0.3 M NaCl and elute RNA from the cutout gel pieces
by rotating the tube on a tube rotator at 4 °C overnight (see
Note 5).

Filtrate eluted solutions using Spin-X Centrifuge Tube Filters
in order to remove gel pieces. Perform ethanol precipitation to
further purify RNA. Add 1 pL of 10 mg/mL glycogen and
three volumes of ethanol to each solution. Split the solutions
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into two or three microcentrifuge tubes as needed. Store at
—80 °C for at least 1 h.

Centrifuge samples to pellet RNA at 21,000 x 4 for 30 min at
4 °C. Remove supernatant and rinse pellets with 80% (v/V)
ethanol. Then air dry.

Resuspend RNA pellets in 100 pL water. Measure the radioac-
tivity (CPM/pL; CPM: Counts Per Minute) using a scintilla-
tion counter. Store at —80 °C.

. Using a high-fidelity PCR enzyme that makes blunt ends, such

as Phusion DNA polymerase and a pEGFP-N3 plasmid as PCR
template, PCR-amplify the T7 RNA polymerase template
dsDNA containing the T7 promoter for the sense RNA strand
using the forward and reverse primers for the sense strand tem-
plate in a 400 pL scale. The reaction contains the following
components at the following temperature cycles (see Note 6).
The PCR product is referred as “T7 template for sense RNA
strand” below in this protocol.

e 296 pL water.

e 80 uL 5x Phusion® HF Buffer.

e 8 pL ANTP mix (10 mM each).

e 4l 20 ng/pL pEGFP-N3 plasmid.

e 4 plL 100 pM Forward DNA primer for the 106 nt sense
strand template.

e 4 L 100 pM Reverse DNA primer for the 106 nt sense
strand template.

e 4 pL 2000 units/mL Phusion® High-Fidelity DNA
Polymerase.
PCR step 1: 98 °C for 30 s.
PCR step 2: 98 °C for 10 s.
PCR step 3: 55 °C for 20 s.
PCR step 4: 72 °C for 15 s.
PCR step 5: go back to step 2 for 34 cycles.
PCR step 6: 72 °C for 60 s.
PCR step 7: pause at 4 °C.

. Similarly, PCR-amplify the T7 RNA polymerase template

dsDNA containing the T7 promoter for the antisense RNA
strand using the forward and reverse primers for the antisense
strand template in a 400 pL scale, as in step 1. The PCR prod-
uct is referred as “T7 template for antisense RNA strand”
below in this protocol.

. After the PCR reaction, add an equal amount of phenol /chlo-

roform/isoamyl alcohol (25:24:1 mixture, pH 6.7). vortex,
centrifuge, and transfer aqueous phase to a new tube.
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4.

10.

11.

Perform ethanol precipitation by adding 1,/10 volume of 3 M
sodium-acetate (pH 5.2) and 2.5 volumes of ethanol.
Precipitate the pellet by centrifugation at 21,000 x 4 for 20 min
at 4 °C, wash the pellets with 70% (v/v) ethanol, and air dry.
Resuspend pellets in 400 pL. water.

. Combine the following in a 50 mL tube in the order listed

(add T7 RNA polymerase enzyme last). Keep the components
for the reaction on ice, but add them to a reaction tube at
room temperature. Perform the reaction for sense and anti-
sense strands separately. Incubate at 37 °C for 2—4 h.

e 500 pL 10x T7 transcription bufter.

e 2250 pL water.

e 50 pL 100 mM DTT.

e 200 pL. 100 mM ATP.

e 200 pL 100 mM CTP.

e 200 pL 100 mM GTP.

e 200 puL 100 mM UTP.

e 800 pL 100 mM GMP.

e 100 pL 40 unit/pL. RNasin RNase inhibitor.
e 100 pL 0.5 unit/pL IPP.

e 200 pL template DNA from the previous step (17 tem-
plate for sense RNA strand or T7 template for antisense
RNA strand).

e 200 pL T7 RNA polymerase.

. Add 50 pL 1 unit/pL RQ1 RNase-free DNase and incubate at

37 °C for 30 min.

. Perform phenol/chloroform extraction. Add an equal amount

(5 mL) of phenol /chloroform, vortex, centrifuge, and transter
supernatant to a new tube.

. Ethanol precipitate RNA by adding 1,/10 volume (500 pL) of

3 M sodium acetate (pH 5.2) and 2.5 volumes (12.5 mL) of
ethanol. Vortex, centrifuge, and wash the RNA pellets with
80% (v/v) ethanol. After air-drying the RNA pellet, resuspend
in 400 pL water.

. Dephosphorylate RNA by adding 46 pL of 10x CIP buffer

and 20 pL of Alkaline Phosphatase, Calf Intestinal. Incubate at
37 °C for 60 min (see Note 7).

Add an equal amount (466 pL) of phenol/chloroform/iso-
amyl alcohol (25:24:1 mixture, pH 6.7), vortex, centrifuge,
and transfer the aqueous phase to a new tube.

Perform ethanol precipitation by adding 1,/10 volume of 3 M
Sodium acetate (pH 5.2) and 2.5 volumes of ethanol. Vortex,
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centrifuge at 21,000 x g for 30 min at 4 °C, and wash RNA
pellets with 80% (v/v) ethanol. After air-drying the RNA
pellets, resuspend in 400 pL water.

Phosphorylate RNAs by adding the following reagents and
incubating the reaction at 37 °C for 60 min.

e 48 uL 10x T4 Polynucleotide Kinase buffer.

e 8 pL 100 mM ATPD.

e 20 pL 10 units/pL. T4 Polynucleotide Kinase.

Add an equal amount (500 pL) of 2x formamide RNA loading
buffer. Incubate at 95 °C for 2 min. Gel purify RNAs as in
Subheading 3.2.

Set up transcription reaction for only the sense strand. Combine
the following in a microcentrifuge tube in the order listed (add
the T7 RNA polymerase enzyme last). Keep the components for
the reaction on ice, but add to reaction tube at room tempera-
ture and incubate the sample at 37 °C for 2—4 h (see Note 8).

e 5 pL 10x T7 transcription buffer.

e 2.5 pL water.

e 0.5uL 100 mM DTT.

e 2 pL 100 mM ATPD.

e 2uL 100 mM CTP.

e 2puL 100 mM GTP.

e 2pL1mM UTPD

e 8 pL 100 mM GMP.

e 20 pL a-3?P UTP (800 Ci/mmol, 10 mCi/mL).

e 1 pL 40 unit/pL RNasin RNase inhibitor.

e 1 pL 0.5 unit/pL IPD.

e 2 pL template DNA from Subheading 3.4, step 4 (17
template for sense RNA strand).

e 2 uL. T7 RNA polymerase.

. Add 1 pL of 1 unit/pL. RQ1 RNase-free DNase and incubate

at 37 °C for 30 min.

. Remove free a-32P UTP using G-25 Spin Columns following

the manufacturer’s protocol.

. Add 350 pL water and 400 pL phenol/chloroform, vortex,

centrifuge, and transfer supernatant to a new tube.

. Precipitate RNA by adding 1,/10 volume of 3 M sodium ace-

tate (pH 5.2) and 2.5 volumes of ethanol. Vortex, centrifuge at
21,000 x g for 30 min at 4 °C, and wash RNA pellet with 80%
(v/v) ethanol. After air-drying, resuspend RNA in 43 pL water.
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3.6 Performing
In Vitro RNA
Processing Reactions

6.

10.

Dephosphorylate RNA by adding 5 plL 10x CIP buffer and
2 pL. Alkaline Phosphatase, Calf Intestinal. Incubate at 37 °C
for 60 min (see Note 7).

. Add 350 pL water and 400 pL phenol/chloroform to the

RNA solution. Vortex, centrifuge, and transfer supernatant to
a new tube.

. Precipitate RNA by adding 1,/10 volume 3 M sodium acetate

(pH 5.2) and 2.5 volumes ecthanol. Vortex, centrifuge at
21,000 x g for 30 min at 4 °C, and wash the RNA pellet with
80% (v/v) ethanol. After air-drying the RNA pellet, resuspend
in 42 pL water.

. Set up 5" monophosphorylation reaction. Add the following to

the RNA and incubate the reaction at 37 °C for 60 min:

e 5 pL 10x T4 polynucleotide kinase buffer.
e 1pL 100 mM ATP.
e 2 pL 10 units/pl T4 polynucleotide kinase.

Add an equal volume of 2x formamide RNA loading buffer.
Incubate at 95 °C for 2 min. Gel purify the RNA as in
Subheading 3.3.

. Radiolabel the Decade maker using y-**P ATP (6000 Ci/mmol

150 mCi/mL), following the manufacturer’s protocol. Prepare
an aliquot of 1/100 dilution as working concentration. Store
both the diluted and undiluted marker solutions in —80 °C.

. Prepare radioactive RNA substrates at an eightfold concentra-

tion of final concentration to be tested in the processing assays.
For example, if the final concentration of RNA in the process-
ing assay is 100 nM and 25,000 CPM /pLL RNA substrate, pre-
pare 800 nM and 200,000 CPM/pL. RNA by mixing
appropriate amounts of cold and radioactive RNA stocks and
water. For dsRNA, assemble the duplex by adding the radioac-
tive sense strand stock, the cold sense strand stock, the cold
antisense strand stock, and water, to achieve 1:1.1 molar ratio
between the sense and antisense strands at a desired concentra-
tion and radioactivity. Antisense RNA is added slightly in excess
so that all radioactive sense strand is in duplex form.

. Incubate at 80 °C for 2 min and cool gradually to room

temperature.

. Prepare the following reaction in a microcentrifuge tube. The

concentration shown is the final concentration in the reaction.
Incubate PNK reaction at 37 °C for 60 min. (Before adding the
RNA substrate at the last step to start the processing reaction,
pre-incubate the mixture at 25 °C for a few minutes). The reac-
tion is typically performed in final 8 pL volume. Start the reac-
tion by adding 1 pL of radioactive RNA substrate to 7 pL of



3.7 Analyzing
Enzyme Kinetics

10.

11.
12.
13.

Method for In Vitro Dicing Assay 115

pre-incubated reaction pre-mixture. As a negative control, make
the reaction sample without any Dicer enzyme. Take time zero
sample for this negative control (se¢ Notes 9-11).

e 18 mM HEPES-KOH (pH 7.4).

e 100 mM potassium acetate.

¢ 3 mM magnesium acetate.

e 1 mMATP

e 1mMDTT.

e 1.5% (v/v) glycerol.

e 0.1 mg/mL BSA.

e 0.2 unit/pL RNasin RNase inhibitor.
e Dicer enzyme.

e Radioactive RNA.

. Take an aliquot (typically 1 pL.) and add 25-fold volume of 2x

formamide RNA loading buffer (typically 25 pL) at a defined
time points. The processing reaction is stopped in the 2x for-
mamide RNA loading buffer.

. Coat the notched glass plates with hydrophobic glass treatment

(e.g., Rain-X original glass treatment), and coat the back plates
with hydrophilic glass treatment (e.g., Rain-X anti-fog).

. Make 0.4 mm thick, 1x TBE, 7 M Urea, 10% acrylamide

PAGE gel. Pre-run the gel using 0.5x TBE as a running bufter
in the vertical gel electrophoresis apparatus. Use the aluminum
plate to disperse the heat generated during the gel running.
Gel should be pre-run for about 30 min at a constant power of
~35 W before loading RNA samples.

. Heat samples at 95 °C for 5 min. Load the samples onto gel.

Load the radiolabeled decade marker as well.

. Run gel at ~35 W until the faster bromophenol blue dye and

the slower xylene cyanol dye are about 2/3 and 1/3, respec-
tively, down the gel.

Remove one of the glass plates. Cover the gels with Whatman™
3MM Chr Chromatography Paper. Flip the gels and then
remove the other glass plate. Cover the gels with a thermal
laminating film.

Dry gels using a gel drier system.
Expose dried gels to Storage Phosphor Screen.

Scan exposed screens on a phosphorimager (Fig. 2).

. Quantity the unprocessed substrate bands, produced small

RNA bands in each lane, and a background signal (Fig. 3).

. Subtract the background signal from each of the quantitated

signals.
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Fig. 2 Gel images of the Dicer in vitro RNA processing assay. (a) Assay for the miRNA production from 5’ radiola-
beled pre-miRNA by Drosaphila Dicer-1 [17]. 0.3 nM Dicer enzyme and 32 nM pre-/et-7were used in this particu-
lar image. (b) Assay for the siRNA production from internally radiolabeled 104 bp long dsRNA by Dicer-2 [15].
8 nM Dicer-2 and 100 nM long dsRNA were used in this particular image. (¢) Assay for the miRNA production from
5’ radiolabeled pre-miRNA by human Dicer [18]. 1 nM human Dicer enzyme and 100 nM pre-miR-590 were used
in this particular image. Asterisks indicate the 3P radiolabels

3. Calculate the fraction of the substrate processed = small RNA
product/(unprocessed substrate + small RNA product), in
each lane.

. Subtract the fraction of the substrate processed at time 0 (in the
no enzyme condition) from each of the reaction time points.

5. Multiply fractions of the substrate processed with the substrate
concentration used, and calculate the concentration of the
substrate processed.

6. Plot the time course data in a graph. Fit the datato y=A(1 — ¢~
k) where dy/dt = Ake ™. When z = 0, dy/dt = Ak; Ak gives the
initial velocity of the reaction.

7. For Michaelis—Menten analysis, test multiple substrate concen-
trations and determine the initial rate for each of the condi-
tions (Fig. 3b). Fit the initial rates in each substrate
concentration condition to the Michaelis-Menten scheme
V= Vaax % [8]/(Ky + [S]) in Igor Pro (Fig. 3c). Calculate kg,
by dividing V,,,, with the enzyme concentration used.
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Fig. 3 Kinetic analysis of the in vitro RNA processing by Dicer. (a) An example of the kinetic analysis of 16 nM
5’ radiolabeled pre-/et-7 processing by 0.3 nM Drosophila Dicer-1. (b) Reaction time courses for each sub-
strate concentrations of pre-/et-7 processing by 0.3 nM Drosophila Dicer-1. (¢) The initial velocities calculated

from the data in (b) were fit to the Michaelis-Menten
determined [17]

scheme V= W x [SI/(Ky + [S]) and Ko, Vi, Keat WeTE
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4 Notes

. The N-terminal His-tag can be cleaved off using a TEV prote-

ase, if preferred.

. Alternatively, 5’ monophosphorylated pre-miRNA can be

ordered as custom synthesis. In this case, 5 OH pre-miRNA
required for radioactive oligo preparation in Subheading 3.3 can
be prepared by treating the 5 monophosphorylated pre-
miRNAs with Alkaline Phosphatase, Calf Intestinal.

. Pre-miRNAs are usually found around halfway down the gel

(migrate half the distance compared with the bromophenol
blue dye). This position would be close to the xylene cyanol
bands if xylene cyanol is included in the loading buffer. Xylene
cyanol bands make shadow in the UV shadowing method and
they may overlap with the RNA shadows, making it difficult to
distinguish them. To avoid this potential problem, the loading
buffer without xylene cyanol is preferred.

. The protocol involving the radioactive materials has to be

performed by authorized personnel and according to the
local /institutional rules and regulations for work with radio-
active substances. Use pipette tips provided with an aerosol
filter to avoid radioactive contamination of pipetmans.

. Confirm whether RNAs were excised from appropriate gel

position by imaging the remaining gel using Phosphor Screen.

. Each strand of the dsRNAs shown in this protocol is 106 nt

long. The dsRNA is 104 bp long with 5’ monophosphory-
lated, 3" two-nucleotide overhang at both ends.

. Since the T7 RNA transcription reaction contained GMP, most

RNA transcripts contain 5° monophosphate while some may
contain 5’ triphosphate. In order to make homogeneous 5’
monophosphate RNA, all phosphates (5" monophosphate and
5’ triphosphate) will be removed first, and then 5" monophos-
phorylation reaction will be performed.

. Note that 1 /100 fold of cold UTP is used here compared with

the cold RNA preparation in Subheading 3.2. a-32P ATP, a-32P
CTP, or a-32P GTP, can also be used instead of a-3>P UTP, and
the concentration of the respective cold nucleotide should be
reduced by 100 times.

. The concentrations of Dicer enzyme and RNA substrate as well

as reaction time points may need to be optimized after an initial
preliminary trial so that enough processing activities are observed
but without reaction being saturated. Typically, 1-10 nM of
Dicer enzyme and 30-100 nM RNA substrate are used. The
first time point is taken at 4-10 min and several time points
until the final time point at 60-180 min. For Michaelis-Menten
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Fig. 4 Analysis of the effects of the Dicer partner proteins on the length of the miRNAs produced by Dicer. (a)
30 nM 5’ radiolabeled pre-miR-307a processing by 8 nM Drosophila Dicer-1 alone or Dicer-1 supplemented
with purified, recombinant Logs-PA or Logs-PB (8 nM) [17]. (b) 100 nM 5’ radiolabeled pre-miR-132 process-
ing by 10 nM human Dicer alone or Dicer supplemented with purified, recombinant TRBP or PACT (10 nM) [17].
Asterisks indicate the 3P radiolabels

10.

11.

analysis, which requires testing various substrate concentrations,
the enzyme concentration may need to be decreased and/or
carlier time points may need to be analyzed.

The in vitro RNA processing assay can be performed in the
presence of Dicer partner proteins (Drosophila Loquacious-PA
[Logs-PA] and Logs-PB, and human TRBP and PACT) to test
how they affect the processing. Logs-PB and TRBP, but not
Logs-PA or PACT, were shown to alter the length of a subset
of miRNAs produced by Dicers (Fig. 4) [12]. The bacterial
expression constructs of these Dicer partner proteins were
published [12] and are available from Addgene (#41097,
41094, 41096, 41093).

For the higher resolution gel electrophoresis as in Fig. 4, we
use Glass Plate Set Notched, 33 x 42 cm (C.B.S. Scientific.
SGP33-040A) and Sequencing Spacer Set 0.4 mm
Thickness x 42 cm(l) (C.B.S. Scientific. SGS-4040).
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Chapter 8

Nucleic Acid-Binding Assay of Argonaute Protein Using
Fluorescence Polarization

Tomohiro Miyoshi

Abstract

Nucleic acid binding by the Argonaute protein is an important trigger step in the Argonaute-dependent
gene silencing system. We established an in vitro method to detect the nucleic acid binding activity of the
Argonaute protein by fluorescence polarization. In this chapter, we will describe the expression and
purification of the prokaryotic (Rhodobacter sphaeroides) Argonaute protein, and the nucleic acid-binding
analysis using a Fluorescence Polarization System (Beacon 2000).

Key words Fluorescence polarization assay, Beacon 2000, Rhodobacter sphaeroides argonaute, Guide
RNA, Purification of prokaryotic argonaute

1 Introduction

Argonaute proteins are evolutionarily conserved between eukaryotes
and prokaryotes [1], and play key roles in gene silencing and host
defense systems, in collaboration with small guide strands that rec-
ognize complementary sequences in the target strands [ 2]. Although
the overall secondary structures of Argonaute proteins are very
similar, each Argonaute protein associates with its respective specific
combinations of RNA and DNA. In general, eukaryotic Argonaute
proteins recognize RNAs as both the guide and target strands,
while prokaryotic Argonaute proteins recognize each appropriate
combination of RNA and DNA as the guide and target strands. The
prokaryotic Argonaute proteins from R. sphaeroides [3, 4] and M.
prezophiln [5] preferentially associate with RNAs as the guide
strands and DNAs as the target strands. In contrast, the proteins
from T. thermophilus [6] and P. furiosus 7] preferentially associate
with DNAs as the guide and target strands.

The binding of the guide strand to Argonaute is the first functional
trigger step and a crucial reaction for the silencing mechanisms. The
nucleic acid binding activities of Argonaute have mainly been mea-
sured by the double-filter method [8], using nitrocellulose-filter

Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
vol. 1680, DOI 10.1007/978-1-4939-7339-2_8, © Springer Science+Business Media LLC 2018
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binding with 5’-32P labeled nucleotides [9, 10]. Furthermore, the crys-
tal structures of Argonaute proteins bound to guide strands have been
investigated, to clarify the binding mechanism. The binary structures
of Argonaute bound to guide RNAs were obtained for the human,
yeast and prokaryotic systems, while the binary structure of Argonaute
bound to a guide DNA was only obtained from a prokaryote. These
structures revealed the following common features: the 5’ end of the
guide strand is anchored within a nucleotide-binding pocket in the
MID domain and the 3’ end interacts with the PAZ domain. However,
the mechanisms for RNA /DNA selection by Argonaute remain poorly
understood at this point.

This study is primarily focused on the guide strand binding
activity of prokaryotic Argonaute. In this chapter, to assess the bind-
ing activity (Kd: equilibrium dissociation constant) of the Argonaute
protein to the guide strand, protocols are presented for the calcula-
tion of the binding capacity between prokaryotic (R. sphaeroides)
Argonaute (RsAgo) and a 5" phosphorylated guide RNA (18 nt),
using a fluorescence polarization system. Using this system, accurate
Kd values of the Argonaute-guide strand complex can be obtained
without radioisotope-labeled nucleic acids.

2 Materials

2.1 Expression
and Purification
of RsAgo Protein

1. RsAgo expression plasmid: pET-28a (Km") plasmid containing
the RsAgo gene [3].

. BL21 (DE3) Competent cells (Novagen).

. LB broth (Becton, Dickinson and Company).

. LB-kanamycin broth: LB broth, 15 mg/ml kanamycin.

. Buffer A: 50 mM HEPES-KOH (pH 7.5), 1 M NH,CI, 5%
glycerol and 5 mM f-mercaptoethanol.

6. Buffer B: 50 mM HEPES-KOH (pH 7.5), 1 M NH,CI, 5%
glycerol, 15 mM imidazole and 5 mM f-mercaptoethanol.

7. Buffer C: 50 mM HEPES-KOH (pH 7.5), 1 M NH.CIL, 5%
glycerol, 300 mM imidazole and 5 mM p-mercaptoethanol).

8. Buffer D: 20 mM Tris-HCI (pH 7.6), 300 mM NaCl and
5 mM fB-mercaptoethanol.

9. Buffer E: 20 mM Tris—-HCI (pH 7.6), 500 mM NaCl and
5 mM p-mercaptoethanol.

10. Binding buffer: 20 mM HEPES-KOH (pH 7.5), 200 mM
NaCl, 5 mM MgCl,, 0.01 mg/ml E. coli total tRNA and 0.01%
NP-40.

11. Shaking incubator.

OS2 ~NEIS I 8]

12. Isopropyl p-b-1-thiogalactopyranoside (IPTG).
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Polarization Assay

13.
14.
15.
16.
17.
18.

19.
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Ultrasonic processor UP200S (Hielscher).

Centrifuge.

Ni-NTA agarose (Qiagen).

Anion exchange column, RESOURCE Q (GE Healthcare).
HilLoad Superdex 200 pg column (GE Healthcare).

Fast protein liquid chromatography: AKTA purifier 100 (GE
Healthcare).

Centrifugal filter: Amicon Ultra Ultracel-10 k (Merck Millipore).

. Fluorescence polarization system (Beacon 2000).

. Glass tubes (Borosilicate Glass Disposable Culture Tubes,

Kimble).

. 5" phosphorylated (p) RNA (18 nt) labeled with 6-carboxy-

fluorescein (6-FAM): 5'- p-UUACAACCUACUACCUCG-6-
FAM -3’ (GeneDesign, Inc.) (see Note 1).

. Scientific software: GraphPad Prism 6 (GraphPad Software) .

3 Methods

3.1 Expression
and Purification
of RsAgo Protein

. Transform E. cols BL21 (DE3) competent cells with the RsAgo

expression plasmid.

. Cultivate the transformed E. co/z cells in LB-kanamycin medium

to an ODggy of 0.6 at 37 °C, and induce protein expression
with 0.5 mM IPTG. Culture the cells further at 25 °C for 18 h,
and collect them by centrifugation for 20 min at 6000 x 4. The
recombinant protein has a 6x His-tag at the N-terminus.

. Resuspend the pellet from the 1000 ml bacterial culture in

20 ml buffer A.

. Sonicate on ice for 10 min, 2 cycles, using an ultrasonic

processor.

. Centrifuge for 15 min at 10,000 x g and 4 °C.
. Centrifuge the supernatant further for 30 min at 100,000 x 4

and 4 °C.

. Apply the crude extract to Ni-NTA agarose resin equilibrated

with buffer A, by open column chromatography.

. Wash with buffer B with three resin volumes (se¢ Note 2).

9. Elute with buffer C.

10.

Dialyze the sample against buffer D and then pass it through
an anion exchange column (Resource Q) with the AKTA sys-
tem, in order to remove the nucleic acid bound to the
Argonaute protein. Under these buffer conditions, the protein
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sample is in the flow through fraction and the nucleic acids are
trapped on the column (see Note 2).

11. Concentrate the sample with an Amicon Ultra filter and sub-
ject it to size-exclusion chromatography with buffer D, using
the AKTA system.

12. Dialyze the sample fractions against buffer E, concentrate the
sample by using an Amicon Ultra filter, and then store the
sample at —80 °C (see Note 3).

3.2 Fluorescence 1. Using 18 glass tubes, serially dilute the RsAgo protein from
Polarization Assay Subheading 3.1 with binding buffer in the total volume of
100 pl (Table 1).

Table 1

Protein concentration in each tube and theoretical total amount of protein
required to measure the dissociation constant (Kd) of RsAgo binding to
single-stranded RNA. In this example, the protein has a molecular weight
of 87,000 Da (RsAgo) and binds to the RNA with a Kd of 1 nM

Tube No. Protein concentration (nM) Protein/Tube (ng)
1 0.026 0.23
2 0.039 0.34
3 0.059 0.51
4 0.088 0.77
5 0.132 1.15
6 0.196 1.71
7 0.296 2.58
8 0.444 3.86
9 0.667 5.80
10 1.000 8.70
11 1.500 13.05
12 2.250 19.58
13 3.375 29.36
14 5.063 44.05
15 7.594 66.07
16 11.391 99.10
17 17.086 148.65
18 25.629 222.97

Total 668.48
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Fig. 1 Fluorescence polarization detection of the interaction between RsAgo and
18 nt single-stranded RNA. The Kd value is 0.91 + 0.06 nM. Error bars represent
s.d. values (n = 3)

. Add 1 pl of 0.1 nM single-stranded RNA (18 nt) labeled with

6-FAM in the binding buffer to each tube, for a final concen-
tration of 10 pM.

. Incubate the tubes for 10 min at 25 °C.

4. Measure the fluorescence polarization of each tube at 25 °C,

using the Beacon 2000 Fluorescence Polarization Instrument.
The measurement temperature can be varied between 4 °C
and 85 °C.

. Fit the actual polarization data by nonlinear regression, using a

computer program of one site-specific binding function with
the GraphPad Software Prism 6. The binding curve and the
dissociation constant (Kd) value are shown in Fig. 1 (see Notes
4 and 5).

4 Notes

. The RsAgo protein interacts with 15-19 nt RNAs and prefers

5’-end uracil to adenine, guanine, and cytosine [ 3, 4].

. To calculate the exact binding activity of RsAgo, the protein

must be purified without nucleic acids. The nucleic acids
bound to RsAgo are removed by a two-step strategy, including
a high salt wash and anion exchange chromatography.

. The RsAgo protein that is stored at —80 °C must be thawed in

a high salt (500 mM NaCl) bufter to avoid precipitation of the
protein.

. The polarization value is the ratio of vertical and horizontal light

intensities, and thus is a dimensionless number expressed in
millipolarization (mP) units. Polarization value = (Vertical
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intensity — Horizontal intensity) /( Vertical intensity + Horizontal
intensity). The value is directly related to the molecular size
(molecular rotation); therefore, when measuring the polariza-
tion of the guide RNA in the absence of the Argonaute protein,
the labeled RNA can freely rotate and shows a low polarization
value, and when the RNA is bound to the Argonaute protein,
the large complex rotates more slowly and shows a high polar-
ization value.

. In this experiment, the 3’-end of the guide strand RNA is

labeled by 6-FAM. The 3’-end of the single-stranded RNA is
anchored within the nucleic acid binding pocket of the PAZ
domain in the Argonaute-guide RNA binary complex [5, 11—
18]. However, the deletion of the interaction between the
3’-end of the guide strand and the PAZ domain does not seem
to have an effect on the binding affinity of the Argonaute-

guide binary complex [19, 20].
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Chapter 9

Reconstitution of RNA Interference Machinery

Shintaro Iwasaki and Yukihide Tomari

Abstract

Small RNAs, including small interfering RNAs (siRNAs) and microRNAs (miRNAs), silence protein
expression from target mRNAs bearing their complementary sequences, via the formation of the effector
complex called RNA-induced silencing complex (RISC). Although the mechanism of RISC assembly has
been studied for nearly two decades, the detailed mechanism has still remained unclear in part due to the
lack of a pure reconstitution system. Recently, we identified all the core proteins necessary for RISC assem-
bly in flies and successfully recapitulated the assembly of catalytically active RISC with eight recombinant
proteins. The reconstitution system provides a versatile framework for detailed studies of RISC assembly,
including single molecule analysis as described in another chapter in this issue.

Key words siRNA, miRNA, Chaperone, Argonaute

1 Introduction

Small RNAs of 21-22 nucleotides (nt) in length, including siRNAs
and miRNAs, are a major class of non-coding RNAs in cells. Small
RNAs mediate cleavage, deadenylation, decapping, and/or trans-
lational repression of their complementary target mRNAs, by
guiding the effector complex termed RNA-induced silencing com-
plexes (RISCs) to the targets. Argonaute (Ago) proteins lie at the
core of RISC and bind directly to small RNAs. Although many
other proteins have been identified as components of RISC [1-3],
here we refer to the simple small RNA:Ago complex as minimal
“RISC.”

Since siRNA-mediated target RNA cleavage (so-called RNA
interference or RNAi) has been recapitulated in fly embryo lysate
in 1999 [4], extensive biochemical efforts have been made to
understand how active RISC is assembled. Experiments using
lysates from fly embryos, human [5] and plant cells [6] have
revealed that the assembly of RISC generally follows a complicated
pathway. Typically, the pathway can be classified into two sub-
steps: duplex loading and passenger ejection. In the duplex loading

Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
vol. 1680, DOI 10.1007/978-1-4939-7339-2_9, © Springer Science+Business Media LLC 2018
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step, small RNA duplexes, which have been generated by RNase
IIT protein Dicer and its partner double-stranded RNA-binding
protein, are loaded into Ago proteins to form pre-RISC, with the
aid of ATP [7-9] and the Hsc70,/Hsp90 chaperone machinery [6,
10-12]. In the following passenger ejection step, one of the two
strands (termed passenger strand) of the small RNA duplex in Ago
protein is discarded from the complex. In contrast to the duplex
loading step, passenger ejection does not consume ATP or require
the Hsc70/Hsp90 chaperone machinery. Passenger ejection is
facilitated by mismatches in the seed (guide positions (g) 2—7 from
the 5’-end of the guide strand) and/or 3’ supplemental region
(gl2-15) [8, 9] with the help of the N domain of Ago protein
[13], or the cleavage of the passenger strand by the catalytic activ-
ity of Ago itself [14-17]. The ejected passenger strand is further
digested by the exonuclease C3PO [18, 19]. After passenger ejec-
tion, mature RISC is formed with Ago and a single-stranded guide
small RNA, ready to recognize complementary target RNAs.

Although these crude lysate systems have been extremely use-
ful for clarifying the molecular framework of RISC assembly, the
absence of a pure reconstitution system posed an analytic hurdle to
study further mechanistic details of this reaction. Recently, we
identified all the necessary factors and successfully reconstituted
the RISC assembly reaction [20] with cight proteins: Ago2,
Dicer-2/R2D2 heterodimer, and 5 chaperone machinery proteins
[heat shock protein (Hsp) 83 (a homolog of Hsp90), Heat shock
cognate protein (Hsc) 704 (a homolog of Hsc70), Hsp70/
Hsp90 organizing protein organizing protein (Hop), Drosophiln
DnaJ-like (Droj) 2 (a homolog of Hsp40), and p23]. The compo-
sition of the 5 chaperone machinery proteins is essentially the same
as the ones necessary for steroid receptor maturation [21], high-
lighting the unexpected commonality of the two reactions; the
ATP-driven chaperone machinery mediates a conformational
change of client proteins to allow binding of their ligands.

Here, we describe the preparation procedures for the reconsti-
tution system and the assay methods to evaluate the RISC assem-
bly reaction. This system allows further detailed studies of RISC
assembly as well as its application to single-molecule analysis
described in another chapter in this issue.

2 Materials

1. Dounce homogenizer (WHEATON; 7 ml, “TIGHT” pestle).
2. Sonifier 250 (Branson).

3. DynabeadsProtein Gforimmunoprecipitation (ThermoFischer
Scientific).
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. Magnetic stand [DynaMag-2 Magnet (ThermoFischer

Scientific) or an equivalent one].
Anti-Flag M2 antibody (Sigma).

6. His A buffer: 30 mM HEPES-KOH pH 7.4, 200 mM KOAc,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

2 mM Mg(OAc),, 5% glycerol, 20 mM imidazole, and 0.2 mM
Tris (2-carboxyethyl) phosphine (TCEPD).

His B buffer: 30 mM HEPES-KOH pH 7.4, 200 mM KOAc,
2 mM Mg(OAc),, 5% glycerol, 400 mM imidazole, and
0.2 mM TCEP.

. Dilution buffer: 30 mM HEPES-KOH pH 7.4, 2 mM

Mg(OAc),, 5% glycerol, and 1 mM dithiothreitol (DTT).

Mono Q A buffer: 30 mM HEPES-KOH pH 7.4, 20 mM
KCI, 2 mM Mg(OAc),, 5% glycerol, and 1 mM DTT.

Mono Q B buffer: 30 mM HEPES-KOH pH 7.4, 1 M KCl,
2 mM Mg(OAc),, 5% glycerol, and 1 mM DTT.

Storage buffer: 30 mM HEPES-KOH pH 7.4, 100 mM
KOAc, 2 mM Mg(OAc),, 10% glycerol, and 1 mM DTT.

Hypotonic lysis buffer: 10 mM HEPES-KOH pH 7.4, 10 mM
KCl, 1.5 mM MgCl,, and 1x cOmplete EDTA-free protease
inhibitor cocktail (Roche).

5x Lysis buffer: 150 mM HEPES-KOH pH 7.4, 500 mM
KOACc, and 10 mM Mg(OAc),.

Lysis buffer: 30 mM HEPES-KOH pH 7.4, 100 mM KOAg,
and 2 mM Mg(OAc),.

Wash buffer: 30 mM HEPES-KOH pH 7.4, 100 mM KOAC,
2 mM Mg(OAc),, 0.8 M NaCl, 1 mM DTT, and 1% Triton
X-100.

Elution bufter 1: Lysis buffer containing 5 mM D-biotin.

Elution buffer 2: Lysis buffer containing 2.5 mM D-biotin,
30% glycerol, and 1 mM DTT.

100 mM ATP pH ~7: dissolve ATP in RNase-free water, adjust
its pH to ~7 by KOH, and store in —20 °C.

500 mM Creatine monophosphate: dissolve the powder stock
(Fluka) in RNase-free water right before use.

2 U/pl Creatine kinase: dissolve the powder stock (Cal-
Biochem) in Lysis buffer containing 50% glycerol and 1 mM
DTT and store in —20 °C.

ATP reaction mix: mix the reagents with the following order
right before use.

(a) 5.8 pl RNase-free water.

(b) 8 ul 5x Lysis buffer.

(c) 4 pl 100 mM ATP pH ~7.
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22.

23.

24.

25.

26.

27.
28.
29.
30.
31.

(d) 20 pl 500 mM Creatine monophosphate.
(e) 1.2 pl 2 U/pl Creatine kinase (Cal-Biochem).
(f) 1 ul 40 U/pl RNasin Plus (Promega).

Proteinase K reaction mix: 200 mM Tris—-HCIL, pH 7.5, 25 mM
EDTA, pH 8.0, 300 mM NaCl, 2% w/v sodium dodecyl sul-
fate (SDS), 2 mg/ml Proteinase K, and 0.2 mg/ml
glycogen.

Native loading dye: 15% w/v Ficoll-400, 0.01% w/v xylene
cyanol, 0.01% w/v Bromophenol Blue, 0.5x Tris/Borate/
EDTA (TBE), and 2 mM MgCl,.

12% native polyacrylamide gel: mix the reagents with the fol-
lowing order, load into 20 cm x 20 cm gel glasses, and wait
until gel is formed.

(a) 11.8 ml RNase-free water.

(b) 6 ml 40(w/v)%-Acrylamide /Bis Mixed Solution (19:1).
(¢) 2 ml 5x Tris/Borate/EDTA (TBE).

(d) 80 pl 500 mM MgCl,,

(e) 80 pul 20% Ammonium Persulfate (APS).

(f) 40 pl Tetramethylethylenediamine (TEMED).

Plasmids [11, 20]

(a) pCold-Hsp83.
(b) pCold-Hsc70-4.
(c) pCold-Hop.
(d) pCold-Droj2.
(e) pCold-p23.
(f) pASW-Hop.
(g) pAWH-Dicer-2.
(h) pASW-R2D2.
(i) pAFW-Ago2.
Small RNAs: Synthetic RNA oligos for an siRNA duplex with
the following sequences (5'-3"):
Guide strand (/et-7): pUGAGGUAGUAGGUUGUAUAGU

Passenger strand: pUAUACAACCUACUACCUCUCU
“p” indicates the 5 monophosphate.

Illustra G-25 MicroSpin columns (GE).

Gel dryer (Model 583, Biorad).

3MM filter paper (Whatman).

25 pm thin polyethylene terephthalate sheet.
X-tremeGENE HP (Roche).
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32. PD-10 (GE Healthcare).

33. HisTrap FF crude 5 ml (GE Healthcare).

34. Mono Q 1 ml (GE Healthcare).

35. AKTA purifier (GE Healthcare) or equivalent FPLC.
36. GelCode blue stain reagent (Invitrogen).

37. Streptavidin Sepharose HP (GE Healthcare).

38. T4 polynucleotide kinase and 10x T4 Polynucleotide Kinase
Buffer: 500 mM Tris—-HCI pH 7.5, 100 mM MgCl,, and
50 mM DTT (TAKARA).

39. FLA-7000 imaging system (Fujifilm Life Sciences).
40. [y-32P] ATP: 7000 Ci/mmol, 100 mCi/ml (MP Biomedical).

3 Methods

Fly Ago2-RISC assembly can be reconstituted with eight proteins:
Ago2, Dicer2, R2D2, Hsp83, Hsc70-4, Hop, Droj2, and p23. For
the purification of chaperone machinery proteins (Hsp83, Hsc70-4,
Hop, Droj2, and p23), two different approaches are available: (a)
co-purification of the core chaperone machinery complex (Hsp83/
Hop/Hsc70-4) trom Drosophila S2 cells (Subheading 3.3) and
additional purifications of co-chaperones (Droj2 and p23) from E.
coli (Subheading 3.1) and (b) individual purification of all the
chaperone components from E. co/i (Subheadings 3.1 and 3.2)
(Fig. la—e). When the same molarities were used, the co-purified
core chaperone machinery was more active than the combination
of individually purified components (~0.15 nM vs. ~0.03 nM
RISC programmed) [20]. Therefore, we used the co-purified core
chaperone machinery for our single molecule analysis (see Chap.
10). Because R2D2 is known to be unstable in the absence of
Dicer-2 [22, 23], we co-expressed streptavidin-binding peptide
(SBP)-tagged R2D2 and non-tagged Dicer-2 in insect cells, and
purified via the SBP tag, thus ensuring homogenous preparation of
Dicer-2 /R2D2 heterodimer (Subheading 3.4) (Fig. 1f). Although
successful purification of eukaryotic Agos in solution has been
reported [18, 19, 24-28], isolation of fly Ago2 competent for
RISC assembly was quite difficult in our hands. Therefore, we take
a strategy to keep Ago protein tethered on magnetic beads (or
glass surface for single-molecule analysis) and directly monitor the
RISC assembly reaction on beads by supplying Dcr-2/R2D2 and
the chaperone components. For this, Ago2 should be immunopu-
rified (Subheading 3.5) right before the RISC assembly reaction.
The on-beads reaction allows us to wash out unloaded siRNAs and
measure the amount of loaded double-stranded and single-stranded
siRNAs (Subheading 3.7), which reflect the formation of pre-RISC
and mature RISC, respectively (Fig. 2).
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Fig. 1 Recombinant proteins used in this method. (a—d) Fractions of chaperone proteins expressed in E. coli by
Mono Q column along salt concentration. (e and f) Core chaperone machinery and Dicer-2/SBP-R2D2 het-
erodimer purified from S2 cell. Proteins were stained by CBB

3.1 Recombinant 1. Cultivate BL21 strain transformed with pCold-Hsc70-4, Hop,

His-Hsc70-4, Hop, Droj2, and p23in 2 1 of LB to an ODg of 0.5 at 37 °C with

Droj2, and p23 Protein 100 pg/ml ampicillin. Inoculate the cells with 1 mM IPTG

Purifications from E. and further cultivate them at 15 °C overnight.

coli 2. Collect cell pellets by centrifugation at 3000 x 4 for 30 min at
4 °C.

PAUSE POINT—Shock-freeze the cell pellet by liguid nitrogen
and store at —80 °C.
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Fig. 2 Reconstitution of RISC assembly with purified factors Single-stranded siR-
NAs (mature RISC) and double-stranded siRNAs (pre-RISC) bound to FLAG-Ago2
after incubation of the chaperone protein and Dicer-2/SBP-R2D2 (reaction B)
were run on a native acrylamide gel

3. Resuspend the cell pellets with 20 ml of His A buffer contain-
ing 1x cOmplete EDTA-free protease inhibitor cocktail, place
in glass beaker, sonicate for 3 min on ice by Sonifier 250 with
60% power.

4. Centrifuge the lysate at 10,000 x g for 20 min at 4 °C. Hereafter,
handle the samples at 4 °C during a whole procedure.

5. Load the supernatant onto HisTrap FF crude 5 ml and elute
the recombinant proteins with a liner gradient from His A but-
fer to His B buffer using AKTA purifier (or equivalent FPLC).
Monitor the abundance of the recombinant proteins by SDS-
PAGE and CBB staining [GelCode blue stain reagent or an
equivalent method], and then collect the peak fractions.

6. Dilute the fractions ten times with Dilution buffer and loaded
onto Mono Q 1 ml. Elute the recombinant proteins with a
linear gradient from Mono Q A buffer to Mono Q B buffer
using AKTA purifier (or equivalent FPLC). Monitor the abun-
dance of the recombinant proteins by SDS-PAGE and CBB
staining (Fig. la—d), and then collect the peak fractions (see
Note 1).

7. Buffer-exchange the fractions to Storage buffer by PD-10.
Measure the concentration of recombinant proteins with
OD,gy and calculate their molarities based on the extinction
co-efficiencies from the amino acid sequences by ExPASy
ProtParam tool (http://web.expasy.org/protparam/) or
equivalent ones.

8. Split the proteins into aliquots if necessary. Shock-freeze the
proteins by liquid nitrogen and stored at —80 °C

1. Follow the procedure described above (Subheading 3.1) by
starting with BL21 transformed with pCold-Hsp83. Omit glyc-
erol and the reducing reagent from the bufters during all the
steps of purification (see Note 2).
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3.3 Purification 1. Transtect the complex of 10 pg pASW-Hop and 20 pl
of Hsp83/SBP-Hop/ X-tremeGENE HP into 10 ml of 1.0 x 10° cells/ml Drosophila
Hsp70-4 Complex §2 cells placed in a 10 cm dish, following the manufacture’s
from S2 Cells instruction. Prepare ten dishes of the transfected cells. Cultivate

the cells for 72 h.

2. Collect the cells by centrifugation with 3000 x 4 for 5 min at
4 °C. Wash the cells pellet with PBS once. Measure the weight
of the cell pellet. Hereafter, handle the samples at 4 °C during
the whole procedure.

3. Resuspend the cells with Hypotonic lysis buffer of twice the
volume of the cell pellet, incubate for 30 min on ice, and cen-
triftuge with 17,000 x g for 20 min at 4 °C. Collect the
supernatant.

PAUSE POINT—Shock-freeze the lysate in liquid nitrogen
and store at —80 °C.

4. Equilibrate 200 pl Streptavidin Sepharose HP. Spin down the
beads and discard supernatant. Add 1 ml of Hypotonic lysis
buffer. Repeat this wash step two times (three times wash in
total).

5. Incubate 2 ml of the S2 cell lysate with the equilibrated
Streptavidin beads for 1 h at 4 °C with nutation.

6. Spin down the beads and discard supernatant. Add 1 ml of
Lysis buffer. Repeat this wash step four times (five times wash
in total). Discard the final supernatant.

7. Add 100 pl of elution buffer 1 and incubate for 30 min at
4 °C, mixing occasionally.

8. Collect the supernatant and check the protein purity by SDS-
PAGE and CBB staining (Fig. 1e) (see Note 3).

9. Measure the protein concentration with OD,gy and calculate
the molarity based on extinction co-efficiencies of the proteins
predicted by ExPASy ProtParam tool, assuming the complex
of Hsp83 /SBP-Hop,/Hsc70-4 as 2:1:1 complex.

10. Split the proteins into aliquots if necessary. Shock-freeze the
proteins in liquid nitrogen and store at —80 °C.

1. Transfect the complex of 7.5 ng pAWH-Dicer-2,7.5 pg pASW-
3.4 Purification R2D2; and 30 pl X-tremeGENE HP per 10 cm dish, following
of Dicer2/SBP-R2D2 step 1 of Subheading 3.3.
Complex from S2 Cells 2. Follow the steps 2-5 of Subheading 3.3. Use Hypotonic lysis
buffer containing 1 mM DTT.
3. Spin down the beads and discard the supernatant. Add 1 ml of
Lysis buffer containing 0.8 M NaCl and 1 mM DTT. Repeat
this wash step five times in total. Further wash twice with lysis
buffer containing 30% glycerol and 1 mM DTT. Discard the
final supernatant.
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. Add the 100 pl of elution buffer 2 and incubate for 30 min at

4 °C, mixing occasionally.

. Follow the steps 8-10 of Subheading 3.3. Estimate the pro-

tein molarity with the assumption 1:1 Dicer-2/SBP-R2D2
complex (Fig. 1f).

. Transfect the complex of 10 pg pAFW-Ago2 and 20 pl

X-tremeGENE HP per 10 ¢cm dish, following step 1 of
Subheading 3.3.

2. Follow the step 2 of Subheading 3.3.

. Resuspend the cells with the same volume of Lysis buffer con-

taining 1 mM DTT, lyse the cells with Dounce homogenizer
by 20 strokes, and centrifuge at 17,000 x g for 20 min at
4 °C. Collect the supernatant, split into aliquots, shock-freeze
in liquid nitrogen, and stored at —80 °C.

. Combine the following reaction and incubate at 37 °C for 1 h

(see Note 4).

(a) 15.1 pl RNase-free water
(b) 2 pl 10x T4 Polynucleotide Kinase Buffer

(¢) 0.4 pl 14.3 pM [y-*P] ATP (7000 Ci/mmol, 100 mCi/
ml, MP Biomedical)

(d) 1 pl 10 pM guide strand RNA
(e) 1 ul T4 polynucleotide kinase
(f) 0.5 pul 40 U/pl RNasin Plus

. Load the reaction on G-25 spin column following the manu-

facturer’s instruction and take the flow though.

. Precipitate the RNA with 1/10 volume of 3 M NaOAc,

pH 5.2, 1 pl of 20 mg,/ml Glycogen, and 2.5x volume of etha-
nol. Centrifuge the mix at 17,000 x g for 15 min at 4 °C.

. Discard the supernatant and rinse the pellet with 200 pl of 70%

ethanol. Centrifuge at 17,000 x 4 for 15 min at 4 °C.

. Discard the supernatant and dry-up the RNA pellet.
6. Resuspend the RNA with 10 pl of RNase-free water and

assume the concentration as 1 pM.

. Prepare the following reagents, incubate at 95 °C for 5 min,

and then cool it at room temperature for 30 min.

(a) 15 pl RNase-free water

(b) 10 pl 5x Lysis buffer

(¢) 10 pl 1 pM radio-labeled guide strand
(d) 15 pl 1 pM passenger strand RNA
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3.7 Immuno-
purification of Ago2
and the Following
RISC Assembly
Reaction

8. Store the siRNA duplex at =20 °C. Use this stock as 200 nM

siRNA duplex. The duplex can be used for approximately a
month, as long as signals can be detected by the imager.

. For 15 reactions, equilibrate 30 pl of Dynabeads Protein G by

three time washing with Lysis buffer containing 1 mM DTT,
using a magnetic stand. After the final wash, resuspend the
beads with 30 pl of Lysis buffer containing 1 mM
DTT. Hereafter, handle the samples at 4 °C during the whole
procedure, until step 5 of Subheading 3.7.

. Add 1 pl of 1 mg/ml anti-Flag M2 antibody and incubate at

4 °C for 30 min with occasional mixing.

. Wash the beads three times with lysis buffer containing 1 mM

DTT, using magnetic stand. Discard the final supernatant.

. Thaw the FLAG-Ago2 S2 cell lysate on ice, and then incubate

30 pl of the lysate with the antibody-conjugated beads at 4 °C
for 1 h with occasional mixing.

. Wash the beads five times with Wash buffer and rinse twice

with Lysis buffer containing 1 mM DTT. Split the beads into
15 tubes.

. Add the following reaction A or B to the beads right after dis-

carding the final supernatant. Incubate the reaction at 25 °C
for 90 min (see Note 5).

Reaction A:

(a) 1 pl ATP reaction mix

(b) 2 pl Ix Lysis buffer

(c) 1 pl22pM SBP-Hop,/Hsp83,/Hsc70-4 complex

(d) 2 pl 42 pM His-Droj2

(¢) 2pl 11 pM His-p23

(f) 1 ul 200 nM Dicer-2/SBP-R2D2

(g) 1 pl200 nM guide strand labeled siRNA duplex

Reaction B:

a) 1 pl ATP reaction mix

b) 0.5 pl 88 pM His-Hsp83

¢) 3ul7.4pM His-Hsc70-4

d) 0.5 pl 44 pM His-Hop

e) 2 ul42 pM His-Droj2

f) 1 pl22 puM His-p23.

g) 1 pl 200 nM Dicer-2 /SBP-R2D2

(
(
(
(
(
(
(
(h) 1 pl 200 nM guide strand labeled siRNA duplex
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. Wash the beads four times with Wash buffer, using a magnetic

stand (see Note 6).

. Add 100 pl of Proteinase K reaction mix and incubate at 25 °C

for 90 min.

. Add 250 pl of ethanol and centrifuge at 17,000 x g for 15 min

at 4 °C.
Discard the supernatant and dry up the pellet.
Resuspend the RNA with 5 pl of native loading dye.

Prepare the markers of double-stranded and single-stranded
siRNAs by dilution of the labeled siRNA duplex and the guide
strand by native loading dye, respectively (2 nM marker would
be comparable with samples).

Load 2.5 pl of the sample onto 12% native polyacrylamide gel
and run the gel in 0.5x TBE containing 2 mM MgCl, for 1 h
at 4 °C.

Place the gel on filter paper and cover it with the polyethylene
terephthalate sheet on the gel.

Dry the gel with gel dryer at 80 °C for 30 min.

Acquire the image by a FLA-7000 imaging system (Fig. 2) (see
Notes 7 and 8).

4 Notes

. Hsc70-4 could distribute widely along fractions during Mono

Q purification step, so that final concentration may be lower
than other chaperone proteins.

. The addition of reducing reagent during protein purification

may inactivate Hsp83 for the RISC assembly reaction. The
importance in cysteine residues in Hsp90 for its function [29]
and an inhibitor targeting the cysteines [30] suggested the
possibility that reduction of cysteine may abrogate its function
in RISC assembly.

. The migrations of endogenous Hsc70-4 and SBP-Hop are

quite similar on SDS-PAGE (Fig. le).

. The guide strand is labeled by phosphate exchanging reaction

between y-position phosphate in ATP and 5" monophosphate
of guide strand by T4 polynucleotide kinase.

. Use equimolar concentration of Glutathione S-transferase

(GST) in the reconstitution system as a negative control.

. Do not keep the RISC assembly reaction and purified RNAs

higher than the room temperature (25 °C). Double-stranded
RNA may be unwound during the handling and may cause the
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overestimation of the actual efficiency of passenger strand ejec-
tion during RISC assembly.

7. The upper band and lower band represent pre-RISC contain-
ing double-stranded siRNA and mature RISC containing
single-stranded siRNA, respectively (Fig. 2).

8. If the passenger strand instead of the guide strand is radiola-
beled in siRNA duplex, only pre-RISC containing double-
stranded siRNA would be observed.
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Chapter 10

Single-Molecule Analysis for RISC Assembly
and Target Cleavage

Hiroshi M. Sasaki, Hisashi Tadakuma, and Yukihide Tomari

Abstract

RNA-induced silencing complex (RISC) is a small RNA—protein complex that mediates silencing of
complementary target RNAs. Biochemistry has been successfully used to characterize the molecular mech-
anism of RISC assembly and function for nearly two decades. However, further dissection of intermediate
states during the reactions has been warranted to fill in the gaps in our understanding of RNA silencing
mechanisms. Single-molecule analysis with total internal reflection fluorescence (TIRF) microscopy is a
powerful imaging-based approach to interrogate complex formation and dynamics at the individual mol-
ecule level with high sensitivity. Combining this technique with our recently established in vitro reconstitu-
tion system of fly Ago2-RISC, we have developed a single-molecule observation system for RISC assembly.
In this chapter, we summarize the detailed protocol for single-molecule analysis of chaperone-assisted
assembly of fly Ago2-RISC as well as its target cleavage reaction.

Key words Single-molecule imaging, RNA interference, Argonaute, RISC, Small interfering RNA,
Total internal reflection fluorescence microscopy

1 Introduction

Small RNAs such as small interfering RNAs (siRNAs) and
microRNAs (miRNAs) induce post-transcriptional gene regula-
tion or RNA silencing, by which gene expression is repressed
through mRNA degradation and/or translation repression. At
the heart of the molecular basis of RNA silencing, RNA-induced
silencing complexes (RISCs) work as the effector complex that
carries out catalytic cleavage of target mRNA, inhibition of trans-
lation initiation, and/or recruitment of downstream silencing
factors like the deadenylation complexes [1, 2]. RISCs are com-
posed of two components: (1) single-stranded small RNAs, typi-
cally at the length of ~22 nucleotides, which work as the guide to
target mRNAs using their sequence complementarity and (2)
Argonaute family proteins, which share a characteristic four-
domain organization.

Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
vol. 1680, DOI 10.1007/978-1-4939-7339-2_10, © Springer Science+Business Media LLC 2018
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A decade of research, particularly biochemistry of RNA inter-
ference (RNAI) in Drosophila, has largely revealed the molecular
mechanism of RISC assembly [3-6]. In particular, RISC assembly
can be divided into two steps: duplex loading and passenger ejec-
tion. For example, in the Drosophila RNAI pathway, a small RNA
duplex, which is processed from a long double-stranded RNA pre-
cursor by a heterodimer of RNase III-family endonuclease Dicer-2
and its partner protein R2D2, is handed over from a Dicer-2/
R2D2 heterodimer to Argonaute 2 (Ago2) protein, to produce
precursor RISC (pre-Ago2-RISC). Next, at the passenger ejection
step, Ago2 cleaves one of the strands called the passenger strand
through its catalytic activity and releases the cleaved products to
form a mature Ago2-RISC, which contains only a single-stranded
RNA called the guide RNA. It is also known that, while duplex
loading is promoted by ATP, passenger ejection occurs spontane-
ously and does not require ATP hydrolysis [4, 6-10]. Biochemical
studies in flies, mice, and plants have indicated that the Hsp90/
Hsp70 chaperone machinery is required to load small RNA
duplexes into Ago proteins in an ATP-dependent manner, but not
for the passenger ejection step [7, 8, 11].

Biochemical approaches such as phosphorimaging with native
agarose gel electrophoresis of RNA—protein complexes or native
polyacrylamide gel electrophoresis of Ago-bound RNAs combined
with lysate-based in vitro RISC assembly system have been used to
investigate the basic process of RISC biogenesis [9, 10, 12-14]. As
tor Drosophila Agol pathway or human Ago2 pathway, for instance,
small RNA duplexes radiolabeled with *?P at the 5’ end can readily
form pre-RISCs and mature RISCs in cell lysate at 25 °C, whereas
incubation at 15 °C allows only duplex loading and prevents the
conversion from pre-RISCs into mature RISCs [9, 14]. Native
agarose gel electrophoresis can separate pre-RISCs and mature
RISCs by mobility, therefore a pulse-chase experiment of the RISC
assembly reaction at 15 or 25 °C with native agarose gel electro-
phoresis can monitor the kinetics of complex formation. However,
as these assays are performed on ensemble of molecules and their
temporal resolution is at the order of minutes, they provide only
limited information about individual RISCs and cannot further
dissect the intermediate states of RISC assembly. Moreover, in
Drosophila Ago2 pathway, it remains unclear how Dicer-2 /R2D2
heterodimer, which is essential for Ago2-RISC assembly, hands
over a small RNA duplex to Ago2. Thus, many gaps remain in our
understanding of RISC biogenesis.

Single-molecule analysis with total internal reflection fluores-
cence (TIRF) microscopy is a powerful imaging-based approach to
interrogate complex formation of individual molecules with high
sensitivity. Moreover, monitoring biochemical process in real time,
single-molecule analysis can detect short-lived events/intermedi-
ates and reveal the dynamics of the complex formation. Combining
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this technique with our recently established in vitro reconstitution
system of fly Ago2-RISC assembly using seven recombinant pro-
teins, Dicer-2, R2D2, Hsp90, Hsc70, Hop, p23, and Droj2, we
have developed a single-molecule observation system for RISC
assembly [15]. This system can investigate the fundamental steps
in duplex loading as well as passenger ejection with a temporal
resolution of 1 s and reveal the population structure of the inter-
mediate states in RISC assembly. Similar single molecule technique
is also applicable to the target cleavage reaction by RISC [16-18].
Our recent single-molecule analysis of Drosophiln Ago2-RISC [16]
unveiled how RISC accurately recognize and cleave complemen-
tary target RNAs and release the cleaved fragments. In this chap-
ter, we summarize the detailed protocol for single-molecule analysis
of chaperone-assisted assembly of fly Ago2-RISC as well as the
target cleavage reaction.

2 Materials

2.1 General Buffers,
Reagents, and Gells

2.2 TIRF Microscope
Setup

1. 5x lysis buffer: 150 mM HEPES-KOH (pH 7.5), 500 mM
KOAc, 10 mM Mg(OAc),.

2. 1x lysis buffer: 30 mM HEPES-KOH (pH 7.5), 100 mM
KOAc, 2 mM Mg(OAc),.

3. 1 M dithiothreitol (DTT).

We constructed a prism-type custom TIRF microscope using an
inverted microscope, lasers, a fluorescence image splitting system,
and a back-illuminated electron-multiplying charge-coupled device
camera (Fig. 1) [19]. Here is the list of the major components of
our custom microscope.

1. Inverted type microscope IX71 (Olympus).

2. Oil immersion objective lens, UAPON 150x OTIRFM, NA
1.45 (Olympus). (Other objectives such as 60x or 100x are
also usable. The choice of objective magnification depends
on the camera sensor size, pixel size and the density of the
signal and is important for precise 2D or 3D trajectory
analysis [20, 21]).

3. Ultra-stable manual XY stage for Olympus inverted type micro-
scope (Chukousha).

4. Anti-vibration table, 1500 x 1000 mm (Heltz).

5. Ar laser, 514 nm (Melles Griot): 514-532 nm diode-pumped
solid-state (DPSS) laser is also usable.

6. He-Ne laser, 633 nm (SOC): 635-640 nm laser is also usable.

7. Back-illuminated electron multiplying charge coupled device
(EMCCD) camera, iXon3 DU-897E-CSO-#BV, 512 x 512
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Fig. 1 Schematic of the single-molecule observation setup. A prism-type custom
TIRF microscope is used to selectively illuminate fluorescently labeled molecules
on the surface. An observation chamber is set onto the objective lens with the
coverslip-side down. Halo-Ago2 molecules are tethered on the slide glass sur-
face (upper side of the chamber). The gap between the quartz prism and slide
glass is filled with glycerol, allowing the incident light to enter into the slide glass
at the designed angle. The sample is excited by both 514 nm and 633 nm lasers
simultaneously at various power densities depending on the experiments (see
the main text). For detection, an emission light splitter separates the emission
lights of the green (e.g., Alexa 555) and red (e.g., Alexa 647) dyes from each
other and projects them to the single EMCCD chip side by side

pixels (Andor Technology): A camera with another format
such as 1024 x 1024 is also usable. With enough photons, sci-
entific complementary metal-oxide-semiconductor (sCMOS)
cameras could be used instead of EMCCD cameras. For a cam-
era with a larger image sensor, the dimension of image split-
ter’s field of view should be checked.

8. EMCCD acquisition software, SOLIS version 4.23.30003.0
(Andor Technology).

9. Fluorescence image splitter, DualView2 (Photometrics) with a
635 nm filter cube (Dichroic mirror, T635LPXR (Chroma)):
In the detection pathway, the DualView2 module separates
spatially identical but spectrally distinct emission lights and
projects onto the camera chip side by side.

10. Emission filter, HQ582 /50 m (Chroma).
11. Emission filter, HQ700,/100 m (Chroma).
12. Aluminum mirror, TFA-30C05-4 (OptoSigma).

13. Dichroic mirror, FF560-Di01-25 x 36 (Semrock): To com-
bine green and red laser.

14. Synthetic quartz prism, 20 x 20 x 6 mm, OPSQ-20S06-4P-3
(OptoSigma).
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Quarter waveplate, 514 nm, WPQ-5145-04 M (OptoSigma).
Quarter waveplate, 633 nm, WPQ-6328-04 M (OptoSigma).
Variable ND filter.

Custom aluminum holders and bases to build up the optical
system.

. 1 pg/pl pAHaloFW-Ago2 wild type, D965A, or Y897E:

Prepared by Qiagen midi-prep kit.

. 1 pg/pl pAHaloFW-TEV-Ago2 wild type, D965A.

. 1 pg/pl pAHaloFW-3C-Ago2 wild type, D965A.

. X-treamGENE HP DNA transfection reagent (Roche).

. Drosophila S2 cells.

. Drosophila Schneider’s medium (Thermo Fisher).

. Fetal bovine serum (FBS) (Thermo Fisher).

. Dounce homogenizer, 7 ml, “TIGHT” pestle (Wheaton).
. 1x PBS.

. Protease inhibitor cocktail (Roche).

. HaloTag TMR ligand (Promega): For quantification of Halo-

Ago2 proteins in lysate. Dissolve in DMSO to make 100 pM
of the stock solution and store at —30 °C.

HaloTag PEG-biotin ligand (Promega): For surface tethering
of Halo-Ago2 on the single-molecule observation chamber.
Dissolve in DMSO to make 100 pM of the stock solution and
store at —30 °C.

NAP-5 column (GE Healthcare).

. let-7 siRNA guide strand, 5’-phosphorylated, 3’-Alexa

647-labeled (Gene design).

. let-7 siRNA guide strand, 5’-hydroxy, 3’-Alexa 647-labeled

(Gene design).

. let-7 siRNA guide strand, 5’-phosphorylated, 3’-Alexa

555-labeled (Gene design).

. let-7 siRNA passenger strand, 5’-phosphorylated, 3’-Alexa

555-labeled (Gene design).

. let-7 siRNA passenger strand, 5’-phosphorylated, 3’-Alexa

647-labeled (Gene design).

. 40% acrylamide gel mix.

. 10x TBE.

. 200 mM Ammonium persulfate (APS).

. Tetramethylethylenediamine (TEMED).
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9
10.
11.
12.
2.5 Preparation 1.
of the Observation
Chamber [22] 2
2.5.1 Materials 3
and Reagents 4
5
6
7
8
9
10.

. Power unit.
. Electrophoresis gel chamber (Biocraft).
. Ice-filled plastic bar: $20 x 400 mm plastic tube half-filled with

water. Frozen at —20 °C lying on its long side.

. 2x Native-PAGE loading dye: 25% glycerol, 2 mM MgCl,,

0.01% bromo-phenol blue, 0.01% xylene cyanol, 0.02% tartra-
zine, and 0.5x TBE.

. LAS-3000 (Fujifilm).

2x PK buffer: 100 mM Tris-HCI (pH 7.5), 200 mM NaCl,
2 mM EDTA, 1% SDS.

Ethanol.
Glycogen.

Synthetic quartz glass slides, 26 x 56 x 1 mm (Matsunami
Glass).

. Coverslips, 24 x 36 mm (Matsunami Glass).

. Methanol.

. Ethanol.

. Acetic acid.

. 0.1 M KOH.

. Aminosilane 1.S-4265, 100 g (Shin-Etsu Silicone): Prepare

and store the stocks as follows:

(a) Aliquot aminosilane 6.4 ml per bottle, put a silicone rub-
ber stopper on the bottle, and crimp an aluminum cap.

(b) Insert a 27G needle through the rubber cap for a vent.
Next, insert another 27G needle and inject argon or nitro-
gen gas into the bottle at 0.1 MPa for 20 s.

(c) Remove the vent needle first and inject more argon or
nitrogen gas for 10 s.

(d) Remove the gas injection needle.

(e) The stocks can be kept at 4 °C.

. PEG-biotin, Biotin-CONH-PEG-O-C3H6-CONHS, 500 mg

(Rapp Polymere).

. SUNBRIGHT PEG5000, 1 g (NOF): Aliquot 43 mg of the

powder per tube and then cover the top with Parafilm. Store
the stocks at =30 °C.

50 mM MOPS-KOH (pH 7.5): Prepare and store the stocks as
follows:

(a) Mix 5.23 g of MOPS and 43 ml of MilliQ water and then
add 3 ml of 5 M KOH. You may store this 0.5 M MOPS-
KOH stock at —30 °C protected from light. When the
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2.6 Single-Molecule
Imaging

11.

Analysis of Single RISC Molecules 151

solution color change to light yellow over time, make a
fresh stock.

(b) Dilute the 0.5 M stock tenfold with MilliQ water to make
50 mM stock.

(c) Make 300 pl aliquots and store them at —30 °C.

Silica gel desiccants.

. Low-alkali glass bottle with rubber cap, Amber, 10 ml (NEG):

For aminosilane storage.

. Aluminum seal crimp cap (NEG): For aminosilane storage.

. Hand crimper for aluminum seals, 20 mm (TGK): For aminosi-

lane storage.

4. Argon (or nitrogen) gas: For aminosilane storage.

13.
14.
15.

16.

P

. Slide rack for 20 slides (Matsunami Glass).
. Stainless steel deep vat, 84 x 140 x 67 mm (Sansho): For wash-

ing quartz slides and coverslips.

. Stainless steel deep vat, 96 x 160 x 73 mm (Sansho): For

aminosilane coupling reaction.

. Glass staining dish for 15 slides (AS ONE): For washing quartz

slides.

. Glass jar, $60 x 90 mm (Pyrex): For washing coverslips.
10.
11.
12.

Coverslip rack for ten slips (Ikemoto Scientific Technology).
Magnetic stirrer.

Teflon star head magnetic stir bar, diameter 22 mm, height
15 mm (AS ONE).

Sonicator water bath.
Parafilm: cut into 16 x 25 mm pieces before use.

Vacuum sealer: Compatible with both plastic bags and vacuum
canisters.

Vacuum seal canister.

. 3MM Filter paper, 10 x 100 mm (Whatmann).
. 2.5 mg/ml NeutrAvidin solution (Invitrogen): Dissolve 5 mg

of NeutrAvidin in 2 ml of MilliQ water. Make 100 pl of ali-
quots and flash-freeze with liquid nitrogen. Store at —30 °C.

. Double-sided tape: 24 x 36 mm, window size 16 x 24 mm,

thickness 25 pm (3 M).

4. PCR cooler (Eppendorf).

AN U

. Objective oil.
. Glycerol.
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2.7 InVitro
Reconstructed System
of RISG Assembly

for Single-Molecule
Imaging

2.8 Software

NeRNc BN IO N

10.

11.

12.

13.

. 20 mM ATP (Sigma).

. Creatine monophosphate (Sigma): Prepare a fresh stock of

500 mM creatine monophosphate in MilliQ water on the day
of use.

. Creatine phosphokinase, 10 U/l (Calbiochem).
. RNasin Plus (Promega).
. ATD regenerating system: Mix 5.8 pl of MilliQ water, 8 pl of

5x lysis buffer, 4 pl of 20 mM ATDP, 20 pl of 500 mM creatine
monophosphate, 1.2 pl of 10 U /ul creatine kinase, and 1 pl of
RNasin Plus.

. 200 nM siRNA duplex stock.

. 5% Biolipidure-203 (NOF).

. 1 mg/ml Yeast tRNA mix (Sigma).

. Glucose oxidase, 50,000 U (Sigma): Dissolve in MilliQ water

to make 5000 U/ml of the stock solution. Make 10 pl of ali-
quots and flash-freeze with liquid nitrogen. Store at
—80 °C. Dilute 1 pl of the stock solution into 9 pl of MilliQ
water before use.

Catalase: Dissolve 100 mg (Sigma) of catalase in MilliQ water
to make 5000 U/ml of the stock solution. Make 10 pl of ali-
quots and flash-freeze with liquid nitrogen. Store at —80 °C.

Glucose: Dissolve 4.5 g of glucose in 10 ml of MilliQ water to
make 450 mg/ml of stock solution. Make 10 pl of aliquots and
flash-freeze with liquid nitrogen. Store at —80 °C.

Oxygen scavenging system: Mix 3.4 pl of MilliQ water, 1.6 pl
of 5x lysis buffer, 1 pl of glucose, 1 pl of glucose oxidase, and
1 pl of catalase at each time of use.

(+)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic
acid (Trolox), (Sigma): Dissolve 10 mg of Trolox in 200 pl of
ethanol to make 200 mM of the stock solution. Store at 4 °C
protected from light for up to 2 weeks.

. Image J.

2. OpenSIFkai plugin for Image J: Modified to open the SIF files

taken by the latest version of Andor SOLIS. https://image;j.
nih.gov/ij/plugins /open-sif.html.

. Template Matching and Slice Alignment plugin for Image J [23].

. A homemade program to obtain time trajectories of the fluo-

rescence intensities of Alexa 555 and 647, as described previ-
ously [24].

. Excel (Microsoft).
. KaleidaGraph (Synergy).

. Igor Pro (Wavemetrics).


https://imagej.nih.gov/ij/plugins/open-sif.html
https://imagej.nih.gov/ij/plugins/open-sif.html

2.9 Target Gleavage

Reaction
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Basically, the materials required for the target cleavage reaction are
similar to those for the RISC assembly analysis, as briefly summa-
rized below.

1.
2.

General buffers and reagents are the same as in Subheading 2.1.

TIRF microscope setup is similar as in Subheading 2.2 except
that the Ar laser is switched to DPSS laser, 515 nm (cobolt).

. For lysate preparation, wild-type Drosophila S2 cells are used.

. Guide /passenger /target sequences are as follows:

(a) let-7 siRNA guide strand, 5’-phosphorylated, 3’-Dye-
labeled, Dye = Cy3 or Cy5 (IDT).

(b) let-7 siRNA passenger strand, 5’-phosphorylated, non-
labeled (IDT or Japan Bio Services).

(c) Targetstrand, 5'-biotin-labeled, 3’-Dye-labeled, Dye = Alexa
555 or ATTO 647 N (Japan Bio Services).

(d) Target strand, 5’-Dye-labeled,  3’-biotin-labeled,
Dye = Alexa 555 or ATTO 647 N (Japan Bio Services).

(e) 2’-O-Methylated target strand, 5’-biotin-labeled, 3’-Dye-
labeled, Dye = Alexa 555 or ATTO 647 N, for fluoro-
phore lifetime measurement (Japan Bio Services).

(f) 2’-O-Methylated target strand, 5’-Dye-labeled, 3’-biotin-
labeled, Dye = Alexa 555 or ATTO 647 N, for fluoro-
phore lifetime measurement (Japan Bio Services).

. For chamber preparation, same materials are used.

. For single-molecule imaging, similar materials are used, but

proteases are omitted.

. For cleavage reaction observation, similar materials are used,

but Biolipidure-203 and yeast tRNA mix are omitted.

. For software, similar materials are used.

3 Methods

3.1 Ago2 Protein
Labeling with Halo-
Tag Ligands

3.1.1 Halo-Ago2
Expression

. Centrifuge approximately 2 x 10% S2 cells in 50-ml tube at

1500 x g for 5 min at room temperature.

. Aspirate the supernatant, resuspend the cell pellet in 200 ml of

antibiotics-free medium at 1 x 10° cells/ml, and transferred
into 100-mm dishes (10 ml per each).

. Mix 200 pl of 1 pg/pl Ago2 plasmid vector and 20 ml of serum-

free antibiotics-free medium. Then mix 400 pl of X-treamGENE
HP and incubate for 15 min at room temperature.

. Add 530 pl of the mixture to single dishes of S2 cells and gen-

tly swirl to make sure the solution is well mixed.

. Incubate the cells for 72 h at 25 °C.
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3.1.2 Lysate Preparation

3.1.3 Halo-Ago2
Labeling

3.2 Preparation
of Fluorescently
Labeled siRNA Duplexes

3.2.1 Annealing

3.2.2 PAGE Furification
(see Note 1)

1.

Centrifuge the cells in the four 50-ml tubes at 1500 x g for
5 min at room temperature. After centrifugation, wash the pel-
let in 20 ml of 1x PBS and centrifuge it again.

. Resuspend the cells in the same volume of’ice-cold 1x lysis but-

fer containing 1 mM DTT and 1x protease inhibitor cocktail.

. Transfer the cells into a pre-chilled Dounce homogenizer.
. Homogenize the cells by 20 strokes on ice.

. Transfer the homogenized sample to 1.5-ml tubes and centri-

fuge them at 17,000 x g for 10 min at 4 °C.

. Transfer the supernatant to new 1.5-ml tubes and centrifuge

them at 17,000 x g for 10 min at 4 °C to clear the lysate.

7. Collect the supernatant.
. Mix 4.5 pl of the supernatant and 0.5 pl of 10 pM HaloTag-

TMR ligand. Incubate for 30 min at 25 °C and then perform
SDS-PAGE analysis to check the concentration of the Ago2
protein.

. Mix 400 pl of the lysate and 4 pl of 100 pM HaloTag-PEG-

biotin ligand.

. Incubate the reaction mixture for 30 min at 25 °C.

. To remove the free ligands, apply the reaction mixture to a

NAP-5 column equilibrated with 1x lysis buffer containing
1 mM DTT.

. Apply 370 pl of 1x lysis buffer containing 1 mM DTT and

discard the flow through.

. Apply 480 pl of 1x lysis butfer containing 1 mM DTT and col-

lect the flow through.

. Make 10 pl aliquots of the collected flow through and flash-

freeze with liquid nitrogen.

. Store at —80 °C. The lysate containing biotin-labeled Ago2

may be stored for up to ~6 months.

. Dissolve oligo pellets in MilliQ water to make 100 pM stocks

and store at —80 °C.

. Mix 10 pl of 100 pM single-stranded guide strand RNA, 10 pl

of 100 pM single-stranded passenger strand RNA, 20 pl of 5x
lysis bufter, and 60 pl MilliQ water.

. Incubate the mixture in a heating block at 95 °C for 3 min.

. Transfer the mixture from the heating block to the bench-top

at room temperature and anneal it for 30 min. The annealed
sample may be stored at —80 °C until PAGE purification.

. The electrophoresis should be performed in a cold room.
2. Chill 500 ml of 0.5x TBE at 4 °C before use.



12.

13.

14.

15.
16.
17.

18.

19.

20.
21.
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. Make a 12% native-polyacrylamide gel. Mix 6.6 ml of 40%

acrylamide gel mix, 13.2 ml of MilliQ water, 4.4 ml of 5x
TBE, 88 pl of 200 mM APS. Then mix 44 pl of TEMED and
slowly pour the gel mixture into the glass plates, and immedi-
ately insert a 1-mm thick 5-well comb between the glass plates.

. When the gel has solidified, carefully remove the comb and

silicon-rubber gasket, and wash the wells with MilliQ water.
The gel may be stored at 4 °C for a few days.

. Set the gel in the electrophoresis apparatus and fill the upper

and lower reservoirs of the electrophoresis tank with pre-chilled
0.5x TBE. Then remove any air bubbles trapped beneath the
bottom of the gel.

. Place the four ice-filled plastic bars in the running buffer to

keep it at low temperature.

. Pre-run the gel at 500 V for 30 min at 4 °C.
. Mix 50 pl of the annealed RNA duplex sample and 50 pl of the

native-PAGE loading dye.

. Replace the ice-filled plastic bars with new frozen ones.
10.
11.

Directly load 20 pl of the sample into a well.

Run the gel at 500 V for ~60 min. Every 30 min, replace the
ice-filled plastic bars with new frozen ones.

After electrophoresis, slowly open the glass plates and transfer
the gel onto a thin clear plastic sheet. The separated duplex can
be seen as colored bands.

Using LAS-3000, take fluorescent images with both red and
green excitation lights to analyze the minor band caused by the
excess of the guide or passenger strand.

Excise the band corresponding to the RNA duplexes with a
clean razor blade and place the gel slices in a 1.5-ml tube.

Add 400 pl of 2x PK buffer and cover it with aluminum foil.
Gently shake the sample at room temperature for overnight.

The next day, centrifuge the tubes containing the gel slices for
5 min at maximum speed, room temperature.

Collect the supernatant from each tube, leaving the gel slice
behind, and transfer into a fresh 1.5-ml tube.

Set up a DNA precipitation as follows:

(a) Add 4 pl of glycogen to each tube.

(b) Vortex vigorously for 30 s to mix.

(c) Add 1 ml of'ice-cold 100% ethanol to each tube.

(d) Vortex vigorously for 15 s to mix.

Centrifuge the precipitation for 30 min at 21,500 x g, 4 °C.

Caretully remove the supernatant.
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3.3 Preparation of
the PEG-Coated Quartz
Slides and Coverslips

3.3.1  Pre-Cleaning
of the Quartz Slides
and Coverslips

3.3.2 Aminosilane
Coupling

22.
23.
24.

25.

26.

27.

28.
29.

30.

31.

32.

Add 1 ml of ice-cold 70% ethanol.
Centrifuge the precipitation for 5 min at 21,500 x g, 4 °C.

Carefully remove the supernatant and air dry the pellets by
placing the open tubes on a bench for ~10 min.

Add 50 pl of 1x lysis buffer per tube and vortex vigorously to
resuspend the pellets.

Mix 1 pl of the unpurified annealed duplex (10 pM) and 9 pl of
1x lysis buffer to make 1 pM electrophoresis standard duplex.

Mix 2 pl of the samples or the standard duplex with 2 pl of the
native-PAGE loading dye.

Perform electrophoresis as described above.

Analyze the gel with LAS-3000 and calculate the concentra-
tion of the sample based on the band density of the standard.

Dilute the sample with 1x lysis buffer into 1 pM. The 1 pM
stock can be stored at —80 °C.

Dilute the 1 pM stock with 1x lysis bufter into 400 or 200 nM
and make 2 pl aliquots, and flash-freeze in liquid nitrogen.

Store aliquots at —80 °C.

. Set 12 quartz slides in a slide rack and place them in the stain-

ing dish filled with 0.1 M KOH.

. Set 12 coverslips in a coverslip rack and place them in the jar

filled with 0.1 M KOH.

. Sonicate the slides and coverslips for 10 min at room temperature.

4. Wash them in a small vat filled with fresh MilliQ water.

. Transfer the slides and coverslips to the dish and jar filled with

ethanol, respectively.

. Sonicate the slides and coverslips for 10 min.
. Wash them in the small vat filled with fresh MilliQ water.
. Transfer the slides and coverslips to the dish and jar filled with

fresh MilliQ water, respectively.

. Sonicate the slides and coverslips for 10 min.
. Wash them in the small vat filled with fresh MilliQ water.

. Mix 340 ml of methanol, 2.58 ml of acetic acid, 6.4 ml of

aminosilane, and 12.75 ml of MilliQ water in a large stainless
deep vat. Place a magnetic stirrer into it.

. Transfer the slides and coverslips to the stainless vat with the

reaction mixture. This procedure should be performed in a
clean bench.

. Incubate them for 20 min with stirring at room temperature.



3.3.3  PEGylation of the 1.

Slides and Coverslips

10.

11.

12.

3.4 Single-Molecule 1.

Imaging )

3.4.1 Preparation of
Single-Molecule Observation

Chamber (Fig. 2) 3.
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. Transfer them to the small stainless vat with fresh MilliQ water

in a clean bench, and wash them for 5 min with continuous
MilliQ water current.

. Place the slides and coverslips on lab wipes and dry them in a

clean bench for 30 min. A compressed air duster may also be
used to blow the water away.

Dissolve 1 mg of biotin-PEG in 20 pl of 50 mM MOPS-KOH
(pH 7.5) to make a 50 mg,/ml biotin-PEG solution.

. Dissolve 43 mg of PEG in 215 pl of 50 mM MOPS-KOH

(pH 7.5) to make a 200 mg/ml PEG solution.

. Mix 2.4 pl of the biotin-PEG solution and 117.6 pl of the PEG

solution to make a 0.5% biotin-PEG/PEG solution. When
oversudsing, spin down the sample.

. Place 9 pl of the 0.5% biotin-PEG/PEG solution on each

quartz slide and then place a piece of Parafilm to make the
center area of the slide covered with the solution. This proce-
dure should be performed in a clean bench.

. Place 8 pl of the PEG solution on each coverslip and then place

a piece of Parafilm to make the center area of the slip covered
with the solution. This procedure should be performed in a
clean bench.

. Incubate at room temperature for 3 h in a clean bench.

. Before removing the piece of Parafilm, mark the area covered

with the solution to make sure where is PEG-coated. Also,
write down some marks to distinguish the front and back sides.

. Remove the piece of Parafilm in fresh MilliQ water and rinse

the slide or slip thoroughly with 20 strokes (for ~30 s). Dry
using compressed air.

. Place the slides and coverslips on lab wipes and further dry in

a clean bench for 15 min.

Place the coated slides in a vacuum plastic bag and then seal
the bag with a vacuum sealer.

Place the coverslips in a 25 ml plastic tube, place it inside a
vacuum canister with silica gel desiccants to avoid hydrolysis of
PEG, and then vacuum the canister.

Store them at —30 °C. The slides and coverslips may be kept
for 1 month.

Make sure which side of the slide and coverslip is PEG-coated.

. Place the double-sided tape on the flat bottom (back side) of a

PCRice cooler and cool it for 15 s. This step allows the protec-
tive plastic foil to be removed easily.

Apply the double-sided tape on the PEG-coated side of the
coverslip and remove the other protective foil.
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Double-sided
- ‘ @
PEG-coated Remove the protective foil ‘
coverslip

Apply double-sided tape
on the PEG-coated side

of the cover slip

PEG-biotin-
coated area

/ siide glass

Invert the chamber to make Gently tap the coverslip to press  |nyert the coverslip to make
the coverslip side down it down using tweezers the coated side down and

place the coverslip onto the PEG-
biotin-coated side of the slide glass

Fig. 2 Preparation of the single-molecule observation chamber. The observation chamber was made by com-
bining a PEG-biotin-coated slide glass and a PEG-coated coverslip with double-sided tape in between. The

sample chamber volume was ~15 pl. See Subheading 3.4 for details

4. Invert the coverslip to make the PEG-coated side down and
place it onto the PEG-coated side of the slide. Use tweezers to
gently tap the coverslip to press it down. Then invert the

chamber to make the coverslip side down.

5. The sample chamber volume should be ~15 pl. Fluid can be
flown through the chamber by placing the pipette tip in one
hole and gently expelling the liquid from the pipette through
the chamber. Use stripes of filter paper to suck the excess of

liquid out from the other hole of the chamber.

6. Infuse 15 pl of 2.5 mg/ml NeutrAvidin solution into the
chamber and incubate for 2 min. Wash the chamber with 50 pl

of 1x lysis buffer.

7. Flow 20 pl of a 1:5 or 1:10 dilution (for snapshot or continu-
ous observation, respectively) of S2 lysate containing biotin-

labeled Halo-Ago2 into the chamber. Incubate for 2 min.

8. Wash the chamber fourth with 25 pl of 1x lysis buffer contain-

ing 800 mM NaCl.
9. Wash the chamber fourth with 25 pl of 1x lysis bufter.

10. Flow 20 pl of 1x lysis buffer containing 1% Biolipidure-203
and 50 pg/ml tRNA mix into the chamber. Incubate for 5 min

to block the surface.



3.4.2 Sample
Preparation

3.4.3 Snapshot
Observation of RISC
Assembly

1.
2.

3.
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Prepare the ATP regenerating system on ice.

Prepare the fresh solution of the oxygen scavenging system on
ice.

Prepare the RISC assembly system for single-molecule obser-
vation on ice:

2 ul of 5x lysis bufter.

4 pl of MilliQ water.

4 pl of 5% Biolipidure-203.

2 ul of ATP regenerating system.

1 pl of 400 nM the Dicer-2 /R2D2 binary complex.

1 pl of 24 pM the Hop,/Hsp90,/Hsc70 ternary complex.
1 pl of 15 uM Dro]2.

1 pl of 54 pM p23.

2 pl of the oxygen scavenging system.

1 pl of the siRNA duplex (400 nM for snap observation or
200 nM for continuous monitoring).

1 pl of 1 mg/ml tRNA mix.
0.2 pl of 200 mM Trolox.

. Before the experiments, the excitation lights are aligned to

generate the evanescent field. Make sure that the incident
lights are totally internally reflected at the quartz—water inter-
face and are well overlapped. The critical angle for the interface
between water and quartz is ~65.6 degrees for visible light. In
our experiments, the incident angle of excitation light at the
quartz-water surface was set to be 69 degrees to make the eva-
nescent field thin. For the snapshot observation, the sample is
excited simultaneously with both 514 nm and 633 nm lasers at
a power density of 2.5 W/mm? and 360 mW,/mm?, respec-
tively. The frame rate is set to ten frames per second (fps). The
temperature of EMCCD is set to —85 °C.

. Flow 20 pl of the RISC assembly system into the chamber and

incubate for 60 min at room temperature.

. Wash the chamber twice with 25 pl of 1x lysis buffer.
. Wash the chamber fourth with 25 pl of 1x lysis buffer contain-

ing 800 mM NaCl.

. Wash the chamber fourth with 25 pl of 1x lysis buffer.

. Flow 20 pl of 1x lysis buffer containing oxygen scavenging

system and 2 mM Trolox into the chamber.

. Place immersion oil on the objective lens and set the chamber

onto the microscope stage. The coverslip should face down.
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3.4.4 Continuous
Monitoring of RISC
Assembly (see Note 2)

3.4.5 Data Processing
and Image Analysis for
Snapshot Observation Data

10.

. Place ~100 pl of glycerol on the upper side of the quartz slide.

Then place the prism on the quartz slide. Glycerol fills the gap
between the quartz prism and slide glass, allowing the incident
light to enter into the slide glass at the designed angle.

. Excite the sample simultaneously with both 514 nm and

633 nm lasers at power densities of 2.5 W/mm? and 360 mW /
mm?; respectively. Make sure that the incident lights are totally
internally reflected at the quartz—water interface and are well
overlapped.

Select and image three random and non-overlapping places
from one chamber for 1 s at a frame rate of 10 fps. Save the
images as Andor SIF format. FITS (Flexible Image Transport
System) format is also usable, in which the file header part is
more clearly described than SIF. FITS files can be opened by
Image] without additional plugins.

. For the continuous monitoring, excite the sample simultane-

ously with both 514 nm and 633 nm lasers at power densities
of 250 mW,/mm? and 36 mW/mm?, respectively. Because the
power densities of excitation lights are set to tenfold lower
than those for snapshot observation to minimize the photo-
bleaching effect and therefore the photon budget is limited,
the electron multiplying (EM) gain is set to the maximum
(1000x). The frame rate is set to 1 fps.

2. Prepare the single-molecule observation chamber.

. Place immersion oil on the objective lens and set the chamber

onto the microscope stage. The coverslip should face down.

. Place ~100 pl of glycerol on the upper side of the quartz slide.

Then place the prism on the quartz slide.

. Infuse 20 pl of the RISC assembly system into the chamber for

continuous monitoring.

. Observe the sample immediately for 20 min with simultaneous

excitation of both 514 nm and 633 nm lasers.

. Open the SIF file as a stack on Image] using the Open_SIFkai

plugin. A slight modification of the original source code of Open_
SIFkai plugin might be required to match it with the version of
SOLIS software. No modification is required for FITS files.

. Average the image over ten frames and then deconvolute.

Essentially the same results are obtained regardless of deconvolu-
tion; however, deconvolution makes the following steps easier.

. Select all the spots in every three images taken from one cham-

ber using 6-pixel diameter circular regions of interest (ROIs)
(see Note 3). To measure the background intensity, also select
30 ROIs of the background randomly.



3.4.6 Data Processing
and Image Analysis for
Continuous Monitoring Data

3.5 Observation
of the Target Cleavage
Reaction by RISC

Analysis of Single RISC Molecules 161

. Measure the fluorescent intensity of the spots using a built-in

function of Image J. Then measure and calculate the average
and the standard deviation (o) of the background intensity in
the same way.

. Analyze only spots with fluorescence intensities greater than 3

o of the background intensity in order to exclude shot noise.

. Open the SIF file as a stack on Image] using the Open_SIFkai

plugin.

. Perform frame averaging on each frame using a window size of

five frames to improve the signal-noise ratio. That is, the new
frame 7 is produced from the average projection of the original
framesz—2,7— 1,77+ 1,and 7 + 2.

. Correct stage drift using a slice alignment plugin.

4. To pick all of the Alexa 555 and 647 colocalized fluorescent

10.

spots appeared during the monitoring, apply Image ] built-in
smooth filter on each frame, and then create a maximum inten-
sity projection over all frames in stack.

. Select all the spots in every three images taken from one cham-

ber using 6-pixel diameter circular regions of interest (ROIs).
To measure the background intensity, also select 30 ROIs of
the background randomly.

. Generate integrated intensity traces of all selected ROIs using

a built-in function of Image J. Then measure and calculate the
average and the standard deviation (o) of the background
intensity.

. Subtract the background intensity +3 ¢ from intensity traces.

. Identity concurrent landing events of Alexa 555 and 647.

Reject events that do not represent concurrent landing from
the following analysis.

. Find the appearance time of the simultaneous Alexa 555 and

647 signals (#) and subtract it from the disappearance time of
either or both signals (2).

Measure duration times (% — #).

Basically, the observation method for the target cleavage reaction
is similar to that for the RISC assembly analysis, as briefly summa-
rized below.

1.

Prepare lysate as described above by Dounce homogenization
of' S2 cells using 1x lysis buffer containing 1 mM DTT and 1x
complete EDTA-free protease inhibitor cocktail.

. Prepare the duplexes as in Subheading 3.2. but can be used

without PAGE purification, as excess passenger stand will be
readily degraded in Drosophila S2 cell lysate.
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3. Prepare PEG-coated quartz slides and coverslips as in
Subheading 3.3.

Single-molecule imaging is conducted as follows:

4.

(2)

Program fluorescent Ago2-RISC with ~50 nM siRNA
duplex fluorescently labeled on the guide strand in S2
lysate.

Prepare the chamber as in Subheading 3.4.

Infuse NeutrAvidin into the chamber and wait a few min-
utes, then wash by 50 pl of 1x lysis bufter.

Flow target RNAs (2.5—4 nM) double-labeled by a biotin
and a fluorescent dye into the chamber. After a few min-
utes, wash it by 50 pl of 1x lysis buffer. Target density on
the glass surface affects the overall multiple-turnover reac-
tion speed.

Flow 50 pl of naive (non-programmed) S2 lysate contain-
ing oxygen scavenging system and ATP regenerating sys-
tem into the chamber.

Flow 50 pl of the lysate containing fluorescent Ago2-
RISC, oxygen scavenging system and ATP regenerating
system into the chamber. To control the reaction speed,
the lysate with fluorescent Ago2-RISC can be diluted by
naive (non-programmed) S2 lysate or by decreasing the
siRNA concentration at the RISC programming step.

Monitor cleavage reaction using the EMCCD camera with
0.3-1 fps. The condition of laser power and camera frame
rate should be suitably chosen depending on the combina-
tion of dye-labeled samples. For example, Cy3-guide with
5-ATTO 647 N-labeled target and Cy5-guide with
5’-Alexa 555-labeled target pairs show strong fluorescence
resonance energy transfer (FRET, ~100%), thus dramati-
cally shortening the fluorophore lifetime. Therefore, the
laser intensity should be decreased to obtain long enough
fluorophore lifetime compared to the duration of the
cleavage reaction.

Data processing and image analysis are essentially the same
as those for RISC assembly.

4 Notes

. The excess of cither Alexa555 or 647 labeled RNA caused sig-

nificant non-specific fluorescent spots on the glass. Therefore,
native PAGE purification of fluorescently labeled RNA
duplexes is essential for this experiment.
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2. In the microscopic observation, mechanical drift in the XY

plane as well as focus drift in the Z axis is a severe problem for
long time monitoring. To overcome this problem, two
approaches—hardware and software—can be used. For the
hardware improvement, an ultrastable stage, a motorized
Z-drift compensator and/or a rigid microscope body will be
helpful. Also minimizing the room temperature change, which
affects the metal heat extension (length) and thus causes the
stage, microscope body and/or mirror drift, will improve the
stability. For the post-production improvement, drift markers
are useful. We used a non-specific aggregate, which was often
observed in our continuous monitoring condition, as a drift
marker for XY drift correction. Biotinylated fluorescent beads,
Qdots, or gold nanoparticles could also be used as a fiducial
drift marker.

. Recent progress in single-molecule localization microscopy

provides us several pieces of Gaussian fitting-based spot finding
software [25]. Using one of these software applications to find
single-molecule spots or events automatically improves the
throughput of single-molecule analysis.
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Chapter 11

Profiling Open Chromatin Structure in the Ovarian Somatic
Cells Using ATAC-seq

Kensaku Murano, Yuka W. lwasaki, and Haruhiko Siomi

Abstract

The assay for rransposase-accessible chromatin using sequencing (ATAC-seq) was recently established as a
method to profile open chromatin, which overcomes the sample size limitations of the alternative methods
DNase/MNase-seq. To investigate the role of Piwi in heterochromatin formation around transposable
element loci, we have used ATAC-seq to examine chromatin accessibility at target transposable elements
in a Drosophila cultured cell line, ovarian somatic cells (OSCs). In this chapter, we describe our method to
profile open chromatin structure in OSCs using ATAC-seq.

Key words ATAC-seq, Chromatin accessibility, Heterochromatin, Small RNA, Transposons,
Drosophila, OSC

1 Introduction

The gene expression pattern of a cell is characterized by a defined
set of czs-regulatory elements that are accessible to trans-acting fac-
tors in the chromatin regulatory network. The chromatin state is
dynamically regulated in a cell type-specific manner. The funda-
mental subunit of chromatin is the nucleosome core particle.
Nucleosome packaging restricts protein binding and interferes with
cellular reactions that use a DNA template, including transcription,
replication, and repair [1]. In eukaryotes, all DNA-templated reac-
tions occur in the context of chromatin. Local modulation of DNA
accessibility provides an opportunity to influence these DNA-
templated reactions. An accessible /open chromatin structure marks
active regulatory elements, such as promoters, transcription start
sites, enhancers, and insulators [2]. Deoxyribonuclease (DNase) or
micrococcal nuclease (MNase) digestion coupled with high-
throughput DNA sequencing (DNase-seq and MNase-seq) has
been widely used to identify active regulatory regions and profile
the epigenome [1, 3].
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The assay for transposase-accessible chromatin using sequenc-
ing (ATAC-seq) provides an alternative to DNase-seq and MNase-
seq as a way to measure open chromatin. ATAC-seq uses the
prokaryotic Tn5 transposase to tag regulatory regions by inserting
sequencing adapters into accessible regions of the genome [4]
(Fig. 1). Therefore, genomic regions with open chromatin regions,
such as transcription start sites, generate an accumulation of ATAC-
seq reads, whereas chromatin-dense regions, such as heterochro-
matinized transposable element (TE) loci, result in decreased
ATAC-seq signals [5]. ATAC-seq captures open chromatin sites
using a simple two-step protocol, because tagging with Tn5 trans-
posase results in a concomitant fragmentation of the genome
(Fig. 1b). This makes the method faster and more sensitive than
the established methods of DNase-seq and MNase-seq [4].

Mobilization of TEs can result in deleterious mutations in the
host genome. Emerging evidence indicates that PIWI-clade proteins
of Argonautes are involved in TE silencing in Drosophiln gonadal
somatic and germline cells [6, 7]. PIWI-interacting RNAs (piRNAs)
form piRNA-induced silencing complexes (piRISCs) with PIWI pro-
teins to repress TEs and maintain the integrity of the germline
genome. The recent establishment of the Ovarian Somatic Cell (OSC)
line allows researchers to study the molecular functions of factors

a DNase/MNase-seq b ATAC-seq

Tn5 transposase

DNase/MNase v
000 000

Open chromatin

30 min l Tagging & Fragmentation
Fragmentation‘

000 000 m=lm

Taggingl =— Linker PCR & Deep seq.

000 = = 000
4

PCR & Deep seq.

Fig. 1 ATAC-seq probes open chromatin. (a) DNase/MNase-seq consists of three steps: fragmentation, tagging
with linker DNA, and PCR and deep sequencing. (b) ATAC-seq uses prokaryotic Tn5 transposase to simultane-
ously cut and ligate linker DNA for deep sequencing at regions of increased accessibility
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involved in the primary piRNA pathway in Drosophila [8, 9]. Earlier
studies showed that OSCs reproduce the Piwi-piRNA pathway
observed in somatic cells of Drosophila ovaries, and therefore repre-
sent a very powerful system to elucidate how Piwi-piRISCs repress
TEs. It was shown that Piwi-piRNA complexes repress TE transcrip-
tion by forming a heterochromatin structure marked with H3K9 tri-
methylation and the linker histone H1 at TE loci [5, 10, 11]. To
explore the role of Piwi in heterochromatin formation, we took
advantage of ATAC-seq to evaluate the chromatin accessibility of TE
loci in OSCs. The ATAC-seq data strongly support the notion that
Piwi-piRNA modulates chromatin accessibility to repress TEs [5].

To profile the open chromatin structure in Drosophila OSCs
using ATAC-seq, we had to partially modify the original ATAC-seq
protocol described by Buenrostro et al. [4]. Briefly, we developed
an optimized protocol for use on OSC to prepare DNA library for
ATAC-seq because the genome size of Drosophila is approximately
a twentieth part of that of humans. A concentration of primers was
also optimized to amplify DNA library in PCR, because a higher
concentration of primers causes the production of DNA derived
from the primers, which probably interferes with the deep
sequencing.

In this chapter, we describe the details of (1) DNA library
preparation for ATAC-seq optimized for OSCs; and (2) deep
sequencing and bioinformatic analysis of ATAC-seq data.

2 Materials

1. Drosophila Ovarian Somatic Cells (OSCs) (see Note 1).
2. 0.5 ml Siliconized tube (Sarstedt).

3. Dulbecco’s Phosphate-buffered saline (D-PBS, 8 g/1 NaCl,
(anhydrous)).

4. Lysis buffer: 10 mM Tris-HCI (pH 7.4), 10 mM NaCl, 3 mM
MgCl,, 0.1% IGEPAL CA-630 (Sigma-Aldrich).

5. Tagment DNA buffer (Nextera DNA sample Preparation Kit,
Hlumina).

6. Tagment DNA Enzyme 1 (Nextera DNA Sample Preparation
Kit, Illumina).
7. MinElute PCR purification kit (Qiagen).

8. NEBNext High-Fidelity 2x PCR Master Mix (New England
Biolabs).

9. SYBR Green I Nucleic Acid Gel Stain (10,000x concentrate,
Thermo Fisher).
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10. High Sensitivity DNA Reagents and High Sensitivity DNA
Chips for use with the Agilent 2100 Bioanalyzer System
(Agilent Technologies).

11. MiSeq Reagent Kit v3 150 cycles (Illumina).

12. HT1 included in MiSeq Reagent Kit v3 150 cycles (Illumina).
13. 0.1 N NaOH (prepared freshly).

14. Bioanalyzer (Agilent Technologies).

15. Primers (a complete list is available in Buenrostro et al. [4]).
Primer 1.

Adl_noMX: AATGATACGGCGACCACCGAGATCTACACTC
GTCGGCAGCGTCAGATGTG.

Barcoded primer 2 (see Note 2).

Ad2.1_TAAGGCGA: CAAGCAGAAGACGGCATACGAGATTC
GCCTTAGTCTCGTGGGCTCGGAGATGT.

Ad2.2_CGTACTAG: CAAGCAGAAGACGGCATACGAGATCT
AGTACGGTCTCGTGGGCTCGGAGATGT.

Ad2.3_AGGCAGAA: CAAGCAGAAGACGGCATACGAGATTT
CTGCCTGTCTCGTGGGCTCGGAGATGT.

Ad2.4 TCCTGAGC: CAAGCAGAAGACGGCATACGAGATGC
TCAGGAGTCTCGTGGGCTCGGAGATGT.

Ad2.5_GGACTCCT: CAAGCAGAAGACGGCATACGAGATAG
GAGTCCGTCTCGTGGGCTCGGAGATGT.

3 Methods

3.1 Preparation
of DNA Library

1. Harvest and count OSCs.

2. Transfer 1 x 10° cells to a 0.5-ml siliconized sampling tube (see
Note 3).

3. Centrifuge cells at 500 x g, 4 °C for 2 min.
4. Remove and discard supernatant.

5. Wash cells in 50 pl of PBS. Centrifuge cells at 500 x g, 4 °C for
2 min.

6. Remove and discard supernatant.

7. Resuspend cells in 50 pl of ice-cold lysis buffer by gentle
pipetting.

8. Centrifuge cells immediately at 500 x g, 4 °C for 2 min, twice.

After the first centrifugation, change the direction of the tube,
and spin the samples again (se¢ Note 4).

9. Remove and discard supernatant.
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10. Resuspend nuclei pellet in 50 pl of the transposition reaction

11

12

13

14

15
16

mix by gentle pipetting.

Transposition reaction mix

Milli-Q water
Tagment DNA buffer
Tagment DNA Enzyme 1

22.5 pl
25 pl
2.5l

. Incubate the transposition reaction at 37 °C for 30 min in a
water bath. Mix the reaction by gentle tapping every 10 min

during the incubation.

. Stop the reaction by adding 250 pl of buffer PB included in the
Qiagen MinElute PCR purification Kkit.

. Purify the fragmented and tagged DNA fragment (transposed
DNA) using a Qiagen MinElute PCR purification kit accord-
ing to the manufacturer’s instructions.

. Elute the transposed DNA in 12 pl of elution buffer included

in the kit.

. Store the purified transposed DNA at —20 °C it necessary.

. To amplity the transposed DNA by PCR, combine the follow-
ing in a 0.2-ml PCR tube (se¢ Note 2).

Transposed DNA
Milli-Q water
PCR primer 1 (10 pM)

Barcoded PCR primer 2 (10 pM)
NEBNext High-Fidelity (2x PCR mix) 25 pl

10 pl

13.7 l
0.63 pl
0.63 pl

17. Thermal cycle as follows (se¢ Note 5):

72 °C 5 min
98 °C 30s
98 °C 10s
63 °C 30s

72 °C 1 min

5 cycles
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18. Perform quantitative PCR using a real-time PCR machine. A
quantitative PCR side reaction allows determination of the
appropriate number of PCR cycles. Combine the following in
2 0.2-ml PCR tube.

PCR-amplified DNA (From step 5 pl

3.1.17)
Milli-Q water 2.85 pul
PCR primer 1 (1 pM) 0.625 pl

Barcoded PCR primer 2 (1 pM) 0.625 pl

10x SYBR Green I 0.9 ul

NEBNext High-Fidelity (2x PCR 5 pl
mix)

98 °C 30s

98 °C 10s

63 °C 30s 20 cycles

722G 1 min

19. Determine the additional number of cycles needed (X cycles)
from the quantitative PCR plot prior to saturation (maximum
fluorescent intensity) (see Note 6, Fig. 2).

20. Run the remaining 45 pl PCR reaction.

98 °C 30s

98 °C 10s

63 °C 30s X cycles
72 °C 1 min

21. Purity the amplified library with a Qiagen MinElute PCR
Purification Kit. Elute 20 pl with EB.

22. Assess the quality and concentration of the library using a
Bioanalyzer (see Note 7, Fig. 3).

3.2 Denaturation 1. Prepare 4 nM of library (mix samples and diluted with Milli-Q
of the DNA Library water) (see Note 8).
for Deep Sequencing

by MiSeq



2.

3.

ATAC-seq Using OSCs 171

Mix the following (Denatured Library). Incubate at room
temperature for 5 min (see Note 9).

4 nM Library 10 pl
0.1 N NaOH 10 pl

Mix the following (final 20 pM in 0.5 mM NaOH). Keep on
ice.

Denatured Library (2 nM) 10 pl
Iced HT1 990 pl

4. Mix the following (final 15 pM). Keep on ice.

5.

Denatured Library (20 pM) 750 pl
Iced HT1 250 pl

Load 600 pl sample from step 3.2.4 (15 pM) to the correct
position on the cartridge tray for MiSeq.

3.3 Deep Sequencing  This section describes an example bioinformatic analysis of

and Bioinformatic sequenced reads from an ATAC-seq library, to annotate the chro-
Analysis of ATAC-seq matin accessibility of OSCs in a genome-wide manner.
Data 1. Perform deep sequencing using an Illumina sequencing system

as per the manufacturer’s instructions (se¢ Note 10).

. Check the quality of the reads using software such as FastQC

[12], and remove adapters prior to mapping of the ATAC-seq
reads. Reads that are too short should be filtered out at this
point (see Note 11).

. Map the reads using alignment software such as bowtie2 [13].

Analyze the size distribution of the mapped reads using Picard
[14] to confirm the quality of the library using the pattern of
nucleosomes (Fig. 4a) (see Notes 12 and 13).

. Detect peaks using peak-calling software such as MACS2 [15].

Analyze and annotate the detected peaks (Fig. 4b) (see Notes
14 and 15).

. Visualize the mapped reads using a genome browser or viewer,

such as the University of California Santa Cruz (UCSC)
genome browser [16] (Fig. 4¢) (see Note 16).
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4 Notes

10.

11.

. The method for culture of OSCs is described precisely by Saito [8].

. The different barcoded-primers should be used for each sam-

ple. Primer concentration is critical to the quality of the DNA
library for sequencing. A higher concentration of primers
causes the production of DNA derived from the primers
(Fig. 3a), which probably interferes with the deep sequencing.
The level of primer-derived DNA also depends on the amount
of transposed DNA. The concentration of primers should be
optimized for each experimental condition.

. 1 x 10¢ OSCs are required to prevent loss of the sample during

library preparation. A siliconized sample tube is strongly rec-
ommended to avoid loss of permeabilized cell nuclei, because
they are sticky and tend to attach to tube walls.

. Centrifugation should be performed twice, changing the direc-

tion of the tube, to avoid loss of samples when using a fixed-
angle rotor.

. The first 5-min extension at 72 °C is required to allow exten-

sion of both ends of the primer after transposition.

. According to the result of the quantitative PCR side reaction,

determine the additional number of cycles that corresponds to,
or exceeds, one-third of the maximum fluorescent intensity, to
reduce GC and size bias in the PCR. In the case of Fig. 2, the
additional number of cycles is five; therefore, the total PCR
cycle number is ten.

. Determine the concentration of the DNA library using an

Agilent 2100 Bioanalyzer system (Fig. 3c).

. We obtained acceptable ATAC-seq data from a mixed-DNA

library prepared from five samples. Data were collected as
50-bp paired-end reads from MiSeq. Other Illumina deep
sequencing systems such as HiSeq are also suitable for collect-
ing ATAC-seq reads.

. Although 0.2 N NaOH is recommended for denaturing the

DNA library in the manufacturer’s instructions, we use 0.1 N
NaOH, based on our experience.

We recommend performing ATAC-seq with at least two repli-
cates, in order to confirm the correlation between two samples.
The reads should be analyzed as paired-ends, because the length
of ATAC-seq reads varies widely from dozens to thousands of
base pairs. Analyzing the distribution of read length is important
to confirm the quality of the ATAC-seq library (Fig. 4a).

FastQC provides a modular set of sequence quality check analy-
ses and gives warnings if the sequenced data has problems. The
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Fig. 2 Representative amplification plots of quantitative PCR side reactions. To avoid GC and size bias in the
PCR, the appropriate number of PCR cycles should be determined using a quantitative PCR side reaction,
which corresponds to or exceeds one-third (blue dashed line) of the maximum fluorescent intensity. In this
experiment, the additional number of cycles is five. We determine the additional numbers of cycles required for
each sample according to its amplification plot. A negative control experiment should be performed in parallel,
without the transposed DNA, because primer-derived DNA is amplified in the absence of transposed-DNA
derived from the 0SC nuclei

results can be used to examine if adapter trimming is necessary
tor the data (by looking at information such as overrepresented
sequences). Depending on the length of the ATAC-seq insert
size and the sequencing read length, part of the adapter can be
present within the read, so try trimming the reads prior to the
mapping step if necessary. Also, omit reads that are too short
for further analysis (we filtered out sequences shorter than
50 nt). The size threshold can be optimized depending on the
analysis, but avoid too short reads which can be mapped to
unspecific genomic regions. This can be achieved using an in-
house script, or software such as Cutadapt [17].

12. When mapping reads using Bowtie2 [13], it will be important
to specify the —X option, which allows the mapping of frag-
ments up to an indicated length. We used 4000 to map reads
up to 4000 bp, in order to accept long fragments in the ATAC-
seq library. Default settings are used for the other options, but
it should be optimized depending on the analysis. Refer to the
project website for further information on options. Also, pre-
built indexes may be useful for the mapping step. There are
sets of genome sequence and pre-built indexes for various
alignment software programs, including Bowtie2, at Illumina
iGenomes [18].
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Fig. 3 Fragment sizes in an amplified ATAC-seq library. (@) DNA libraries were separated by 6% native poly-
acrylamide gel electrophoresis. A high concentration of primers caused the production of DNA derived from the
primers (arrow). M indicates the 100-bp DNA ladder. (b, ¢) Electrophoresis patterns from a Bioanalyzer. The
ATAC-seq library shows a nucleosome ladder with repeating unit size (asterisks). This electrophoresis pattern
is a hallmark of the DNA library for ATAC-seq. Arrow heads indicate the DNA size marker. Arrows indicate DNA
derived from the primers. The concentration of the DNA library should be calculated from the area between the
two dashed lines (150 and 2000 bp) (see Note 7). Primer-derived DNA probably interferes with deep sequenc-
ing. The primer concentration should be optimized to avoid the production of primer-derived DNA (see Note 2)

13. ATAC-seq reads may contain a higher proportion of mito-
chondrial DNA than expected. The proportion of mitochon-
drial DNA within ATAC-seq reads depends on the cell/
tissue types used. We recommend omitting the reads mapped
to mitochondrial sequences before proceeding with further
analysis.
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14. When analyzing OSC ATAC-seq reads using MACS2 [15], we

15.

16.

use the “—g dm —nomodel —nolambda” option. This specifies
the genome size for Drosophila (—g option), not building the
shifting model (—nomodel option), and not considering the
local bias at peak candidate regions (—nolambda option). Refer
to the project website for further information on options.
Downstream analysis, such as comparison of the peaks from
two different ATAC-seq data, can also be performed using
MACS2.

Annotation of peaks can be performed using in-house scripts,
or software such as CEAS [19] (Fig. 4b). As in the case of
CEAS, there are tools developed tor ChIP-seq analysis that can
also be usetul for ATAC-seq analysis. For extended annotation
of the genes neighboring the detected peaks, web resources
such as DAVID [20] may be used to identify Gene Ontology
[21] terms enriched within the list of genes.

Using Custom Tracks from the UCSC genome browser [16],
the distribution of two different sequencing analyses can be
overlaid for comparison purposes (in the case of Fig. 4c, ATAC-
seq, and RNA-seq data). Other information, such as protein-
coding genes, repeats, and conservation between species, can
also be overlaid to provide a comparison.
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Chapter 12

Assessing miR-451 Activity and Its Role in Erythropoiesis

Dmitry A. Kretov, Andrew M. Shafik, and Daniel Cifuentes

Abstract

The ability to microinject small RNAs and mRNAs into zebrafish embryos, of different genetic back-
grounds, allows for the precise dissection of microRNA processing pathways at the molecular level, while
simultaneously provides insight into their physiologic role. Here, we apply such an approach to determine
the impact of Argonaute 2 in the processing of miR-451, a vertebrate-specific microRNA required for
terminal erythrocyte differentiation. This was achieved using fluorescent microRNA reporter sensor assays
and phenotype rescue experiments.

Key words Zebrafish, MicroRNA, Ago2, Microinjection, miR-451, Erythrocyte

1 Introduction

Recent advances in genome editing approaches (e.g., using Zinc
Finger Nucleases, TALENs, and CRISPRs) have allowed for the
routine mutagenesis of specific gene targets in model organisms.
However, there is a growing need to determine the specificity of
these genome-editing tools. To this end, several assays/strategies
have been developed to quantify on-target versus oft-target eftects
[1]. In addition, the specificity of the various genome-editing
methods can be assessed by comparing different mutant alleles
generated by independent targeting sequences, or by complemen-
tation experiments that reintroduce the wild-type copy of the
mutated gene.

Zebrafish is particularly suited to test the latter, as the rescue of
the mutant phenotype is possible by microinjecting the mRINA of
interest into the early embryo. This process enables researchers to
discard off-target effects resulting from the mutagenesis process
and confirm the causal relationship between the mutated genes
and the affected molecular mechanisms.

Furthermore, the impact of such molecular mechanisms on the
whole organism can be quickly determined as zebrafish embryos
develop rapidly [2]. That is, one-day-old zebrafish already show
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a brain, beating heart, twitching muscles and flowing blood,
permitting a comprehensive analysis of embryogenesis.

These features are particularly useful to study microRNA bio-
genesis pathways in zebrafish. MicroRNAs, and some of their
pathway components, were first described using genetic means
[3, 4]. However, precise molecular mechanisms regarding
microRNA action were determined soon after through in vitro
experiments [5-8]. Zebrafish has the advantage of directly inte-
grating both approaches in a vertebrate model organism [9-11].
miR-451 is a vertebrate-specific microRNA that participates in ter-
minal erythrocyte differentiation [12-14]. Interestingly, miR-451
processing by-passes Dicer cleavage and requires the slicer activity
of Ago2 [9, 15, 16]

Here we describe a method to detect microRNA activity using
fluorescent reporters in zebrafish, and precisely outline the role of
Ago2 in miR-451 processing and erythropoiesis by performing a
rescue experiment with small RNAs.

2 Materials

2.1 MicroRNA
Reporter Assay

1. Forward and reverse oligos to clone miR-451 sensor (8-mer
miR-451 seed sites are in bold): 5'-CAAGTAGCTC
GAGCCTAGATAACTACCTGCACTGTGAACGGT
TAGATAAGACTACCTGCACTGTGAACGGTTAGAT
AACTATAGTGAGTCGTATTACG-3, 5’-CGTAATA
CGACTCACTATAGTTATCTAACCGT
TCACAGTGCAGGTAGTCTTATCTAACCGTTCACA
GTGCAGGTAGTTATCTAGGCTCGAGCTACTTG-3".
Prepare a 100 pM stock solution for each oligo.

2. pre-miR-451 hairpin: 5"-rArArArCrCrGrUrUrArCr-
CrArUrUrArCrUrGrArGrUrUrUrArGrUrA  rArUrGrGrUr-
ArArGrGrGrUrUrCrUrG-3’: Dilute with RNase-free water to
make a 1 mM stock solution.

3. miR-451 duplex: 5-rArArArCrCrGrUrUrArCrCrArUrUrAr-
CrUrGrArGTT-3’; 5 -rCrUrCrArGrUrArArUrGrGrUrArAr-
CrGrGrUrArUTT-3’. Dilute with RNase-free water to make a
1 mM stock solution.

4. pCS2-TagRFPT.zf1, Addgene plasmid #61390 [17]. This

plasmid encodes a photostabilized version of zebrafish codon

optimized red fluorescent protein (REP) from Entacmacn
quadricolor.

1x TE butfer: 10 mM Tris-HCI pH 8.0, 1 mM EDTA.

Gibson assembly reaction master mix.

In vitro transcription kit with SP6 RNA polymerase.

® N o ;

Notl restriction enzyme (New England Biolabs).
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. System water: water from the fish facility supply. Specific water

parameters are: pH: 7.2 to 7.6; conductivity: 500 pS; tempera-
ture: 28.5 °C and no traces of ammonia, nitrite, or nitrate.

Methylene Blue stock solution: dissolve to 0.1% (w/V) in sys-
tem water.

Blue water: dilute 2 mL of methylene blue stock solution per
liter of system water. Final concentration is 0.0002% (w/v)
(see Note 1).

Petri dishes, of 100 mm and 35 mm diameter.

Agarose coating: pour melted 2% agarose in blue water on
pippetor dishes (se¢ Note 2).

10 mL Pippetor.
5% in. disposable controlled drop glass Pasteur pipettes.

Protease from Streptomyces grisens (Sigma-Aldrich), commonly
called pronase. Dissolve 5 mg/mL in system water. Aliquot
2 mL in a 15 mL tube and store at —20 °C. Thaw and dilute
to 1 mg/mL prior to use.

Injection plate cast (Adaptive Science Tools).

Thin wall glass filaments for injection needles, 4 in. long,
1 mm of outer diameter,/0.75 mm inner diameter.

Fine point tweezers.

20 pL microloader tips.

Micrometer slide.

Mineral oil (Sigma-Aldrich).

3-in. diameter mini tea strainer stainless steel (OXO GoodGrips,
Adaptive Science Tools).

. N-Phenylthiourea  (1-phenyl-2-thiourea, PTU) (Sigma-

Aldrich): dissolve to 0.3% (w/v) in system water for a 100x
stock solution (see Note 3).

O-dianisidine stock solution: Dissolve 1.4 mg of O-dianisidine
(Sigma-Aldrich) in 2 mL of 96% ethanol (see Note 4).

100 mM sodium acetate pH 4.5.

. 30% hydrogen peroxide solution.

Phosphate buftered saline (PBS; 10x): 100 mM H;PO,, 1.37 M
NaCl, and 27 mM KCI, pH 7 4.

. 4% Paraformaldehyde (PFA): Dissolve 2 g of PFA in 30 mL of

deionized water with 100 pL of 100 mM NaOH. Once PFA is
dissolved, add 5 mL of 10x PBS and adjust to pH 7.

. 12-well plastic cell culture plate.
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3 Methods

3.1 MicroRNA
Reporter Assay

3.1.1  MicroRNA Reporter
Sensor Cloning

3.1.2  Embryo Collection

. To construct the miR-451 sensor, anneal the forward and

reverse oligonucleotides containing the miR-451 target sites by
mixing 10 pL. Forward Primer + 10 pLL Reverse Primer + 10 pL
TE buffer. Incubate in a beaker with boiling water and let it
cool down until it is not hot to the touch.

. Clone annealed oligos with two 8-mer seed sites for miR-451 in

the 3’untranslated region (UTR) of enhanced yellow fluores-
cent protein (EYFP) using the Gibson assembly method [18]
following the manufacturer’s instructions in pCS2+ vector to
create the miR-451 sensor (see Note 5).

. Linearize 5 pg of the miR-451 sensor sites with Notl, a restric-

tion enzyme that cuts after the SV40 polyA signal (see Note 6).

4. In parallel, linearize pCS2-TagRFPT.zf1 using Notl (see Note 7).
. Purity the DNA using a spin column kit and transcribe the DNA

using the in vitro transcription kit with SP6 RNA polymerase.
Incubate the reaction for 3 h at 37 °C.

. Prepare separate tubes with the small RNAs at 10 pM and the

third tube with a mix of mRNAs of the EYFP reporter and the
TagRFP control at 0.1 pg/pL each (see Note 8).

. The night before the injection, set individual pairs in 1.5 L breed-

ing tanks. These tanks have a perforated insert that will allow the
eggs go through and away from the parents that otherwise would
cat them. Separate each male and female by inserting a transpar-
ent divider. Being in the same tank with the male but without
contact opportunity will prime the female to lay eggs.

. Next morning, remove the dividers from the breeding tanks to

reunite the couple. 10 min after the parents start to lay eggs,
transfer the parents with the perforated insert into a new
breeding tank (sec Note 9).

. Pour the water of the first breeding tank through a tea strainer

into a new tank to collect the fertilized eggs and flush the eggs
with system water (se¢ Note 10).

. Invert the strainer over a 100 mm Petri dish (without the lid)

and flush system water on the strainer to release the eggs into
the dish and take them to the injection station.

. Transfer the embryos with the help of the pipettor and a glass

Pasteur pipette into a 35 mm Petri dish. Remove all the water
and cover the eggs with pronase 1 mg/mL (see Note 11).

. Incubate with pronase until at least two embryos start to pop-

out of the chorion (embryo outer shell) (see Note 12).

. Immediately immerse the Petri dish in a 250 mL beaker with

100 mL of system water (see Note 13).
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. Decant the water in the beaker until only a small amount of

water covers the embryos in a corner of the tilted beaker (see
Note 14).

. In a quick motion, pour approximately 200 mL of water into

the beaker, aiming directly over the embryos (see Note 15).

Gently transfer the embryos with the Pasteur pipette into a
new agarose-coated Petri dish, remove the embryos that are
leaking yolk and transfer the rest to the injection plate seeding
the groves (see Note 2).

. Make injection needles by pulling glass capillaries in a needle

puller (see Note 16).

. Load the needle with the small RNA or mRNA of interest

with the help of a plastic loading tip and place it into the needle
holder (see Note 17).

Break the tip of the needle with a Dumont forcep and position
the tip of the needle inside a drop of mineral oil over the
micrometer slide. Press the injection pedal and evaluate the
diameter of the drop with the help of the engraved ruler on the
micrometer slide (Fig. 1). Either increase the injection time or
break further the needle until the desired drop diameter is
reached (see Note 18).

. Inject 1 nL of the EYFP miR-451 reporter and control

TagRFP mixture in every embryo and then reinject them with
either pre-miR-451, miR-451 duplex or nothing (Fig. 2a)
(see Note 19).

. After injection, transfer the embryos into an agarose-coated

100 mm Petri dish and incubate the embryos at 28.5 °C
(see Note 20).

. Coat a 60 mm Petri dish with agarose and pierce the agarose to

form holes in order to hold the embryos in place (see Note 21).

. Eight hours post fertilization, collect the embryos and arrange

them in the holes of the imaging plate with water to the
desired distribution (see Note 22).

. Image the fluorescence, from the EYFP reporter (excitation peak

515 nm, emission peak 528 nm) [ 19]. Then, without moving the
plate or the position of the embryos, image the fluorescence from
the injection control TagRFP (excitation peak 555 nm, emission
peak 584 nm) [20] (Fig. 2b) (see Note 23).

. In vitro transcribed capped mRNA of mouse Ago2 from the

pCS2+/MmAgo2 vector [9] using an SP6 RNA polymerase as
described in the steps 3-5 of Subheading 3.1.1.

. Inject either pre-miR-451, miR-451 duplex or Ago2 mRNA

as described before in the Subheading 3.1.3. into homozy-
gous mutant Ago2 embryos. In parallel, collect wild-type
embryos as a control. Incubate the embryos at 28.5 °C.
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Fig. 1 Calibration of injection needle. A drop of oil covers the ruler in the microm-
eter slide. When the tip of the injection needle loaded with the mRNA solution is
immersed in the oil, press the injection pedal once and measure the diameter of
the ejected drop of mRNA against the backdrop of the micrometer ruler. A drop
with a diameter of 0.1 mm will supply 500 pL, hence press the pedal twice when
injecting each embryo to achieve the desired injection volume of 1 nL

3. At 9 h post-fertilization, add N-phenylthiourea (PTU) to the
plates to a final concentration of 0.003% (w/V) to induce the
oxidative stress in the embryo (see Note 3).

4. At 48 h post-fertilization, collect the embryos and proceed to
stain hemoglobinized erythrocytes with O-dianisidine reagent
[21, 22] (see Note 24).

5. Prepare the hemoglobin staining solution: Mix 2 mL of deion-
ized water, 2 mL of O-dianisidine stock solution, 0.5 mL of
100 mM sodium acetate and 100 pL of 30% hydrogen perox-
ide (see Note 4).

6. Transfer phenyl-thiourea treated embryos to a 12-well plate,
remove as much water as possible and gently add 2 mL of the
staining solution. Incubate embryos with the staining solution
in the dark for 15 min, at room temperature.

7. Remove the O-dianisidine staining solution and then wash
three times with 2 mL of 1x PBS. Be very gentle at this step,
since the embryos will become very brittle and are prone to
bursting (see Note 25).
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Fig. 2 In vivo microRNA sensor assay. (@) mRNA encoding the microRNA sensor
(EYFP with two miR-451 target sites in its 3’'UTR) is mixed with TagRFP mRNA
that will serve as injection control to compare fluorescence between embryos. In
addition, the embryos will be injected with different small RNAs to test their
silencing efficiency. (b) Typical fluorescence result at 8 h after injection, were the
duplex-injected wild type embryos have lost the fluorescence from the EYFP
microRNA sensor but still show the same level of red fluorescence than the
control embryos. The image shows an apical view from the animal pole of the
zebrafish embryos

8.

10.

The embryos are ready for immediate imaging in a dissection
scope. Alternatively, fix the embryos with 4% PFA and incubate
at 4 °C for 24 h, then wash again three times with 2 mL of 1x
PBS and store at 4 °C.

Take pictures of embryos lying flat on their backs (supine posi-
tion) (Fig. 3). To achieve this position, prepare a block of 2%
agarose 5 mm high and put in a 100 mm Petri dish with blue
water. Make a vertical cut in the block with a blade and insert
the tail of the embryo into the cut with forceps (see Note 26).

The morphology of the embryo makes it difficult to take the
entire field in focus in a single picture. Therefore, take several
pictures at different focal planes and then merge the parts in
focus using a photo-editing software.
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wild type MZago2

- |ImiR-451 duplex| pre-miR-451

Fig. 3 O-dianisidine staining of erythrocytes in zebrafish embryos. The orange-
brown staining reveals the presence of blood in wild-type but not in Ago2 mutant
embryos (see Note 27). Only injection of miR-451 duplex but not pre-miR-451

hairp

in (which requires Ago2 to mature) rescues erythropoiesis in Ago2 mutant

embryos treated with PTU

4 Notes

. Methylene blue inhibits fungi growth that would prey on the

embryos, therefore use blue water for all embryo
manipulations.

A thin coat will suffice, so pour the excess of agarose onto the
next Petri dish or back to the original container. The agarose
layer will protect the embryos without chorion that otherwise
will explode in contact with the plastic ware.

. It inhibits melanin production [23] but also creates oxidative

stress that will synergize with the loss of mature miR-451 to
induce anemia [24].

4. Protect the solution from light, handle with gloves.

. Plasmid pCS2+ contains an SP6 promoter necessary for in

vitro transcription and a potent SV40 polyadenylation signal
necessary to instruct polyadenylation of the mRNA. EYFP is
brighter and matures faster than enhanced green fluorescent
protein (EGFP) [19], facilitating the downstream analysis.

Make sure that the linearizing enzyme does not cut EYFP or
the microRNA sites. If possible, Notl is the preferred enzyme
as it is an 8-base cutter. The goal is to obtain at least 1 pg of
DNA in 6 pL for the in vitro transcription. Usually linearizing
5 pgina 50 pL reaction will provide the desired concentration
after the purification step. Maintain RNase-free conditions
during the whole procedure. Longer incubation times may
exhaust the cap nucleotide and result in non-capped, non-
translatable mRNAs.
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. This red fluorescent protein will be the injection control used

to normalize the fluorescence of the miR-451 sensor.
Prepare all the solutions in nuclease-free water.

Fertilized eggs will take around 40 min to conduct the first cell
cycle. While it is important to maximize egg production, it is
critical to perform the injections at one-cell stage. Therefore,
10 min of egg laying is enough for fish in prime condition to
produce the eggs necessary for a regular experiment.

The strainer will not retain fish excrements and bad eggs after
flushing, facilitating egg collection.

To avoid aspirating embryos, place the tip of the glass Pasteur
pipette against the bottom corner of the 35 mm Petri dish.
This results in the aspiration of the water, but not the embryos.

Digestion time may vary. At the point when the first embryos
start to emerge from the chorion, this indicates that the cho-
rion of the other embryos have softened and will be easy to
remove.

Do not decant the embryos into the beaker but immerse the
plate because without the protection of the chorion the
embryos will explode when in contact with air. From this
point, embryos must always be covered with water. The choice
of a 250 mL beaker facilitates the immersion of the 35 mm
Petri dish.

After decanting most of the water, do not return the beaker to
a vertical position as the embryos will be exposed to the air
and explode.

It is the instant pouring of water that creates the pressure nec-
essary to squeeze the embryos out of their softened chorions.

The capillary used to make the injection needle must have a
filament in order to lead the solution down to the tip. Needle
preparation and calibration should be made prior to remove
the dividers from the breeding tanks and avoid unnecessary
delays during the injection process.

Although less than 1 pL. of RNA is usually required per experi-
ment, it is necessary to set up the micropipette to a larger
volume in order to generate enough suction force to aspirate
the RNA solution with these type of capillar-like disposable
plastic tips.

Surface tension will create a dome-shaped oil drop on the slide.
It is important that the drop does not flatten out, as the precise
measurement of the drop diameter has to occur while the drop
is falling in the oil and before it splashes against the slide surface.

A major source of experimental variability is the calibration of
the needle. Therefore, it is preferred to inject the components
independently rather than preparing a master mix for each
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condition. In this way, we can compare, for example, the
fluorescence levels across all embryos.

20. Manipulation and injection can be very traumatic to the
embryo and a fraction of them may burst, polluting the water.
It is very important to remove dead or dying embryos regu-
larly to maintain the integrity of the other embryos.

21. The diameter of a standard 10 pL plastic tip is about the same
diameter of the embryo’s yolk. Connect the tip to a tube of
the vacuum line in order to aspirate the portion of perforated
agar at the moment of punching.

22. Manipulate the embryos into position by carefully aspirating
and ejecting them with the help of a glass Pasteur pipette.
Alternatively, an eyebrow hair glued to a 200 pL plastic tip will
also move the embryos gently. Do not use forceps or other
rigid instrument, as these will easily perforate the yolk and kill
the embryo.

23. To be able to compare fluorescence levels, take a picture with
all the embryos in the same field. Alternatively, when the num-
ber of embryos is large or high resolution is needed, pictures
with overlapping frames using the same microscope settings
and stitch them together with a photo-editing software.

24. The staining can be performed as early as 30 h post fertiliza-
tion, but then slight developmental delays can be confused
with differences in erythrocyte content. Therefore, it is better
to stain embryos after 48 h post-fertilization.

25. A positive staining will develop as orange-brown color (Fig. 3).
Add the PBS very slowly; mixing the ethanol (in the staining
solution) with the water (in the buffer) will create currents
that may damage the embryos.

26. The supine position expose the ducts of Cuvier, enlarged ves-
sels on the ventral side that carry the blood into the heart and
is where most of the blood of the embryo will accumulate dur-
ing the staining.

27. Ago2 mutant embryos are designated as MZago2. MZ stands
for Maternal and Zygotic and indicated that both these
embryos and their mothers are homozygous mutants for the
gene Ago?2.
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Chapter 13

Functional Analysis of MicroRNAs in Neurogenesis During
Mouse Cortical Development

Wei Zhang, Xiaoxia Zeng, and Li Zeng

Abstract

The advantage of using in utero electroporation is that it can study the gene function during neurodevel-
opment in vivo. Using functional analysis of a microRNA (miRNA) gene as an example, this protocol
describes a set of techniques that are crucial for the success of neurogenesis studies, including mice time
mating, plasmid preparation, utero electroporation following miRNA injection into mice embryonic brain
ventricle, labeling of proliferating cells with EDU (ethynyldeoxyuridine), cryosectioning, immunofluores-
cence staining, and confocal microscopic analysis. This chapter also provides detailed technical tips regard-
ing experimental planning, mouse surgery, multi-embryo injection with different plasmids, electroporation,
and maintenance of pregnant mother with post-electroporated embryo.

Key words In utero electroporation, MicroRNA, Cerebral cortex, Immunohistochemistry, Neural
proliferation, Neurogenesis, Cortical development

1 Introduction

It has been more than a decade since in utero electroporation was
first developed to introduce DNA into mouse embryos [1, 2]. This
application has opened a new window to look at neural develop-
ment in mammals. Briefly, DNA is injected into the open ventricles
of the developing brain and the application of an electrical current
causes the formation of transient pores in cell membranes, allowing
for the uptake of DNA into the cells. Not only it is capable of label-
ing the developing cells by expressing a fluorescent protein (e.g.,
GEFP), but also it can manipulate genes of interest by over-
expressing or even loss-of-function of a gene by expressing the
shRNAs [3]. Due to its ability to temporally and spatially target a
specific population of neurons in the brain, in utero electropora-
tion has been most widely used for the analysis of brain develop-
ment of neocortex, embryonic retina and thalamus, hypothalamus,
cerebellar Purkinje cells, auditory brainstem, and hindbrain [4].
The convenience of this technology led to a large body of studies

Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
vol. 1680, DOI 10.1007/978-1-4939-7339-2_13, © Springer Science+Business Media LLC 2018
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on the gene functions and early neural development such as neuro-
genesis and neuronal migration [5, 6]. More recently, it has also
been used to address late-phase developmental questions such as
dendritic patterning and axonal path-finding [7, 8]. In addition,
due to the feasibility of animal models via in utero electroporation,
it caught the attention of physiologists and behaviorists, such as
long-term expression of a light gated protein ChR2 channels by in
utero electroporation enabled the analysis of the network connec-
tivity and neurons involved in learning in adult animals [9, 10].
Manent and others [11] reported that expression of DCX amelio-
rated the susceptibility to epileptic seizures in DCX knockdown
animal. These results suggest in utero electroporation can have an
impact not only on a molecular and cellular level, but also at circuit
and behavioral levels even after developmental periods.

MicroRNAs (miRNAs) are small noncoding RNA molecules
that function in the transcriptional and post-transcriptional regula-
tion of gene expression in a variety of organisms. miRNAs exert
their function by targeting mRNA molecules, typically triggering
their degradation or translational repression by the RNA-induced
silencing complex (RISC) [12]. The functional role of miRNAs
in neuronal development has recently received increasing atten-
tion; an increasing number of studies on dysregulation of miR-
NAs in neurodegenerative disease also suggested that alterations
in the miRINA regulatory pathway could contribute to the disease
pathogenesis [13]. However, the specific miRNAs that regulate
the proliferation and differentiation of neural progenitor cells
(NPCs) during early cortical development are not well established;
molecular mechanisms underlying the pathologic implications of
dysregulated miRNA expression and regulation involved in neuro-
degenerative diseases remain largely unknown as well.

In this protocol, we introduced miRNAs into mouse utero via
in utero electroporation and analyzed the function of miRNAs
during mouse early cortical development. Specifically, we investi-
gated miRNA’s function in regulating proliferation and differenti-
ation of NPCs.

2 Materials

2.1 InUtero
Electroporation

1. Pregnant mice: Time-mate C57BL,/6 mice to obtain the preg-
nant mice. Put one male and one female mouse into the same
cage. The next morning if a vaginal plug is found on the female,
then it is designated as the embryonic day 0.5 (E0.5). All experi-
ments are to be performed in accordance with the approved pro-
tocols set by the institutional animal care and use committee.

2. 2.0-5.0 pg/pl plasmid: prepared with Qiagen EndoFree Maxi
prep Kit. Fast-green (final concentration at 0.1%) should be
added prior to injection to label the injection position.
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Fig. 1 Machines and tools for surgery. (@) PC-10 Puller. (b) Electroporator, foot-controlled pedal and electrode.
(c) Heater. (d) Novaflex model FO-150 lighter. (e) Surgical tools and sutures

. Micropipettes for plasmid injection (Fig. 1a, see Notes 1 and 2).

4. Electroporator: ECM 830 (BTX), Electrode (7 mm), and a

0 N O »n

foot-controlled pedal (Fig. 1b).

. Heater (Fig. 1c¢).
. 10% Povidone-iodine.
. 70% ethanol.

. Lighter (World Precision Instruments, Novaflex model

FO-150) (Fig. 1d).

. Two blunt forceps (Fig. le).
10.
11.
12.
13.
14.
15.

Scissors (Fig. le).
Needle holder (Fig. le).
Sterilized gauze.

Saline.

Sutures.

Analgesic drugs: Carprofen, 5 mg/kg.
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2.2 miRNA We show how to study the function of miRNA (miR-128) on neural
Functional Analysis progenitor cells (NPCs)‘s proliferation and differentiation during
in Neural Proliferation cortical development by in utero electroporation [14, 15].

and Differentiation 1

QN Ul W

. Pregnant mice for miRNA functional analysis: C57BL /6 mice

are time-mated as above (Subheading 2.1, item 1), and choose
the E13.5 pregnant mice for in utero electroporation.

. miRNA /cGFP dual-expression construct with CMV promoter

driving expression of miR-128 and with Efla driving expres-
sion of ¢cGFP (Fig. 2a). Prepare the plasmids as per above
(Subheading 2.1, item 2).

. Stereomicroscope (Zeiss, Stemi 2000, Fig. 2b).
. Cryosection machine (Leica, CM 1950, Fig. 2¢).
. Liquid blocker pen.

. Confocal Laser Scanning Biological Microscope (Olympus

FV1000, Fig. 2d).

7. Click-iT®-Plus EDU Alexa Fluor®647 Kit (Invitrogen).

o

a
miR-Control:

CMV> miR-mimic

. Mouse anti-NEUN (#MAB 377, Millipore).
. Anti-Mouse-Alexa Fluor 555 (Invitrogen).

10.
11.
12.
13.
14.

Dapi (Sigma-Aldrich).
Mounting medium (Vector).
4% paraformaldehyde (PFA).
PBS.

30% Sucrose in PBS.

miR-128:
Efia » copGFP CMV > Pre-miR-128 g Efia » copGFP

Fig. 2 Tools. (a) The expression construct of miR-Control and miR-128. (b) Stereomicroscope. (¢) Cryosection
machine. (d) Confocal Fluorescence microscope
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3 Methods

3.1 InUtero
Electroporation

1. Anesthesia of mouse: Administer a cocktail of ketamine

(100 mg/kg) and xylazine (10 mg/kg) by intraperitoneal
injection (i.p.). The anesthesia time will last for about 2 h.

. Surgical skin preparation: After making sure that the animal is

fully anesthetized by toe pinch reflex disappearance, disinfect
the abdominal skin.

. Exposure of the embryos: Cut a 2-2.5 cm length incision

along the midline of the abdominal skin with scissors (Fig. 3a,
see Note 3). Cover the skin with sterilized gauze with an open
window (3—4 cm) in the middle. Cut the muscle wall about
2-2.5 cm length along the midline underneath the skin
(Fig. 3b). Drop some saline on the gauze around the open
place. Pull out one side of the embryos gently and place on the
gauze (Fig. 3c, see Note 4), drop some warm saline on embryos
from time to time to keep them moist (Fig. 3d, see Note 5).

. Prepare glass pipette and filling of plasmid solution: Pinch the

glass pipette tip with forceps, fill the glass pipette with about
2-3 pl plasmid (mixed with fast-green) using a 5 ml syringe
connected with glass pipette through a plastic hose (Fig. 4a, b).

. Microinjection of plasmids into embryo brain ventricles: Find

an embryo whose head is visible, fix the embryo head position
with a blunt forceps and push one side of the head against the
uterus (Fig. 5a). Make a penetration through the uterus and
skull between the eye and lambdoid suture (Fig. 5b), into the
lateral ventricle on one side of the brain. Inject plasmid together
with fast-green into the ventricle (Fig. 5¢).

. Electroporation: Drop some saline on electrode surfaces and the

uterus wall; clasp the positive electrode on the injected uterus
side, the negative electrode against opposite side (Fig. 6a). Keep

Fig. 3 Surgery and exposure of embryos. (a) Cut skin. (b) Cut the muscle. (¢) Pull out one side embryos. (d)
Drop saline to keep embryo moisture
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Fig. 4 Uptake plasmid. (a) Connect glass pipette to the syringe with a plastic hose. (b) Fill the glass pipette with

plasmid

Fig. 5 Microinjection. (a) Hold the embryo. (b) Microinjection place (dotted circle). (c) Arrow shows the plasmid

in the lateral ventricle

the embryonic head between two electrodes. Keep dropping
some saline on the electrodes and uterus; make sure the contact
surface between electrodes and uterus is filled with saline
(Fig. 6b). Deliver the electric pulses with a foot-controlled
pedal. During electroporation, stretching responses from the
embryo can be observed. Drop saline on embryos to keep them
moist after electroporation (Fig. 6¢).

. Return embryos back into the abdomens: Drop some saline

on the abdominal cavity and all embryos before putting them
back. Using one blunt forceps to lift the abdominal muscle
and skin, and concurrently, use another blunt forceps to insert
embryo body one by one back into abdominal cavity gently
(Fig. 7a). Drop some saline into the abdominal cavity and
then pull another side of embryos out gently. Repeat above
microinjection and electroporation steps. After all the embryos
have been put back into the abdominal cavity, drop some
saline into the cavity to let the embryos be positioned more
naturally.

. Suturing of the abdominal wall: Suture the muscle wall first

(Fig. 7b) then suture the skin (Fig. 7c, see Note 6).

. Recovery from anesthesia and post-surgery: Put the mouse

back into the cage and cover with one gauze to keep the mouse
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Fig. 6 Electroporation. (a)
post-electroporation

Fig. 7 Post-surgery. (a) Put the embryos back into abdominal cavity. (b) Suture the muscle wall. (¢) Suture the
skin. (d) Keep the mouse warm until it wakes up

warm with warm lamp until it wakes up (Fig. 7d, see Note 7),
then put back into the animal room. Monitor the mouse closely
during first 2 days after surgery. Provide analgesic drugs daily
to the mouse during first 3 days after surgery.

3.2 miRNA 1. Pick the E13.5 pregnant mice to conduct in utero electropora-
Functional Analysis tion as above Subheading 3.1. Twenty three hours after in
in Neural Proliferation utero electroporation, inject 100 pl EDU (10 mM) into the

pregnant mouse by i.p., Embryo to be collected 1 h later (see

3.2.1 EDU Labeling Notes 8 and 9)

2. Embryo samples collection. At E14.5, terminate the pregnant
mouse with CO,. Cut the abdominal skin and muscle, pull out
the embryos and cut oft from the pregnant mouse. Separate
miR-Control and miR-128 injected embryos and place them on
different dishes with cold PBS. Leave them on ice for brain tissue
collection. Put one embryo in a 6 cm dish with cold PBS, cut off
the head and separate out brain from the skull under stereomi-
croscope, and then put in one 1.5 ml tube to fix with 4% PFA.

3. Embryo samples fixation. The embryonic brain samples should
be fixed for at least 6-8 h in 4% PFA at 4 °C. 2448 h after fixa-
tion then change into 30% sucrose in PBS. Store brain sample
at 4 °C until it sinks down at the bottom of the tube.
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Fig. 8 Attach the cryosectioned brain slices onto the glass slide

4. Cryosections. After brain samples have sunk down in 30%

sucrose, cut the coronal brain section with cryosection machine
(Fig. 2¢). The thickness is 16 pm. Every six sections of brain
slice should be attached onto the same glass slide (Fig. 8).
After brain slices were dried up at the room temperature, store
the slices at 4 °C for short-term storage and —20 °C for long-
term storage.

3.2.2  Immuno- Immunohistochemistry staining of EDU following the kit staining
histochemistry Staining protocol, as summarized below:
ofEDU 1. Take out one glass slide from 4 °C or —20 °C. Dry it at room

[SANN" ~NEIS I 8]

10.

3.2.3  Cell Counting 1.

and Results Analysis

temperature for at least 30 min.

. Circle the brain tissue with the liquid blocker pen.

. Wash twice with PBS.

. Wash twice with PBS containing 3% BSA.

. Add 200-300 pl of 0.5% Triton®X-100 in PBS and incubate

for 20 min at room temperature for permeabilization.

. Remove permeabilization buffer and wash twice with PBS con-

taining 3% BSA.

. Add 200-300 pl of Click-iT®Plus reaction cocktail on the

tissue.

. Incubate for 30 min at room temperature (avoid the light).

. Remove the reaction cocktail and wash once with PBS contain-

ing 3% BSA.
Wash with PBS twice and then mount glass coverslip with
mounting medium.

Observe the EDU stained brain slices under Olympus
FV1000 confocal microscope. Take pictures of all brain
slices which contain GFP positive cells under the high mag-
nification (40x).
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Fig. 9 miR-128 regulates NPCs proliferation in mouse cortical development by in utero electroporation.
miR-128 and miR-control were introduced into mouse uterus at E13.5 via in utero electroporation. At E14.5,
mouse was labeled with EDU by i.p., for 1 h before brain tissue was collected. (a) EDU immunohistochemistry
staining was performed, arrow heads (white) indicate GFP and EDU double-positive cells. Scale bar = 20 pm.
(b) Analysis of counting results by Student’s t test. **p < 0.01. All data shown are means with standard

deviation (mean + SD)

3.3 miRNA
Functional Analysis in
Neural Differentiation

3.3.1  Embryo Samples
Collection, Fixation,
and Cryosection

2. Count all GFP positive cells in one brain slice first, followed by

1.

2.

counting GFP and EDU double-positive cells in the same
brain slice, and then calculate the EDU positive ratio as below:

EDU positive ratio (%) = (Number of GFP and EDU
double-positive cells/Number of GEP positive cells) x 100.

Normally in one embryo, there are about 8-10 brain slices
containing GFP-positive cells. So that in each experiment con-
dition (miR-Control and miR-128), there are about 8-10
groups of EDU positive ratio. The average of the ratios derived
from the 8-10 groups of GFP positive cells are considered as
the EDU positive ratio representing the embryo.

. Perform Student’s ¢ test using values of at least three embryos

from each experiment condition (Fig. 9).

We chose E13.5 pregnant mice to conduct in utero electro-
poration as above Subheading 3.1.

Collect embryo brain samples at E18.5 (se¢ Note 10). Fixation
and cryosection of brain tissue will follow the same procedure
as above (Subheadings 3.2.1-3.2.3).
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3.3.2  Immuno-
histochemistry Staining
of NEUN

3.3.3 Cell Counting
and Results Analysis

The method is summarized as below:

1.

Take out one glass slide from 4 °C or =20 °C. Dry in room
temperature for at least 30 min.

. Circle the tissue with liquid blocker pen.
. Wash twice in PBS.

4. Block the samples with 1% BSA + 0.1% Triton®X-100 in PBS

at room temperature for 30 min.

. Add 200-300 pl of primary antibody (anti-NEUN, mouse

source, 1:200 dilutions in PBS containing 1% BSA and 0.1%
Triton®X-100) at 4 °C overnight.

. Remove primary antibody and wash three times with PBS,

5 min each time.

. Add 200-300 pl of secondary antibody (anti-Mouse-Alexa

Fluor 555, 1:200 dilution in PBS) for 45 min at room tem-
perature (avoid the light).

. Remove secondary antibody and wash three times with PBS,

5 min each time.

. Mount glass coverslip with mounting medium.

. Observe above NEUN stained brain slices under Olympus

FV1000 confocal microscope. Take pictures of all brain slices
which have GFP positive cells in the CP Zone under the high
magnification (40x).

. Count all GFP positive cells in one brain slice first, followed by

counting GFP and NEUN double-positive cells in the same
brain slice, and then calculate the NEUN positive ratio as below:

NEUN positive ratio (%) = GFP and EDU numbers/GFP
numbers x 100%

. Follow the above Subheading 3.2.3 for counting results analy-

sis, and the results are shown in Fig. 10.

4 Notes

In utero electroporation require meticulous experimental planning,
like timed mating to achieve pregnant mice, surgery and taking out
designated timed embryo, multi-embryo injection of miRNA and
control plasmids into embryo brain ventricle, electroporation of
embryo head and maintenance of pregnant mother with post-elec-
troporated embryo. Delicate hands are needed for experimenter to
dissect out embryo, handling of embryo during ventricle injection
and electroporation, and putting back embryo into mother abdo-
men; preparation of fine glass micropipette tip are also very critical
for the injection of miRNA and survival of embryo after utero elec-
troporation in mother uterus. Below are specific notes:



In Utero Electroporation to Study microRNA Regulates Neurogenesis 201

a GFpP NEUN GFPINEUN D
~ 150 1
= = *kk
Q b=
% £
£ b
€ 100{ =
£
+
o
w
Q
‘o 50
('
] F}
<l z
e e
0 T
'0.4\ '\1’%
o d“%

Fig. 10 miR-128 regulates NPCs differentiation in mouse cortical development by in utero electroporation.
miR-128 and miR-control were introduced into mouse uterus at E13.5 via in utero electroporation and col-
lected brain tissues at E18.5. (a) NEUN immunohistochemistry staining was performed; arrow heads (white)
indicate GFP and NEUN double-positive cells. Scale bar = 20 um. (b) Analysis of counting results (normalized
to miR-Ctrl) by Student’s ttest, ***p < 0.001. All data shown are means with standard deviation (mean =+ SD)

1. Capillary glass tubing with flame polished ends is used to make
glass capillaries. OD = 1.5 mm, ID = 0.86 mm, Length =7.5 cm.
NARISHIGE (PC-10 model) machine (Fig. 1a), set as: NO. 2
heater, heater level 74.0 °C.

2. The capillary glass tip should be pinched before using; the
diameter of the top is about 8—10 pm. Too big is not good for
embryo survival, too small will be difficult to fill with plasmids.
If the glass pipette is broken or felt hard to penetrate, it requires
changing a new one. The glass pipette should be under UV for
at least 15 min before using.

3. The abdominal incision should not be too big or too small.
Too big of an incision is not good for mouse recovery, but too
small may squeeze the embryos and affect their survival.

4. After pulling out one side of embryos, the last one from the
uterine vagina region has a lace connected with the abdominal
wall. Ifit is required to inject different plasmids, it can start to
record from this one, for example, R-1 (right side NO.1
embryo).

5. During the operation, embryos should be kept moist by dropping
warm saline on them, especially before microinjection. After send-
ing all embryos back into the abdominal cavity, continue drop-
ping enough warm saline. It also helps embryos to be moved back
to their natural position.
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10.

. The muscle and skin must suture separately.

. The total surgery time should be as short as possible, it’s better

to be less than 1 h.

. Although both EDU and BRDU (Bromodeoxyuridine) can

label the proliferating cells, it’s better to use EDU if the plas-
mids are tagged with GFP or other fluorescent tags. This is due
to that BRDU staining requires HCI treatment and this treat-
ment will be quenching the GFP fluorescence signal intensity.

. For proliferation study by using EDU labeling, the labeling

time is about 1-3 h. If too long, the labeled cells will migrate
out of VZ/SVZ zone.

When conducting the neural differentiation study, collect
embryos on E17.5 or E18.5 before the pregnant mother gives

birth.
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Chapter 14

Cellular Approaches in Investigating Argonaute2-
Dependent RNA Silencing

Cai Zhang, Joonbae Seo, and Takahisa Nakamura

Abstract

In mammals, there are four Argonaute (Ago) family proteins that play crucial roles in RNA silencing, a
process wherein microRNA (miRNA) mediates inhibition of target mRNA translation. Among the Ago
proteins, Argonaute2 (Ago2) uniquely possesses an endoribonuclease (slicer) activity that is critical for the
biogenesis of specific miRNAs and mRNA cleavage. This Ago2 slicer activity is required for postnatal
development. Despite its important roles, there are still gaps in our understanding of the mechanistic basis
of Ago2’s unique functions in vivo due to a limited availability of experimental tools. In order to investi-
gate Ago2’s functions, we generated a new cellular model of Ago2-deficiency in 3T3 mouse embryonic
fibroblasts (MEFs). This cell line can be used for investigating general Ago2 functions, but also for further
understanding of Ago2’s unique characteristics including the slicer activity, specific amino acid residues,
and domains in Ago2 by reconstitution of Ago2 mutants. Here, we describe the methods for establishing
Ago2-deficient MEFs and for reconstituting the MEFs with an Ago2 mutant lacking its slicer activity by
means of a retrovirus-mediated gene transfer.

Key words Ago2, 3T3 protocol, Mouse embryonic fibroblast

1 Introduction

Argonaute (Ago) proteins are essential components of RNA-
induced silencing complex (RISC) and play a central role in RNA
silencing processes [1]. Among four Ago proteins in mammals,
Ago2 is regarded as a special member since only this family mem-
ber retains endoribonuclease (slicer) activity that generates specific
microRNAs (miRNAs) and cleaves target mRNAs [2-6]. Ago2-
deficient mice are embryonic lethal and mice lacking Ago2’s slicer
activity die shortly after birth with anemia, indicating essential
roles of Ago2- and its slicer activity-dependent RNA silencing [2,
6]. In addition to these developmental regulations, it has become
clear that Ago2 is involved in the regulation of a variety of cellular
and physiological events including tumorigenesis, hypoxia, bone
marrow maturation, and pancreatic p cell expansion [7-10].

Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
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Previous reports demonstrated that there are several amino acid
residues critical for Ago2 functions; slicer activity (D669), RNA
recognition (e.g., K533, Q545, K570), epidermal growth factor
signaling activity (Y393), and Akt-mediated RNA silencing regula-
tion (S388) [8, 11, 12]. Furthermore, there are several domains
critical for Ago2 function including PAZ, an RNA binding module
that recognizes the 3" end of miRNA, or PIWI, a protein domain
tound in piwi proteins and a large number of related nucleic acid-
binding proteins [13]. To investigate the roles of amino acid resi-
dues and domains of Ago2 in vivo is of biological interest and
critical physiologic importance, as a deeper understanding of their
functions could provide us a novel mechanistic basis of RNA silenc-
ing and a design of improved therapeutics targeting miRNA-medi-
ated events.

Mouse embryonic fibroblasts (MEFs) have been broadly used
as an experimental tool for cellular- and molecular-based biology.
Primary fibroblasts isolated from mouse embryos have limited
capacity for proliferation. However, the murine fibroblasts can be
immortalized by distinct procedures, so that it allows us to easily
enable the desired genetic manipulations, reduce culture mainte-
nance time and effort, and facilitate biological replicates in experi-
ments without concern for the limitation of cell proliferation.
There are basically two different ways to immortalize the primary
mouse fibroblasts. One is to introduce an oncogene(s), such as
SV40 large T antigen, into the primary fibroblasts in order to
induce malignant transformation. However, the oncogene could
disrupt proper cellular processes/events and the MEFs immortal-
ized by the oncogene could manifest biological characteristics as
cancer cells. Another method establishing immortalized MEFs is
by means of the “3T3” protocol, which means that primary MEFs
are transferred (the “T”) every 3 days (the first “3”), and inocu-
lated at the rigid density of 3 x 10° cells per 6 cm dish (the second
“3”) continuously (Fig. 1a) [14]. Upon successive passages with
the defined 313 protocol, MEFs initially undergo decent dou-
blings with each passage, and then go through a senescence crisis
where the growth of MEFs virtually ceases (Fig. 1b). By continu-
ing the 3T3 protocol even in the crisis phase, MEFs eventually
show a sign of the immortalization with a constant or rising growth
rate. There is also a potential issue that the MEFs immortalized by
3T3 protocol (3T3 MEFs) could spontaneously harbor a
mutation(s) on endogenous oncogenes,/tumor suppressor genes
during overcoming the crisis phase. Nonetheless, 3T3 MEFs are
regarded as one of the most conventional and useful cellular tools.
Fundamental cellular and molecular mechanisms revealed by anal-
ysis of the 3T3 MEFs have been widely applied to other cell types
in vitro and in vivo.
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Fig. 1 Schemes of establishment of 3T3 MEFs. (a) A scheme of isolating mouse primary fibroblasts to generate
immortalized MEFs through the 3T3 protocol. (b) A scheme showing the proliferation rate of MEFs during an

immortalization process through 3T3 protocol. The cells go through a senescence crisis once and then become
immortalized

In this chapter, we describe an establishment of 3T3 MEFs
generated from an embryo carrying a floxed allele that enables
conditional inactivation of Ago2 by utilizing adenovirus-mediated
cre expression, and reconstitution of Ago2-deficient 3T3 MEFs
with an Ago2 mutant by means of retrovirus-mediated gene
transfer.

2 Materials

2.1 Immortalization 1. B6.129P2(129S54)- Ago2rm*-11ar /] (Ago2flor/flox; Jackson

of Ago2™'ox [IEFs by Laboratory).

313 Protocol 2. Culture medium: Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) supplemented with 10% fetal bovine

serum (FBS) (Hyclone) and 1x penicillin-streptomycin solution
(Life Technologies).
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2.2 Genetic Deletion
of Ago2 by Adeno-Cre

2.3 Genetic
Reconstitution
of Human Ago2
by Retrovirus
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0.25% trypsin-EDTA (Life Technologies).
Phosphate-buffered saline (PBS) (Life Technologies).
Sterile Fine scissors and Fine forceps.

Cell /Tissue culture incubator with 5% CO, at 37 °C.
Biological safety cabinet.

Cell/Tissue culture supplies: Plastic tissue culture dishes (10-,
6-cm); sterile plastic serological pipettes; sterile disposable tubes
(50 ml) cryovials.

BAMBANKER (WAKO).

Pre-packed Cre recombinase adenovirus (Vector Biolabs).
293A cells (Invitrogen).

—80 °C deep freezer.

37 °C water bath.

Anti-Mouse Ago2 Monoclonal Antibody (WAKO).

pMXs-Puro retroviral vector (Cell Biolabs).

PfuUltra II Fusion HS DNA Polymerase (Agilent
Technologies).

QuikChange Lightning Site-Directed Mutagenesis Kit
(Agilent Technologies).

. DNA purification kit (Machery-Nagel).

BamHI (NEB), EcoRI (NEB).
DNA ligation kit (Takara).

Platinum-E (Plat-E) retroviral packaging cell line (Cell
Biolabs).

Hexadimethrine bromide (Polybrene; Sigma-Aldrich).

. Puromycin (Invitrogen).
10.
11.
12.

pFRT/FLAG/HA-DEST EIF2C2 (Addgene).
Topl0 competent cells (Invitrogen).

LB medium with/without ampicillin: dissolve 25 g of LB
broth powder (Fisher) in about 800 ml of purified water. Heat
the solution and frequently agitate until it is completely dis-
solved. Adjust the pH of the medium to 7.2 using 1 M NaOH
and bring volume up to 1 L with purified water. Before use,
sterilize by autoclaving for 15 min. If antibiotic is needed,
allow the solution to cool to 55 °C or lower, and add ampicil-
lin to the final concentration of 50 pg/ml. Store the solution
at room temperature.

LB Agar plates with ampicillin: Suspend 40 g LB agar powder
(Fisher) in 1 L of purified water. Heat the solution and



14.
15.
16.
17.
18.

Investigating Ago2 in 3T3 MEFs 209

frequently agitate until it is completely dissolved. Before use,
sterilize by autoclaving for 15 min. Allow the solution to cool
to 55 °C, add ampicillin to the final concentration of 50 pg/
ml. Mix the solution thoroughly, and pour about 25 ml in
each Petri dish. Store the Petri dishes at 4 °C.

Plasmid miniprep kit (Machery-Nagel).
Lipofectamine 2000 (Invitrogen).

Opti-MEM (Invitrogen).

Sterilized 0.45-pm filter.

Hemagglutinin (HA) antibody (Cell Signaling).

3 Method

3.1 Isolate

and Immortalize MEF
Cells from Ago2/fox
Mice

Set up breeding pairs with Ago2f°v/ix males and females and
check females the following day for vaginal plugs to determine
it mating has occurred (see Note 1).

At 14.5 days of pregnancy, anesthetize the pregnant Ago2fe/
flox female and place it on a dissecting board. Sterilize the fur of
the mouse with 70% ethanol. Make a cut on the medioventral
line with scissors, and expose the abdominal wall of the mouse.

. Cut through the abdominal wall with sterile scissors. Lift up

the uterine horns with sterile forceps (see Note 2), and cut off
the uterus and place it in tissue culture dish containing PBS
for wash.

. Carefully dissect the uterus in the PBS, separate the embryos

and transfer them to a new dish with PBS. Swirl the dish to
remove blood from the embryos.

. Draw an embryo and place it on an empty tissue culture dish.

Remove the embryonic head, and tear out the red tissue (heart
and liver). Place the rest of the embryo in the covered Petri
dish containing 3 ml ot 0.25% trypsin-EDTA.

. Chop up the trimmed embryo with scissors repeatedly to

mince the tissue into pieces as small as possible. Pipet the tis-
sue pieces gently several times with a 3 ml syringe loaded with
a 18G needle, then place the dish in the 37 °C tissue culture
incubator for 5 min.

Remove the dish from the incubator, add 7 ml of DMEM
culture medium to the dish in order to inactivate trypsin, and
mix the cell suspension gently but thoroughly using a 10 ml
serological pipet.

. Transfer the cell suspension to a 15 ml conical centrifuge tube.

By using an additional 3 ml of culture medium, wash the dish
and transfer remaining cells to the tube.
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3.2 Genetic Deletion
of Ago2 by Adeno-Cre

11.

12.

13.

. Centrifuge the tube at 200 rcf for 5 min.
10.

Carefully remove and discard approximately 10 ml of super-
natant. Add 10 ml of fresh culture medium, and mix the cell
suspension gently. Let the cell suspension sit for about 5 min
to allow larger embryo fragments to sink to the bottom.

Transfer the supernatant, but not large embryo fragments, as
much as possible to a 10 cm dish. Incubate the dish with 5%
CO; at 37 °C overnight and change the culture medium the
tfollowing morning.

Check the cells later in the day. If the cells reach confluency,
make cell stocks with BAMBANKER or split the cells. At this
time, the passage number of the Ago2io/flox MEFs is “1.”

To establish 3T3 Ago2fevfox MEFs, seed the cells at the den-
sity of 3 x 10° cells per 6 cm dish, and split the cells with the
same density every 3 days. The MEF cells will become immor-
talized after about 15-20 times of passage. Make cell stocks in
the cryovial with an appropriate label including a passage
number.

Expression levels of Ago2 in the 3T3 Ago2fe/flox MEFs are intact.
Therefore, the 3T3 Ago2fiov/fx MEFs can be used as wild-type. In
order to generate Ago2-deficient 3T3 MEFs, a cre recombinase
needs to be expressed in the cells (Fig. 2a). In this section, the cre
gene is transferred into the cells by utilizing an adenovirus vector

(see Note 3).

1.

The 293A cell line, a subclone of the 293 cell line, is used to
amplify a replication-incompetent adenovirus. Trypsinize and
count the 293A cells, plate them to two 10 cm dishes with
3 x 106 cells per dish. On the following morning, refresh the
medium and add a small amount (10-20 pl) of the pre-packed
Adeno-Cre virus or a control adenovirus carrying green fluores-
cent protein (Adeno-GEFEP) to each dish. Swirl the dish gently to
mix.

. Keep culturing the cells in the incubator. When about 50% of

293A cells are detaching (about 1 day after transduction), squirt
the cells off the dish with a 10 ml pipette. Transfer virus-
containing cells and media to 15 ml sterile capped tubes.

Place the 15 ml tube containing harvested cells and media at
—80 °C for at least 30 min. Remove tube and place in a 37 °C
water bath for no longer than 15 min to thaw. Repeat the freez-
ing and thawing steps twice. Centrifuge the cell lysate at 800 rcf
tor 10 min. Transfer the supernatant to cryovials in 1 ml
aliquots. Store the viral stocks at —80 °C. Titer the virus stock
if needed. This virus stock, the 1st amplification of the Adeno-
Cre and Adeno-GEFP virus, can be used for cell infection to
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Fig. 2 Generation of Ago2-deficient 3T3 MEFs. (a) A scheme showing a strategy to delete Ago2 in 3T3 Ago2™/
flox MEFs by adenovirus-mediated cre recombinase (Adeno-Cre) expression. (b) A western blot analysis assess-
ing expression levels Ago2 detected by an anti-Ago2 monoclonal antibody in MEFs treated with Adeno-GFP
and Adeno-Cre. p-Tubulin is shown as a control

3.3 Genetic
Reconstitution
of Human Ago2
by Retrovirus

express transgene, further crude amplification, or large amplifi-
cation and purification for in vivo study.

. In order to infect Adeno-Cre and Adeno-GFP virus to 3T3

Ago2flox/fox MEFs, plate the cells to two 6 ¢cm dishes at 5 x 105
cells per dish (Day 0). On the following morning (Day 1),
refresh the medium and add approximately 100 pl of the crude
viral stocks of Adeno-Cre or Adeno-GFP from step 3 (sec Note
4). Refresh the medium on the following morning (Day 2).
Continue to culture the cells in the incubator.

. When the infected 3T3 Ago2f/fex MEFs reach confluency

(1-2 days after transduction), plate the infected MEF cells in
multiple 6 cm dishes at 5 x 10° cells per dish.

By using the cells on one of the plates, examine expression lev-
els of Ago2 by western blot by detecting with anti-Ago2 anti-
body (Fig. 2b). If the titer of virus stocks is high enough,
expression of Ago2 is completely lost in the 3T3 Ago2flox/flox
MEFs infected with Adeno-Cre, but not in cells infected with
Adeno-GFP, even after one-time virus infection.

If Ago2 expression remains in the 3T3 Ago2fie/flox MEFs
infected with Adeno-Cre, repeat the infection step (step 4).
Expression of Ago2 usually disappears within three times of
Adeno-Cre infection. Genetic deletion of the Ago2 allele can be
confirmed by genotyping using a specific primer set. After con-
firmation of Ago2 deletion, make stocks of the Ago2-deficient
3T3 MEFs (Ago2 KO 3T3 MEFs) and Adeno-GFP-treated
3T3 Ago2fio/flos MEFs (Ago2 WT 3T3 MEFs) (see Note 5).

Functional roles of specific amino acids and domains in Ago2 can

be investigated in vivo by reintroducing Ago2 mutants in Ago2
KO 3713 MEFs. In order to reintroduce the Ago2 mutant, one of
the most conventional and convenient methods is to utilize a
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retrovirus-mediated gene transfer that mediates stable genetic
modification of treated cells by chromosomal integration of a
gene(s) of interest. In this section, Ago2 KO 3T3 MEFs are recon-
stituted with human Ago2 WT or mutant by means of the retrovi-
rus (Fig. 3a). Through this strategy, we can even replace Ago2 with
other Argonaute members in MEFs (Fig. 3a).

Among the variety of retrovirus vectors, a pMXs-Puro retrovi-
ral vector based on the Moloney murine leukemia virus (MMLV)
is used in this study. This pMXs-Puro vector can stably integrate
and express a gene of interest with a puromycin selection. In order
to insert human Ago2 into this vector, human Ago2 coding DNA
sequence (CDS) is amplified by PCR with primers that contain a
restriction enzyme digestion site, followed by the restriction
enzyme digestion and a ligation of the human Ago2 CDS fragment
with the pMXs-Puro backbone vector. Retrovirus vector with
human Ago2 mutant can also be generated with a mutagenesis kit
if necessary. After confirmation of the human Ago2 WT or mutant
insertion, the retrovirus vector is ready for transfection to retrovi-
rus packaging cells such as Plat-E cells to produce retrovirus, fol-
lowed by infection to Ago2 KO 3T3 MEFs for reconstitution.

1. Generate a BamHI-human Ago2-EcoRI nucleotide fragment
by PCR using PfuUltra II Fusion HS DNA Polymerase with
an appropriate human Ago2 template (e.g., pFRT/FLAG/
HA-DEST EIF2C2) (see Note 6). Digest pMXs-Puro
retroviral vector and the purified human Ago2 DNA frag-
ments with BamHI and EcoRI. Purify the digested human
Ago2 fragments with a DNA purification kit, and the digested
backbone vector by gel purification (see Note 7).

Retrovirus

S

infection @ + +

— Vector
— Ago2 WT
+ Ago2 D699A

I+ 1

w@ e B: Ago2

D69gx

3

Ago2KO 0, @ w IB: HA

3T3 MEFs Of4gof,b0®
'77@/77(;7[6‘ . . e | |B: B-Tubulin

G/;S,
@ KO WT KO KO

3T3 Ago2 MEFs

Fig. 3 Reconstitution of human Ago2 in Ago2-deficient 3T3 MEFs. (a) A scheme showing a strategy to recon-
stitute human Ago2 WT, mutant, or other Ago members by means of retrovirus-mediated gene transfer. (b) A
western blot analysis assessing expression levels Ago2 detected by anti-Ago2 that detect both endogenous
and reconstituted Ago2 and anti-HA monoclonal antibody that detects exogenous proteins. p-Tubulin is shown
as a control
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. Ligate the purified human Ago2 and backbone fragments (fol-

low manufacturer’s protocol in the ligation kit). Transform
the ligation product to Topl0 competent cells and spread the
cells on a LB agar plate containing 50 pg/ml ampicillin. Select
5-10 colonies from the plate after a 37 °C overnight incuba-
tion. Culture them overnight in LB medium with 50 pg/ml
ampicillin, and isolate plasmid from each colony using a mini-
prep kit.

. If needed, induce a mutation(s) into human Ago2 by

QuikChange Lightning Site-Directed Mutagenesis Kit (follow
manufacturer’s protocol). Sequence the plasmids (use the
PCR primers in Note 6) to confirm Ago2 insertion.

. After confirmation, prepare enough plasmid for transfection

(see Note 8), and seed Plat-E cells at 3 x 10° cells in a 6-cm
dish (Day 0).

. On Day 1, transfect 10 pg of pMXs-Puro retroviral empty vec-

tor, pMXs- human Ago2-Puro retroviral vector, or pMXs-
human Ago2 mutant-Puro retroviral vector to the Plat-E cells
in each 6-cm dish by Lipofectamine 2000.

On Day 2, refresh the culture medium and continue to incu-
bate the cells in the incubator.

. After 24 hours, harvest the virus-containing supernatant from

the dish of transfected Plat-E cells and filtrate it with a 0.45-
pm sterile syringe filter. Aliquot 1 ml of the supernatant into
cryovials. This supernatant can be used for gene transfer
immediately or stored at —80 °C. Titer the virus stock if
needed.

. Seed Ago2 KO and Ago2 WT 3T3 MEFs at 3 x 10* cells per

well in a 24-well plate.

On the following morning, infect the MEFs with the different
dilutions of retroviral supernatant in the presence of 6 pg,/ml
polybrene for 8—24 h in order to obtain cells expressing human
Ago2 WT and mutant at similar levels (see Note 9). Remove
and discard the medium from the wells and replace with fresh
DMEM culture medium.

After additional 24 h incubation, trypsinize the infected MEFs
and plate them in 6-cm dishes with fresh culture medium con-
taining 2 pg/ml puromycin (see Note 10) for selection.

Continue to incubate the cells until the selection is completed
(about 3 days). Harvest the selected cells and confirm the
expression of human Ago2 WT or mutant protein in Ago2
KO MEF cells with anti-Ago2 antibody by western blot
(Fig. 3b). If necessary, compare the expression levels of ditfer-
ent groups of cells with Ago2 WT 3T3 MEEF cells, and choose
the cells expressing similar Ago2 levels as WT cells. Make



214 Cai Zhang et al.

stocks of the Ago2 KO 3T3 MEFs reconstituted with human
Ago2 WT or mutant, and pMXs-Puro retrovirus treated Ago2
KO 3T3 MEFs.

4 Notes

. Please refer Information about “how to time mouse preg-

nancy” described in the website of the Jackson Laboratory.

2. Do not contaminate the uterus with the fur.

10.

. Every procedure in this part contains infectious virus. Please

follow the Biological Safety Level 2 work guidelines.

. Passaging and transduction can be conducted at the same

time. Add the crude virus lysate to medium in the 6 cm dish
when seeding the cells on Day 0. Swirl the dish gently to mix.
Refresh the medium on the morning of Day 1.

Expression of genes induced by adenovirus is regulated in a
temporal manner.

The primers for the PCR are 5'-CGATAGGGA
TCC ACCATGTACTCGGGAGCCGGC-3" (forward) and
5'-CGATAGGAATTCCCTAGGCAGAGTCT
GGGACGTCATATGGATAAGCAAAGTA
CATGGTGCG-3" (reverse). HA tag is introduced to the
sequence as an optional marker.

BamHI and EcoRI locate separately in a multi-cloning site of
the pMXs-Puro retroviral vector and there is about 1 kb
between these two sites. So after digestion, two fragments
with different sizes are observed in the gel. One of them is a
fragment around 1 kb and the other one is about 5-6 kb,
which is the backbone fragment.

. If mini-prep is used, ethanol precipitation is needed for purifi-

cation of the plasmid to ensure the transtection efficiency.

If it is necessary to adjust the expression level of restored
human Ago2 WT similar to the endogenous Ago2 expression
level in WT cells, you can transduce the Ago2 KO MEF cells
with different titers of the retrovirus, such as 1, 10, 25, 50, or
100 pl of the crude virus to 500 pl of medium.

Ideally, optimized puromycin concentration for Ago2 MEF
should be tested before selection by culture the Ago2 KO
MEF cells in the presence of different concentration of puro-
mycin, such as 1, 2, 4, 6 pg/ml and so on. Choose the lowest
concentration of puromycin that can induce the death of
more than 95% of cells, for the following selection experi-
ment. It is always recommended to have Ago2 KO MEF cells
(without transduction) as the positive control for selection.
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Chapter 15

Genomic Tagging of AGO1 Using CRISPR/Cas9-Mediated
Homologous Recombination

Sanjay Ghosh and Ji-Long Liu

Abstract

Tagging of genes at the endogenous loci is a powerful strategy for the analysis of protein function. We have
developed a homologous recombination-based approach for inserting epitope tag into Drosophiln AGO1
locus by employing the CRISPR/Cas9 technology. The methodology involves co-expression of sgRNA
(containing 20-nucleotide AGOI targeting sequence) and Cas9 protein, together with a donor template
that has HA-AGOI1 cassette flanked by sequences homologous to the AGOI locus. The integration is
efficient and readily monitored by immunostaining of the transgenic cell line. This method facilitates rapid
generation of stable cell lines and allows insertion of any tag sequence into endogenous loci, thus accelerat-
ing characterization of the tagged proteins.

Key words CRISPR/Cas9, Drosophila, AGO1, Homologous recombination, Epitope tagging,
Genome engineering, Transfection vector

1 Introduction

DNA strand breaks are repaired by homologous recombination
(HR) or non-homologous end joining repair (NHE]) pathway
within cells [1]. The homology-directed repair process is depen-
dent on the presence of a donor DNA template with sequence
homology flanking the site of lesion. This allows insertion of exog-
enous sequences at or near the site of repair and has been success-
fully co-opted for genome engineering [2]. Epitope tagging of
genes has emerged as a powerful strategy to study the function of
encoded proteins and has been widely used for analysis of protein
function [3]. Compared with transgenic expression of recombi-
nant proteins, targeted insertion of epitope tags into the endoge-
nous chromosomal loci maintains the regulatory landscape of the
gene and allows easy standardization for multiple analytical meth-
ods. However, the specificity and efficiency HR-mediated tagging
is extremely low making the procedure laborious and demanding.

Katsutomo Okamura and Kotaro Nakanishi (eds.), Argonaute Proteins: Methods and Protocols, Methods in Molecular Biology,
vol. 1680, DOI 10.1007/978-1-4939-7339-2_15, © Springer Science+Business Media LLC 2018
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Here, we describe the use of CRISPR /Cas9 method for seam-
less integration of HA-epitope sequence into the Argonaute-1
(AGOLI) locus in Drosophila cells. The CRISPR /Cas9 system gener-
ates a specific targeted DNA double-strand break and consists of two
components—a single guide RNA (sgRNA) with a 20 nucleotide tar-
geting sequence at its 5’end and Cas9 nuclease that cleaves the DNA
upon formation of the sgRNA-DNA complex in context of a 3
nucleotide protospacer adjacent motif (PAM) sequence [4, 5]. This
RNA-guided endonuclease system is independent of host factors
and has been widely used for gene editing and functional genomics
studies across animal kingdom including Drosophiln [6-12].
Drosophila AGOI binds microRNAs to form the miRNA-induced
silencing complex (miRISC) that suppress gene expression by mod-
ulating mRNA stability and/or translation [13, 14]. For epitope
tagging of AGO1, we targeted the exon common to all transcript
variants and chose the sgRNA targeting sequence that showed high
DNA cleavage efficiency [15]. The 20 nucleotide targeting sequence
is cloned using a pair of complementary oligonucleotides containing
overhangs for insertion into the Drosophila expression vector devel-
oped in our lab that allows constitutive co-expression of sgRNA and
Cas9 protein thus reducing variability in transfection experiments
(Fig. 1). The donor plasmid is generated in two steps. First, the
homology arms (left and right of the cleavage site) are amplified
from the genomic DNA using a gene-specific and a chimeric primer
that contains the HA sequence. In the second step, both DNA frag-
ments are joined together by overlap extension PCR [16] followed
by subcloning into a standard cloning vector (Fig. 2). The sgRNA-
Cas9 expression plasmid and the donor DNA are then combined for
transfecting Drosophila S2R+ cells leading to DNA cleavage at the
AGOI target site and followed by homologous recombination
resulting in insertion of the HA tag in frame with AGOI coding
sequence (Fig. 2). The transfected cells are subjected to immunos-
taining to detect expression of the HA-tagged AGOIL protein
(Fig. 3). Furthermore, stable cell lines can be established by puro-
mycin selection and genomic DNA sequenced to verify insertion of
HA epitope.

2 Materials

2.1 Generation
of AGO1-sgRNA-Cas9
Expression Plasmid

Use autoclaved ultrapure water to prepare all solutions. All plastic
wares (tips and tubes), containers for reagent storage and media
tor culture of bacterial cells should be sterilized by autoclaving
before use.

1. Plasmid DNA: pAc-sgRNA-Cas9 (Addgene plasmid #49330).
2. Oligonucleotide primers (see Table 1).
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Fig. 1 CRISPR/Cas9 expression system for Drosophila cell lines (a) Schematic diagram showing the essential
features of expression vector pAc-sgRNA-Cas9. The sgRNA cassette is under the control of Drosophila U6
snRNA promoter and includes a 20 nucleotide spacer sequence at the 5" end that can be replaced with gene-
specific targeting sequence by BspQ1 digestion. The human codon-optimized Cas9 coding sequence flanked
by nuclear localization signal (NLS) is produced from actin5C promoter which also drives expression of the
selectable marker puromycin N-acetyltransferase gene. The Cas9 and puromycin coding sequences are sepa-
rated by “self-cleaving” T2A peptide that allows bicistronic expression. Transcription is terminated by polyad-
enylation signal from the SV40 virus. (b) Strategy for cloning the 20 nucleotide targeting sequence into the
expression vector. BspQ1 digestion of the vector results in 5" overhangs. A pair of 20 nucleotide target sequence
containing oligonucleotides are designed such that upon annealing the ends provide the sequence compli-
mentary to the vector overhangs allowing seamless cloning. This figure is adapted from [15]

3. Oligonucleotide annealing buffer (2x): 20 mM Tris pH 8.0,
2 mM EDTA pH 8.0, 100 mM NaCl.

QIAprep Spin Miniprep Kit (Qiagen).

QIAquick PCR purification kit (Qiagen).

BspQ1 (New England Biolabs).

Calf Intestinal Alkaline Phosphatase (New England Biolabs).
T4 polynucleotidyl kinase (New England Biolabs).

T4 DNA ligase (New England Biolabs).

VXN
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Fig. 2 Strategy for generation of donor plasmid and insertion of HA epitope by homologous recombination. (a)
Schematic of AGO7 locus showing a partial genomic region from exon 1 to exon 3. The region flanking the 20
nucleotide target sequence (marked by *) is PCR amplified using a pair of gene-specific and chimeric oligo-
nucleotide containing the HA sequence (black, bold). (b) Both DNA fragments are used as template and joined
together by overlap extension PCR using the gene specific primers. (¢c) The donor DNA contains HA sequence
(black box) fused in-frame with the AGOT exon 2 sequence flanked by ~1 kb of homology arms. (d)
Co-transfection of AGO7-sgRNA-Cas9 expression plasmid and donor DNA vector resulting in cleavage of DNA
at the target site and subsequent integration of the HA tag (black box) in AGO1 locus by homologous recombi-
nation (e). The transcription start site of AGO7 is shown by an arrow while the exons are in gray boxes. The

interconnecting line and the white boxes depict intron sequence. The sequences of the primers are shown in
Table 1

X |

10. Chemically competent E. coli DH5a cells (Thermo Fisher
Scientific) (see Note 1).

11. 100 mg,/ml Carbenicillin, disodium salt (Sigma) (se¢ Note 2).

12. LB-Carbenicillin broth: Dissolve 10 g tryptone, 5 g yeast extract,
10 g NaCl in 1 | deionized water and sterilize by autoclaving.
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Fig. 3 Tagging of AGO1 gene with HA peptide. Cells co-transfected with expression vector and donor plasmid
are co-stained with anti-HA (b, d, green) and anti-AGO1 antibody (c, d, req). The merged image is shown in (d).
The epitope-tagged cell (open arrowhead) shows a cytoplasmic distribution of anti-HA signal similar to anti-
AGO1 staining in an untransfected cell (asterisk). The absence of anti-HA and anti-AGO1 staining in cells
(closed arrowhead) suggests a loss of AGO1 expression due to CRISPR/Cas9-mediated homozygous mutation.
DNA stained with Hoechst is shown in cyan, (a). Scale bar 10 um. This figure is modified from [15]

13.

14.
15.
16.
17.

Add Carbenicillin (100 pg/ml final concentration) to the
cooled media (~37 °C) and store at 4 °C.

LB-Carbenicillin agar: Add 15 g Agar to 1 | of LB media as
described above and sterilize by autoclaving. Cool the media
to ~40 °C, add Carbenicillin (100 pg/ml final concentration)
and pour into petri dishes. Store at 4 °C.

S$.0.C. medium (Thermo Fisher Scientific).
Nanodrop spectrophotometer.
Dry block heater.

Sterile 1.5 ml microcentrifuge tubes.
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Table 1

List of oligonucleotides

Oligonucleotide

Sequence (5’ > 3)

AGOsgF
AGOsgR
UG63F

AgoUpF

AgoUpR
AgoDownF
AgoDownR

TTCGCTGAGGCCGAGTGGGCGAGG
AACCCTCGCCCACTCGGCCTCAGC
CATTTGCCAATTCTTATAATTC

ACTCTGGCCGGCGTAGTCGGGCACGTCGTAGGGG-
TATGACTCTATAAAAAGAAAAGGTAATC

GGCCTGCGTCTCGAATTTATTC
CTCGTCCGAGATTCGGGCG

TACCCCTACGACGTGCCCGACTACGCCGGCCAGAGTCAGTGGAC-
CCCCTCGCCC

2.2 Generation
of AGO1-HA Donor
Plasmid

2.2.1 Preparation
of Genomic DNA
from S2R+ Cells

2.2.2 Cloning of AGO1

Homology Arms

1. Drosophila S2R+ cells (Drosophila Genomics Resource Centre,
stock #150).

. 75-cm? cell culture flask (Sigma).

. Schneider’s Drosophila medium (Sigma).

. Fetal bovine serum (Thermo Fisher Scientific).

. Penicillin-streptomycin (10,000 U/ml, Thermo Fisher Scientific).

. Lysis buffer: 10 mM NaCl, 10 mM Tris pH 7.5, 10 mM
EDTA pH 8.0, 0.5% SDS.

7. Proteinase K solution (20 mg/ml, Thermo Fisher Scientific).

N Ul W N

. Tris-equilibrated phenol:chloroform:isoamyl alcohol (Sigma).

Nelie]

. 3 M sodium acetate solution pH 5.5 (Thermo Fisher Scientific).
10. 100% ethanol.

11. Laminar flow hood.

12. Cell culture incubator.

13. Table-top refrigerated microcentrifuge.

14. Sterile 1.5 ml microcentrifuge tubes.

p—

. Oligonucleotide primers (see Table 1).

2. Phusion Flash High-Fidelity PCR master mix (Thermo Fisher
Scientific).

3. Taq DNA polymerase (New England Biolabs).
4. 100 mM dATP solution.
5. 1 M Magnesium chloride solution.



2.3 Transfection
of S2R+ Cells

2.4 Detection
of HA-Tagged AGO1
by Immunostaining

0 2 N

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

20.
21.

oGk N
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pGEM-T Easy kit (Promega).

100 mg/ml Carbenicillin, disodium salt (Sigma).
LB-Carbenicillin broth: see Subheading 2.1.
LB-Carbenicillin agar: see Subheading 2.1.
QIAquick Gel Extraction Kit (Qiagen).

QIAprep Spin Miniprep Kit (Qiagen).

6x DNA loading dye.

Thermocycler.

Sterile 1.5 ml microcentrifuge tubes.

0.2 ml nuclease-free PCR tubes.

SYBR Safe DNA gel stain.

Agarose gel electrophoresis apparatus with power supply.

0.5 x TBE buffer: 40 mM Tris, 45 mM Boric acid, 1 mM
EDTA pH 8.

1% Agarose gel: Dissolve 1 g Agarose in 100 ml 0.5 x TBE
buffer by boiling, cool to ~50 °C, add SYBR Safe DNA gel
stain (1x) and pour in casting tray with the gel comb.

UV transilluminator.

Nanodrop spectrophotometer.

. Drosophila S2R+ cells (Drosophila Genomics Resource Centre,

stock #150).

75 c¢cm? cell culture flask (Sigma).

6-well cell culture plates (Sigma).

Schneider’s Drosophila medium (Sigma).

Fetal bovine serum (Thermo Fisher Scientific).

Penilicillin-streptomycin (10,000 U/ml, Thermo Fisher
Scientific) as in 2.1.1 item 5 for consistency.

7. Fugene HD transfection reagent (Promega).

© o

N

Sterile 1.5 ml microcentrifuge tubes.

. Cell culture incubator.
10.

Laminar flow hood.

24-well cell culture plates.

Phosphate buffered saline (PBS) solution: Dissolve one PBS
tablet (Sigma) in 200 ml ultrapure water. Store at room
temperature.

Paraformaldehyde, methanol-free (VWR).

. PBT: PBS, 0.1% TritonX-100, store at room temperature.

PBTS: PBT, 5% Normal goat serum.
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6.

10.

11.
12.

Anti-AGO1 mouse monoclonal antibody (* gift of Mikiko
C. Siomi, Keio University School of Medicine, Japan).

Anti-HA rat monoclonal antibody (clone 3F10).
Goat anti-Mouse IgG (H + L) Cy5 (Thermo Fisher Scientific).

Goat anti-Mouse IgG (H + L) Alexa Fluor 488 (Thermo
Fisher Scientific).

PBT-Hoechst: add 1 pl 20 mM Hoechst 33342 solution
(Thermo Fisher Scientific) to 1230 ul PBT (final concentra-
tion of Hoechst is 10 pg/ml).

Mounting medium (Dako).

Glass slides and round coverslips.

3 Methods

3.1 Generation
of AGO1-sgRNA-Cas9
Expression Plasmid

Perform all procedures at room temperature unless otherwise
specified and use autoclaved ultrapure water in reactions
throughout. Assemble reactions in sterile 1.5 ml microcentrifuge
tubes except for PCR amplifications where 0.2 ml tubes are used.
Add the reaction components in the order as listed in the Tables.
After assembly of the reaction, mix well and centrifuge briefly to
collect the reaction at the bottom of the tube.

1.

Prepare pAc-sgRNA-Cas9 plasmid DNA (Fig. la) using
QIAprep Spin Miniprep Kit. Measure the concentration of the
sample using Nanodrop spectrophotometer and dilute to
200 ng/pl (see Note 3).

Digest the plasmid DNA with restriction enzyme BspQl
(Fig. 1b). Assemble the reaction on ice as shown in Table 2.
Incubate the reaction tube at 50 °C on block heater for 2 h
(see Note 4).

. Dephosphorylate the 5" ends of the linearized plasmid DNA

by adding 1 pl Calf Intestinal Alkaline Phosphatase (10 U /ul)
to the reaction. Incubate at 37 °C for 10 min.

. Purity the DNA using QIAquick PCR purification kit. Elute in

30 pl Elution Buffer. Determine the concentration of the
DNA using Nanodrop spectrophotometer and dilute to
50 ng/pl (see Note 3).

Order oligonucleotides AGOsgF and AGOsgR (sequences in
Table 1) containing the AGOI targeting sequence with the
overhangs for cloning into BspQl restriction site (under-
lined). Prepare 100 pM stock solutions by resuspending the
lyophilized oligonucleotides in ultrapure water.

Assemble the oligonucleotide annealing reaction on ice as
shown in Table 3. Mix and transfer the tube to 98 °C on a
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Table 2
Restriction digestion of plasmid

Component Volume (pI) tl::)nna(:entration
Ultrapure water 33
pAc-sgRNA-Cas9 (200 ng/ul) 10 40 ng/pl
NEB buffer 3.1 (10x) 5 1x
BspQ1 (10 U/ul) 2 0.4 U/pl
Total volume 50

Table 3

Oligonucleotide annealing reaction

Final

Component Volume (pl) concentration
AGOsgF (100 pM) 10 25 pM
AGOsgR (100 pM) 10 25 uM
Annealing buffer (2x) 20 1x
Total volume 40

Table 4

Phosphorylation reaction

Final

Component Volume () concentration
Ultrapure water 7
T4 DNA ligase buffer (10x) 1 1x
Annealed oligo mix 1
T4 Polynucleotidyl kinase (10 U /ul) 1 1 U/ul

Total volume 10

block heater. Incubate for 2 min. Switch off the block heater
and allow it to cool to room temperature. Centrifuge the tube
briefly and keep on ice (see Note 5).

7. Phosphorylate the annealed oligonucleotides by preparing the
reaction mix as shown in Table 4. Incubate at 37 °C for
30 min. Dilute the reaction 10x by adding 90 pl ultrapure
water. Transfer the tube on ice (see Note 6).
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3.2 Generation
of AGO1-HA Donor
Plasmid

3.2.1 Preparation
of Genomic DNA

from Drosophila S2R+
Cells

Table 5
Ligation reaction

Component Volume (pl) z:)nna:entration
Ultrapure water 4
T4 DNA ligase buffer (10x) 1 1x
BspQ1 digested vector (50 ng) 2 10 ng/ul
Phosphorylated oligos (10x 2

diluted)
T4 DNA ligase (400 U /pl) 1 40 U/l
Total volume 10

10.

11.

. Assemble the ligation reaction with the linearized vector (from

step 4) and annealed oligonucleotide as in Table 5. Incubate
at 16 °C for 2 h (see Note 7).

Transform 50 pl aliquots of competent E. col cells with 2 pl of
ligation reaction as well as dephosphorylated BspQ1 digested
vector (50 ng), incubate both tubes on ice for 30 min fol-
lowed by heat shock at 42 °C for 30 s. Return the tube on ice
and keep for an additional 2 min. Add 150 pl SOC media to
the cells, mix by pipeting and plate 50 pl on LB-carbenicillin
agar plates. Incubate the plates in 37 °C incubator overnight
(see Note 8).

Pick 5 single colonies from the plate containing cells trans-
formed with the ligation reaction (see Note 9). Inoculate 5 ml
of LB-carbenicillin broth with each colony and culture over-
night at 37 °C with shaking.

Prepare plasmid DNA using QIAprep Spin Miniprep Kit and
verify the insertion of AGOI targeting sequence at the BspQ1
restriction site of pAc-sgRNA-Cas9 by sequencing with U63F
primer (see Table 1). Dilute DNA (pAc-AGO1sgRNA-Cas9)
to 100 ng/pl (see Note 3).

. Prepare complete culture medium as shown in Table 6 (see

Note 10). Grow S2R+ cells in 75 cm? cell culture flask at
25 °C to ~80% confluency.

. Harvest 1 ml culture by centrifugation at 2000 x 4 for 2 min.

Wash twice in 1 ml PBS (see Note 11).

. Resuspend cell pellet in 0.2 ml Lysis Buffer containing 200 pg/

ml proteinase K and incubate at 55 °C for 2 h (se¢ Note 12).
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Homology Arms
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Table 6
Drosophila S2R+ complete culture medium

Component Volume (ml) (I::)nna;entration
Schneider’s Drosophila Medium 500

Fetal bovine serum 50 10%
Penicillin-streptomycin 5 100 U/ml

(10,000 U/ml)

. Mix lysate with equal volume of phenol:chloroform:isoamyl

alcohol and leave the tube horizontally on a shaker with gentle
rocking for 1 h (see Note 13).

. Centrifuge at 10,000 x g for 3 min. Transfer the aqueous

phase to a new 1.5 ml tube.

. Precipitate DNA by adding 0.1 volume 3 M sodium acetate

solution pH 5.5 and 2.5 volume 100% ethanol. Centrifuge at
13,000 x g for 15 min at 4 °C.

. Wash pellet with ice-cold 70% ethanol, air dry for 5 min and

suspend in 50 pl of Elution Buffer. Dilute DNA to 10 ng/pl
(see Note 3).

. Order primers (AgoUpF, AgoUpR, AgoDownF, AgoDownR)

for amplification of AGO! left and right homologous arms
carrying HA sequence (see Table 1 for the sequences, the
sequence encoding HA peptide is underlined, Fig. 2a).

. Prepare a master mix for two PCR reactions as shown in

Table 7 in 0.2 ml PCR tubes. Add the forward and reverse
primers pairs in separate tubes followed by equal volumes of
the master mix in each tube. Mix by pipeting.

. Transfer both tubes in thermal cycler and perform the PCR

reaction with the program as shown in Table 8.

. Add 10 pl of 6x DNA loading dye to each PCR sample and

load into separate wells in 1% agarose gel containing SYBR
Safe DNA gel stain (1x). Run gel at 10 V/cm for 30 min (see
Note 14).

. Visualize the gel under green light and cut out the DNA band

with a clean scalpel (the expected size of the left homology
arm amplicon is 1049 bp while that for the left homology arm
is 1036 bp). Purify the DNA using QIAquick Gel Extraction
kit. Elute in 30 pl Elution Buffer. Determine the DNA con-
centration using Nanodrop spectrophotometer and dilute
each DNA sample to 100 ng/pl.
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Table 7
PCR reaction

Component Volume (pl) Master mix (for two reactions) Final concentration

Ultrapure water 19 38 ul

Phusion flash master 25 50 pl 1x
mix (2x)

Forward primer* 2.5 - 0.5 pM
(10 i)

Reverse primer® 2.5 - 0.5 pM
(10 M)

Genomic DNA 1 2 ul 0.2 ng/ul
(10 ng/ul)

Total volume 50 90 pl = 45 pl /reaction

“Use primer combinations AgoUpF and AgoUpR for amplification of left homology arm, and AgoDownF and
AgoDownR for the right homology arm

Table 8

PCR program
Initial denaturation 98°Cx10s 1 x cycle
Denaturation 98°Cx1s 30 x cycles
Annealing* T°Cx5s
Extension 72°Cx15s
Final extension 72 °C x 1 min 1 x cycle
Hold 4°C ©

Use 60 °C annealing temperature for the reaction with primer pair AgoUpF and
AgoUpR and 70 °C for AgoDownF and AgoDownR pair

6. Join the DNA fragments by performing overlap extension
PCRinasingle 0.2 ml tube (Fig. 2b, ¢). Assemble the reaction
as shown in Table 9 and perform the PCR reaction on a ther-
mocycler using the program in Table 10.

7. Perform agarose gel electrophoresis as described in step 4.
Cut out the DNA band corresponding to 2 kb and purify the
DNA using QIAquick Gel Extraction kit. Elute in 30 pl
Elution Bufter (see Note 15).

8. Assemble the DNA tailing reaction as shown in Table 11 on
ice. Incubate at 72 °C for 30 min. Return the tube on ice
(see Note 16).
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Table 9
Overlap extension PCR reaction

Component Volume (pl) E:)nna(:entration
Ultrapure water 18
Phusion flash master mix (2x) 25 1x
AgoUpR (10 pM) 2.5 0.5 pM
AgoDownF (10 pM) 2.5 0.5 pM
AGOI left arm PCR product (100 ng/pul) 1 2 ng/pl
AGOI right arm PCR product (100 ng/pl) 1 2 ng/pl
Total volume 50

Table 10

PCR program for overlap extension PCR
Initial denaturation 98 °Cx 10s 1 x cycle
Denaturation 98°Cx1s 30 x cycles
Annealing 60°Cx5s
Extension 72°Cx 30s
Final extension 72 °C x 1 min 1 x cycle
Hold 4°C S

Table 11

DNA tailing reaction

Final

Component Volume (pl) concentration
Ultrapure water 4
Taq DNA polymerase buffer (10x) 5 1x
Purified PCR product 30
MgCl, (25 mM) 5 2.5 mM
dATP (10 mM) 1 0.2 mM
Taq DNA polymerase (5 U/pl) 5 0.5 U/pl

Total volume 50
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Table 12
Transfection reaction

Component

1 (Empty vector) 2 (Ctrl CRISPR) 3 (Ctrl HA) 4 (Expt)

Pre-warmed culture media
Elution buffer

pAc-sgRNA-Cas9 plasmid
(100 ng/pl)

pAc-AGOIsgRNA-Cas9
plasmid (100 ng/pl)

pGEM-T easy AGOI-HA
plasmid (100 ng/pl)

FuGENE HD

54 ul 54 ul 54 ul 54 ul
20 pl 20 pl 20 pl -

20 pl

- 20 pl - 20 pl
- - 20 pl 20 pl
6 pl 6 pl 6 pl 6 pl

3.3 Transfection
of S2R+ Cells

3.4 Detection
of HA-Tagged AGO1
by Immunostaining

. Use 5 pl tailing reaction to ligate with pGEM-T Easy vector.

Perform blue-white selection and prepare plasmid DNA from
LB-carbenicillin culture inoculated with a single white colony
using QIAprep Spin Miniprep Kit. Verity the donor vector by
sequencing the DNA using T7 and SP6 primers. Dilute DNA
(pGEM-AGO1-HA) to 100 ng/pl.

. Grow S2R+ cells in 75 cm? cell culture flask at 25 °C to ~70%

confluency (see Note 17).

2. Dilute cells to 10° cells/ml in 20 ml culture media.
. Plate 2 ml of the diluted cells into 4 wells of a 6-well cell

culture plate. Leave cells at 25 °C for a minimum of 3 h
(see Note 18).

. Aliquot reagents and DNA samples in 1.5 ml tubes as shown

in Table 12. Mix the reaction by flicking and leave for 20 min
for the formation of DNA-FuGENE complex. Drop the mix-
ture evenly onto appropriate wells of the plate, mix by gentle
swirling and keep the plate in 25 °C for 72 h (see Note 19).

. Remove the transfection media and put fresh pre-warmed

2 ml media into each well. Incubate at 25 °C (see Note 20).

. Transfer transfected cells (2 x 106 cells/ml) to 24-well culture

plate with sterile round coverslips. Leave cells for at least 3 h
(see Note 18).

. Carefully remove the media and wash once with 500 pl PBS

(see Note 21).

. Fix cells in each well with freshly prepared 500 pl PBS-4%

paraformaldehyde for 10 min.
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Table 13
Primary antibody solutions

Antibody Volume Dilution
Mouse anti-AGO1* 1 pl 1:1000
Rat anti-HA 1 pl 1:1000
PBTS 998 ul
Total volume 1 ml

Table 14

Secondary antibody solutions

Antibody Volume Dilution
Goat anti- mouse Cy5 1l 1:1000
Goat anti-rat Alexa Fluor 488 1 pl 1:1000
PBTS 998 pl

Total volume 1 ml

4. Wash twice in 1 ml PBT for 5 min each. Remove PBT

10.

11.

completely.

. Block in 200 pl PBTS for 1 hour. Remove blocking solution

fully.

Prepare primary antibody mix in PBTS (see Table 13) and add
200 pl to each well. Seal the lid with Parafilm and incubate at
room temperature overnight.

Wash twice with 500 pl PBTS for 10 min each.

. Prepare the secondary antibodies mix as shown in Table 14

and add 200 pl to each well. Leave the culture plate in dark for
2—4 h at room temperature (see Note 22).

Remove the secondary antibody mix and add 200 pl PBT-
Hoechst (10 pg/ml final concentration) solution. Incubate
for 5 min in dark.

Wash twice with 500 pl PBT for 10 min each and once with
PBS briefly.

Carefully pick the coverslip with fine forceps and mount on a
glass slide with a drop of mounting medium. Allow the mount-
ing medium to dry and seal the coverslip edges with nail polish
(see Note 23).



232 Sanjay Ghosh and Ji-Long Liu

12.

Image the slides using a confocal scanning laser microscope
using blue laser (excitation wavelength 488 nm), red laser
(excitation wavelength 640 nm), and 405 laser diode. Collect
images in separate channels and visualize in an appropriate
software. A representative image is shown in Fig. 3. Cytoplasmic
staining with anti-HA antibody shows successful tagging of
the AGOI locus.

4 Notes

. Other E. coli strains (such as XL.1-Blue) can also be purchased.

Alternatively, chemically competent cells with high transfor-
mation efficiency (>107cfu/pg DNA) can be prepared using
the protocol described in [17] which is sufficient for most
cloning procedures.

Prepare 100 mg/ml carbenicillin in water (1000 x stock) and
freeze at —20 °C. Keep the working aliquot at 4 °C. Ampicillin
can be substituted for carbenicillin and used at same concen-
tration for both liquid media and solid agar plates. We rou-
tinely use carbenicillin as this tends to be more stable than
ampicillin and reduces the formation of satellite colonies upon
long-term incubation of agar plates at 37 °C.

. The DNA samples can be stored at this stage. We recommend

4 °C for short-term (up to a week) while they should be stored
frozen at —20 °C for longer times. The cleanliness and purity of
the DNA is critical for the efficiency of the protocol. Therefore,
the DNA should be prepared using recommended kits and the
DNA quality assessed by measuring the ratio of Absorbance,q
to Absorbance,gy—a value of 1.8 indicates good quality.

The volume of restriction enzyme in a reaction should not
exceed 5% (v/v) while the final concentration of DNA should
be below 100 ng/pul. Water bath set at the recommended tem-
perature can be used instead of the block heater.

. This step takes up to 2 h to complete. Do not transfer the

reaction tube directly from block heater to room temperature
or ice as annealing efficiency is dependent on slow cooling of
the reaction. Alternatively, this step can be performed using a
thermocycler with a stepwise temperature program with low
ramping.

Unless specified while ordering, oligonucleotides are supplied
non-phosphorylated and should be 5’phosphorylated before
using them for ligation reaction with a de-phosphorylated
DNA vector. Store oligonucleotide solutions frozen at —20 °C.

. Alternatively, the ligation reaction can be performed at room

temperature for 5 min using Quick ligation kit (New England
Biolabs).



10.

11.
12.

13.
14.

15.

16.

17.

18.

19.
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. The transformation efficiency can be increased by incubating

the SOC media-cell mix at 37°C with shaking for 1 h before
plating.

. The plates containing dephosphorylated BspQ1 digested vec-

tor should be devoid of bacterial colonies. Otherwise (1)
check that the vector is linearized upon BspQ1 digestion by
agarose gel electrophoresis, (2) repeat the dephosphorylation
step after purifying the linearized vector DNA using QIAquick
PCR purification kit (Qiagen).

Store complete culture media at 4 °C. Aliquot Fetal Bovine
Serum and Penicillin-Streptomycin and store frozen at
—20 °C. Always pre-warm the complete media to 25 °C before
adding to the cells.

The cell pellet can be stored at this step at —20 °C if required.

Cell lysis can be continued for overnight at 37 °C if
necessary.

Rigorous mixing or vortexing should be avoided at this step.

Prepare and run agarose gel in 0.5 x TBE. Load appropriate
DNA marker for estimation of the molecular weight of the PCR
product. Alternatively, ethidium bromide (final concentration
0.5 pg/ml) can be used to visualize DNA bands under UV
light. In this case, always wear protective eyeglasses and stand
behind protective shield when looking at the gel under the UV
light. Minimize UV exposure to the gel.

In absence of PCR amplification, Taq polymerases and PCR
programs dedicated to amplification of longer templates (e.g.,
Expand High-Fidelity PCR system (Roche)) can be used.

Phusion DNA polymerase generates blunt end PCR products.
To facilitate TA cloning, it is necessary to add a deoxyadenosine
at the 3’end of the blunt-end DNA which is achieved by the
tailing reaction. To avoid this step, the overlap extension PCR
reaction can be carried out using Taq polymerases that add
deoxyadenosine overhangs at the 3’ends (e.g., Expand High-
Fidelity PCR system (Roche)). Alternatively, the blunt end
PCR product can be directly subcloned using Blunt-end PCR
cloning kits.

Assess cell viability using Trypan blue staining. Use cells for
transfection only if the viability is >80%.

The cells can be left overnight at 25 °C to allow better adher-
ence to the culture plate.

Do not exceed the recommended DNA amount or alter the
ratio of DNA to FuGENE (1 pg DNA:3 pl FuGENE ratio).

Add FuGENE at the center of the mix avoiding contact with
the side of the tube.



Stable cell lines with homozygous insertion can be generated
by adding complete culture media supplemented with puro-
mycin (final concentration 5 pg/ml). Passage the cells in fresh
selection media as confluency reaches ~70%. It takes 3—4 weeks
to select stable cell lines using puromycin selection. For
quicker selection and an additional marker (GFEP), the vector
pGTL-1 can also be used for this protocol [18]. pGTL-1 con-
tains blasticidin resistance gene which allows selection of sta-
ble cell lines by culturing cells in complete media containing

Tilt the culture dish slightly and pipette from the edges avoid-
ing the cells on coverslip. The cells should never be allowed to

The cells can be incubated at 4 °C for overnight. Cover the
culture plate in aluminum foil during the incubation with flu-

For analyses with an inverted microscope, place the coverslip
on a slide with the cell side facing up, add a drop of mounting
medium and gently place another coverslip on top of it.
Alternatively for upright microscopes put a drop of mounting
media on the slide and place the coverslip with the cell side
facing down. Avoid bubbles during mounting.
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20.
25 pg/ml Blasticidin.
21.
dry at any stage of the procedure.
22.
orescent antibodies.
23.
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Chapter 16

Accurate Profiling and Quantification of tRNA Fragments
from RNA-Seq Data: A Vade Mecum for MINTmap

Phillipe Loher, Aristeidis G. Telonis, and Isidore Rigoutsos

Abstract

There is an increasing interest within the scientific community in identifying tRNA-derived fragments
(tRFs) and elucidating the roles they play in the cell. Such endeavors can be greatly facilitated by mining
the numerous datasets from many cellular contexts that exist publicly. However, the standard mapping
tools cannot be used for the purpose. Several factors complicate this endeavor including: the presence of
multiple identical or nearly identical isodecoders at various genomic locations; the presence of identical
sequence segments that are shared by isodecoders of the same or even different anticodons; the existence
of numerous partial tRNA sequences across the genome; the existence of hundreds of “lookalike”
sequences that resemble true tRNAs; and others. This is generating a need for specialized tools that can
mine deep sequencing data to identify and quantify tRFs. We discuss the various complicating factors and
their ramifications, and how to use and run MINTmap, a tool that addresses these considerations.

Key words Transfer RNA, tRNA, tRNA-derived fragments, tRFs, tRF license plate, internal tRFs,
i-tRFs, 5'-halves, 3’-halves, 5'-tRFs, 3’-tRFs tRNA space, tRNA-lookalikes, MINTmap, MINTsubmit,
MINTbase, MINTcodes

1 Introduction

An integral component of translation is transfer RNA (tRNA).
These molecules serve as the actual translators and linkers between
the genetic code and the amino acids. However, the functions and
roles of tRNAs extend well beyond delivering amino acids to the
ribosome. In fact, their intracellular levels and their physiological
variation, or variations due to diseases, have been shown to be of
significance [1-4]. Equally importantly, tRNAs serve as the tem-
plate for the production of smaller RNA molecules, termed tRNA-
derived fragments (tRFs), which are functional molecules and
regulatory in nature, rather than degradation products [5, 6]. The
roles of tRFs that have been elucidated so far range from protein-
coding gene expression regulation via microRNA (miRNA)-like
mechanisms [7, 8] to the decoying of RNA-binding proteins [9]
and the displacement of messenger RNAs (mRNAs) from the
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ribosome [10]. There is currently an increasing research interest in
the field of tRFs that concerns biological processes and diseases in
humans and in a wide variety of “leaves” in the tree of life [11].

To accelerate tRF research, a reliable method for detecting
and quantifying the molecule(s) under consideration is needed.
Because of the partial sequence overlaps exhibited by tRFs from
the same isodecoder, conventional QPCR methods are not directly
applicable [12, 13]. Instead, approaches that are specific to both
the 5" and 3’ endpoints of a tRF are needed [14]. Currently, RNA
sequencing (RNA-seq) technologies of molecules shorter than
~50 nucleotides (nt) remain the best option for the unbiased
assessment of tRF abundance levels. As a matter of fact, RNA-seq
can easily distinguish molecules that differ by a single nucleotide,
and does not require a priori knowledge of the sequences that are
being sought.

The product of an RNA-seq experiment is a big text file con-
taining the sequenced reads that one can readily mine. To “make
sense” of the reads, i.c., to identify and distinguish the different
classes of molecules that were captured, specific tools (mappers)
are used that map the reads on a reference genome. In the post-
genomic era, this is a fairly straightforward task. However, read
mapping is one of the bottlenecks in the field of tRF research. In
fact, before mapped reads can be flagged as tRFs, one needs to
properly establish and characterize the specific regions in the
genome that code for tRFs, the tRF space [13, 15, 16]. In what
follows, we present and discuss the potential problems that arise
from the idiosyncrasies of tRNA space and the details of how to
run the MINTmap [16] tool.

The task of identifying genomic loci that code for tRNAs, the
tRNA space [13, 16] has been a topic of research activity for nearly
two decades. Consequently, there is a reasonably good understand-
ing of what constitutes the tRNA space. On the other hand, the
definition of tRF space is not as well defined.

First, it is reasonable to assume that the tRF space and the
tRNA space should have a very high overlap. Therefore, one pos-
sibility is to claim as “tRFs” all the sequenced reads that get mapped
inside the tRNA space. The potential problem in this scenario is
that some shorter sequences inside tRNA space also happen to
exist outside of it. Characteristic examples are the many partial
tRNAs [17] that are identified by RepeatMasker [18].

A second problem stems from the variability within the tRNA
space and the decisions of the algorithms that recognize tRNAs.
Such algorithms draw conclusions by using the 2-D folding of the
sequence. For example, tRNAscan-SE [19] would mark as psendo-
tR NAs those tRNAs that cannot be predicted to have a proper
cloverleaf structure, even if they had high sequence similarity with
molecules that are known to fold properly. Although this is a valid
and reasonable discrimination of tRNAs, it has inevitable
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consequences with regard to the definition of'a tRF: can one char-
acterize as “tRFs” molecules that may originate from a misfolded
tRNA, i.e., an RNA molecule that is not functioning as a tRNA?
This question raises a more general issue of post-transcriptional
tRNA modifications: should molecules that emerge from sources
outside of the biogenetic pathway and life cycle of a tRNA be
labeled tRFs? For example, the most commonly discussed modifi-
cation in tRNAs that affects tRFs is the post-transcriptional addi-
tion of'a CCA tail at the 3’ end of the mature tRNAs [20]. In fact,
there is a specific category of tRFs that contains this trinucleotide
addition: these tRFs are therefore considered to emerge from the
mature, properly folded tRNA, because the enzymatic CCA addi-
tion requires proper folding of the tRNA [20]. Other common
modifications are the non-templated addition of a nucleotide at
the —1 position of tRNAs that code for histidine (His tRNAs) and
base modifications, e.g., the methylation at the base of the stem of
the D loop (position 8 or 9 of the mature tRNA) [21, 22].
Although the above concerns may seem negligible when con-
sidering the function of tRFs, instead of their biggenesis, they have
a significant impact on the setup of the mapping algorithm. By
default, most options of the commonly used searching [23-26]
and mapping [27-30] algorithms would not be good choices for
tRF analysis from RNA-seq datasets [7, 13]. For example, the
short length of tRFs and the repeat nature of tRNAs can lead to
statistically insignificant alignment scores and a bias in the expres-
sion profiles as these genomic mappings would not be reported.
In addition to these considerations, without proper editing,
tRFs that end with the post-transcriptionally added CCA tail or
other modifications will not map to the genome. Trimming the
CCA trinucleotide before processing is not a viable alternative either:
doing so would increase the probabilities that the trimmed read(s)
are mapped to non-relevant genomic positions. Other concerns
include intron editing, multiple-counting of sequenced reads that
can be mapped to more than one distinct tRNAs, or the trade-off
between allowing mismatches to accommodate errors due to base
modifications and accurately locating the tRNA source of a tRF.
According to version v1.0 of the gtRNAdDb database [31], the
human nuclear genome contains 610 loci that encode for tRNAs
[16]. The mitochondrial genome encodes an additional 22
tRNAs. We also reported 497 tRNA-lookalikes in the nuclear
genome [17]. The total sequence space that is spanned by the
these 1,129 loci is relatively small when considering the size of
each locus (~72 nt) compared to the size of the human genome,
and the fact that some of the sequences repeat among different
tRNAs. Hence, it is reasonable to investigate the possibility of
creating a fast and exhaustive mapping pipeline that can be built
once per genomic assembly and can address the computationally
most-demanding part, namely, the identification of all possible
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tRFs. One could then use the output from such a pipeline to
thoroughly study the tRFs contained in any short RNA-seq data-
set [7]. We recently developed such an approach. MINTmap, for
MTItochondrial and Nuclear TRNA fragment mapper, tackles the
idiosyncrasies of the tRNA space, maps the sequencing reads
exhaustively and comprehensively, and accurately quantifies the
present tRFs [16]. MINTmap achieves very high speeds while
having only minimal resource requirements.

2 Materials

The MINTmap tool and source code are available for download at
https://cm jefterson.edu/MINTcodes/. Prior to running MINTmap,
the dataset of sequenced reads must already be quality- and
adaptor-trimmed with a tool such as cutadapt [32]. MINTmap
was designed to be very efficient. As a matter of fact, mining of the
tRFs contained in a given short RNA-seq dataset takes only a few
minutes. To do so for a user’s short RNA-seq dataset, we recom-
mend an Intel Core 15 /17, or equivalent, with at least 2 Gb of main
memory. Additionally, the installation of Java v1.8 and of Perl v5
or greater is required to run the MINTmap script. Here, we assume
the most typical scenario in which the user makes use of the pre-
built lookup tables that are distributed with the MINTmap codes
and which are derived from both nuclear tRNAs contained in
gtRNAdb [31] and mitochondrial tRNAs contained in NCBI.
Should a user need to build lookup tables for their own collection
of tRNASs (a one-time event) we recommend a compute-node with
a minimum of 16-cores, e.g., Intel Xeon, Intel Core i5/i7, or
equivalent. The sequenced reads [33] available under GEO acces-
sion GSE16579 that are included in MINTmap’s example dataset
as well as in this paper can be downloaded from https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgiracc=GSE16579.

3 Methods

3.1 The Algorithm

In what follows, we summarize the steps that MINTmap takes
when mapping a short RNA-seq dataset. More details and the
series of steps used to create the lookup tables can be found in the
original MINTmap publication [16].

By default, MINTmap will profile tRFs that overlap the
mature tRNA sequences from 640 tRNA loci. These loci consist
of 508 true and 102 pseudo human tRNAs from v1.0 of
gtRNAdb [31], the 22 known human mitochondrial tRNAs
from NCBI, and 8 exact human tRNA lookalikes [17] that are
present in the human nuclear genome [16] for a total of 640 loci
[16]. This reference set was carefully chosen to capture both
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nuclear and mitochondrial tRFs and allow for the enumeration
of all isodecoders to which a tRF sequence could be mapped
[16]. We selected to use v1.0 of gtRNAdb, instead of the more
recent release v2.0 [34], because we found that the latter con-
tains inconsistencies that would directly affect the quality of the
reported results [35].

When a user invokes MINTmap to generate a dataset’s tRF
profile, frequency counts are generated for each distinct sequence
segment that is supported by the sequenced reads. During this
process, the algorithm excludes sequenced reads that could not
possibly be tRF sequences if exact matching were used. MINTmap
comes with a prebuilt lookup table for H. sapiens that includes all
possible sequences with lengths between 16 and 50 nt that overlap
the 640 tRNAs being considered. This table was pre-generated
through exhaustive enumeration of all possible sub-sequences that
can be generated by these 640 tRNA mature sequences and incor-
porates provisions to accommodate a single nucleotide post-
transcriptional addition to the 5’ end (e.g., case of G at the 5" end
of tRNA™M* [36]) as well as the non-templated CCA. Any sequenced
reads that are not present in this lookup table are discarded as they
do not exist in tRNA space. For each unique tRF sequence that
survives, its frequency is also preserved. For tRFs that are present
in multiple isodecoders, additional bookkeeping ensures that no
double-counting takes place.

Once the tRFs that are present among the sequences have
been identified, MINTmap further separates the tRFs into two cat-
egories: exclusive tRFs and ambiguous tRFs. Exclusive tRFs are
those whose sequences cannot be found in any genomic locations
other than the 640 tRNAs being considered. On the other hand,
ambiguous tRFs have identical instances within the 640 tRNAs
and other genomic locations as well [7, 13, 16]. In the output of
MINTmap, we list separately tRFs that are exclusive to tRNA space
and tRFs that are of ambiguous genomic origin. Also included in
the exclusive and ambiguous tRF profiles are the corresponding
tRF abundances. By distinguishing between these two categories,
we give users the option to decide whether to analyze tRF sequences
that might not necessarily originate in tRNA space.

Each reported tRF sequence is accompanied by additional
metadata (Fig. 1) that includes the following:

1. Reads-per-million (RPM) values for each tRF. These normal-
ized abundance values are generated and shown alongside the
raw counts of sequenced reads. Customized RPM values are
also permitted (see Subheading 3.2.2 below).

2. Each reported tRF is associated with standardized tRF names
that include the tRF’s “license plate,” a unique
genome-independent label [37] (Fig. 1, top—first column) as
well as genome-centric label(s) [7] (Fig. 1, middle). For tRFs
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Fig. 1 Top: Example of MINTmap’s tRF profile output (in HTML format) from MINTmap’s included example
which uses randomly selected reads from datasets listed under GEO accession GSE16579. Only one tRF, the
one with license plate tRF-22-8EK879652, was selected for this example. Columns include: the tRF’s license
plate, the tRF’s sequence, all possible structural types associated with the tRF, un-normalized counts of the
already trimmed reads that support the tRF, the tRF’s normalized (RPM) abundance using as a denominator the
number of reads that map either exclusively or non-exclusively to tRNA space, the tRF’s RPM abundance using
as a denominator the total number of trimmed reads found in the processed input file, the tRF’'s RPM abun-
dance using as a denominator the user-definable denominator, link to the MINTbase summary for the tRF, and
all possible sequence locations in tRNA space where the tRF can be found. Middle: Genome-centric labels for
tRF-22-8EK879652. The genomic coordinates for all three tRNAs that contain tRF sequence
TCAATCCCGGGTTTCGGCACCA are listed before the “@” symbol. Bottom: MINTbase summary output to illus-
trate the tRF position with respect to the mature tRNA. The genome-centric name contains additional informa-
tion before the “@” symbol. The first number indicates the starting position of the tRF with respect to the 5’
end of the mature tRNA (green arrow), the second number indicates the ending position of the tRF with respect
to the 5’ end of the mature tRNA (red arrow), and the last number is the length of the tRF

that can have multiple origins, the listed genome-centric labels
include all possible sources within tRNA-space from which the
tRF can arise.

3. Additionally, each tRF can be tagged with the tRF’s structural
type (5'-half, 3’-half, 5’-tRF, i-tRF, or 3’-tRF) as we described
elsewhere [7, 13, 16, 37]. This is achieved through an optional
lookup table that has pre-recorded all possible types associated
with each tRF sequence. This optional lookup table for the human
genome is provided currently as part of the MINTmap code
distribution.
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4. The output files are generated in two formats: plaintext and
HTML. The HTML-formatted output files include hyperlinks
to each tRF’s record in MINTbase [37]—all possible tRFs,
whether exclusive to tRNA space or ambiguous, have a
MINTbase record that summarizes what is currently known for
the tRF including a list of all isodecoders that contain it, a list of
public datasets in which the tRF can be found, information
about the tRF’s abundance, etc. By linking each identified tRF
to MINTbase, we also provide users with additional data explo-
ration capabilities (see also below about data confidentiality).

Figure 2 illustrates the general flow of MINTmap from the stand-
point of the user. In its simplest incarnation, the command that
will generate tRF profiles looks like.

./MINTmap.pl -f <filename>

where <filename> is the name of the file that contains short RNA-
seq reads that have already been subjected to quality trimming and
adapter removal. Several command-line options allow for extended
control by the user. Next, we examine these in detail.

A user typically begins with a file that contains the sequenced short
reads. This file would be generated by a sequencing facility and be
in one of two formats: either a plaintext FASTQ file (ending in
“.fastq”), or a gzip-compressed FASTQ file (ending in “fastq.gz”).

Before such a file can be analyzed by MINTmap, the reads
it contains will need to be preprocessed by quality and adaptor
trimming. Quality trimming removes bases from either the 5’ or
the 3’ end of a sequenced read if they are deemed to be of “low
quality:” In such cases, the actual nucleotide identity cannot be
stated with high confidence. Next, adaptor removal is the part
of the mapping pipeline that removes any remnants of the adap-
tors that were ligated during library preparation. These adaptors
are not part of the transcribed target molecule (“payload”). A
tool such as “cutadapt” [32] can be used for both quality and
adaptor trimming. To avoid misrepresenting the 3" endpoint of
a molecule, we highly recommend discarding reads in which the
3’ adaptor was not cut (e.g., this can be achieved by using the
“—discard-untrimmed” option if using “cutadapt”). As an exam-
ple, we list here an entry depicting a sequenced read in FASTQ
tormat spanning four lines. The first line starts with a “@” and
contains a sequence identifier with an optional description. The
second line lists the nucleotide sequence of the read and may
include snippets of any ligated adaptors (e.g., 3" adaptor, shown
underlined) that were used during library preparation. The
third line starts with a “+” and is followed by an optional identi-
fier. Finally, the fourth line contains the quality values for each
nucleotide in the sequence.
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short RNA-seq dataset
after trimming

run MINTmap to generate
local tRF profiles

analyze profiles (if desired) share profiles
publicly
submit to MINTbase via
TSV output
by the MINTsubmit tool

nmary via MINTbase (cloud)

local tRF profile

Fig. 2 Logical flow of how the processing of short RNA-seq datasets proceeds when using MINTmap. The
MINTmap tool will generate locally tRF profiles after processing quality- and adaptor-trimmed sequenced
reads. The profiles can be viewed, studied and analyzed in the user’s local environment using a web-browser
(HTML) or via standard software packages such as Matlab, Excel, and R. Should the user decide to investigate
how the tRFs in the generated profiles compare to the profiles of other public datasets, the user can follow the
hyperlinks contained in the HTML-formatted output: these links connect to individual records that we have
built for all possible tRFs of lengths 16-50 nt and are populated with what is currently known publicly for each
tRF. User-generated profiles can be optionally shared via the MINTsubmit tool (see text and Fig. 2) for subse-
quent inclusion in MINTbase

@SRR029124.3603492 WICMT—SOLEXA_309ETAAXX:
2:76:1574:879 length=36
ATTCCCCGACGGGGAGCCATCGTATGCCGTCTTTTT
+SRR029124.3603492 WICMT-

SOLEXA 309ETAAXX:2:76:1574:879 length=36

IITIIIIIIIIIIIIIIIIIIIIIIIIIIIIHIIST;

Following adapter removal and quality trimming the entry will
look like:

@SRR029124.3603492WICMT-SCLEXA 309ETAAXX:2:76

:1574:8791ength=36
ATTCCCCGACGGGGAGCCA
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3.2.2 User-Definable
Parameters

+SRR029124.3603492WICMT-SCLEXA 309ETAAXX:2:76:1
574:8791ength=36
ITIITITITTITITIIIITITITITITIIT

In this particular example, TCGTATGCCGTCTTCTGCTTG was
the ligated 3’ adaptor. After quality and adaptor trimming, the
sequence TCGTATGCCGTCTTTTT was removed, resulting in a
“payload” sequence of ATTCCCCGACGGGGAGCCA.

We have chosen default settings for MINTmap that facilitate the
analysis of H. sapiens short RNA-seq datasets using the tRNA ref-
erence set (640 tRNA loci) and associated lookup tables that are
supplied with the MINTmap codes. A full-fledged command line
invocation looks like

./MINTmap.pl —f trimmedfastqfile [—p outputprefix] [-Il
lookuptable] [—s tRNAsequences] [—o tRFtypes] [—d custom-
RPM] [—a assembly] [=h]

and can be used to modify the various settings. Items sur-
rounded by square brackets square brackets “[”and“]” indicate
arguments with optional or pre-defined arguments. The meaning
of each component in the above command line is as follows:

—f trimmedfustqfile

This is a required argument. The string “trimmedfastqfile” is
meant to be the filename of the file that contains the sequenced
reads to be analyzed. If the file referred to by “trimmedfastqfile”
ends in “.gz” it will be treated as a gzip-ped FASTQ file. Nota
bene: the file to be used here must already have been quality- and
adaptor-trimmed (see Subheading 3.2.1 above).

—p outputprefix

If not specified by the user, “outputprefix” will be set auto-
matically to “output” and all output files will be generated in the
current working directory. The string “outputprefix” will be pre-
pended in the output files that MINTmap will generate. The string
is meant to serve as a mnemonic for the user.

Nota bene: if the prefix includes an absolute or relative path
(e.g., “/Users/myuserid/output_of 25Dec2016”), the output
directory will be changed accordingly (in this case to “/Users/
myuserid /) and the output files with the requested prefix (in this
case “output_of 25Dec2016”) will be generated therein.

~I lookuptable

Unless specified by the user, this argument will be set auto-
maticallyto“LookupTable.tRFs. MINTmap_v[ MINTmapVersion].
txt”—in Note 2 below we explain in more detail when a user
might wish to specify a file other than the provided default one.
The string “lookuptable” is meant to be the filename of the file
containing all possible tRFs of lengths 16-50 nt for the tRNA
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space currently in use. Every tRF sequence listed in this file is asso-
ciated with a “Y”(es) or “N”(0) value that is the answer to the
question “is the tRF sequence present in tRNA space exclusively?”
The first two lines of the lookup table should include file-level md5
checksum values for the files that are specified with the —s and —o
flags to ensure that concordant files are used. For the lookup table
that is provided with version v1 of the MINTmap codes these two
lines look like:

#TRNASEQUENCES : tRNAspace.Spliced.Sequences.
MINTmap vl.fa
MD5SUM: 90396bee2706039122cdd0077cad43f2e
#OTHERANNOTATIONS:OtherAnnotations.MINTmap
vl.txt
MD5SUM: 0a6d60b0c0108885a67fa4a4e9a10807

The first line states that the lookup table is meant to be
used in conjunction with the tRNA FASTA file “tRNAspace.
Spliced.Sequences. MINTmap_vl.fa,” which has an MD5
checksum value of 90396bee2706039122cdd0077ca43f2e.
MD5 checksums can be generated, it needed, using commands
such as “md5sum” for Redhat Linux or “md5” for
MacOSX. The second line states that the lookup table is meant
to be used in conjunction with the tRF-type-lookup-file
“OtherAnnotations. MINTmap_vl.txt,” which has an MD5
checksum value of 0a6d60b0c0108885a67ta4a4e¢9a10807.
Below, we explain how one can use the —s and the —o flags to
change these files. If either of the two checksum values in this
lookup table does not match the actual checksum of the cor-
responding file (whether the default files are used or user-
defined files are passed using options —s or —o) MINTmap will
generate an error message and halt.

—s tR NAsequences

Unless specified by the user, this argument will be set automatically
to “tRNAspace.Spliced.Sequences. MINTmap_v[ MINTmapVersion].
fa”—in Note 2 below we explain in more detail when a user might wish
to specity a file other than the default. The string “tRNAsequences” is
meant to be the filename of the file that contains the sequences that
comprise the true tRNA space and can serve as potential source(s) of
tRFs. Only spliced tRNA sequences with 70 post-transcriptional modifi-
cations should be included in this file. The label of each sequence in this
file should be unique and, ideally, should contain the tRNA name and
tRNA-locus coordinates that will be used in the output of MINTmap.
An example entry comprises two lines and looks like this:

>trnaMT ProTGG MT - 15956 16023
CAGAGAATAGTTTAAATTAGAATCTTAGCTT
TGGGTGCTAATGGTGGAGTTAAAGACTTTTTCTCTGA
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The first of each two-line pair is the “label” line whereas the
second is the “data” line. The actual tRNA sequence should be listed
on a single “data” line. This is a modified version of the popular
FASTA format and differs from the latter in that it does not allow
the data to be split over multiple lines. To help users avoid using
incorrect parameters, this file’s MD5 checksum information is
stored on the first line of the lookup table (see the description for
the —I parameter above).

—o0 tR Ftypes

This is an optional argument. Unless specified by the user, this
argument will be set automatically to “OtherAnnotations.
MINTmap_v[MINTmapVersion].txt”—see Note 2 for more
detail on when one should specify a file other than the default. If
the user specifies a file that does not exist, the structural type col-
umn in the output files will be set to “na” ( Not Applicable). The
string “tRFtypes” is meant to be the filename of the file that con-
tains the lookup table which associates tRFs with their structural
type. This file contains two columns separated by a “tab.” The
first column lists the sequences of a tRFs. The second column lists
the structural type for the corresponding tRF sequence. If a tRF
can have multiple structural types (because it appears at different
locations in different isodecoders), the second column will list all
structural types, separated by commas. Example entries from the
included table include:

AAACTTAACACTTTATAATCA
i1-tRF
AAAGGTATTAGAAAAACCATTTCATAACT
5 —tRF
AAAGGTATTAGAAAAACCATTTCATAACTT
5°-half
AAAGGTCCCCGGTTCGAAACCGGGCAGAAACAC
3 -tRF
AAAACTTTACAGTCAGAGGTTCAATTCCTCTTCTTAACACCA
3°-half

CCCTGTGGTCTAGTGG
5"-tRF, i-tRF

Nota bene: to help users avoid using incorrect parameters, this
file’s MD5 checksum information is stored on the second line of
the lookup table (see the description for the —I parameter above).

—d customRPM

This is an optional argument. The value “customRPM?” is meant
to be used as an alternative denominator when computing the RPM
abundance of a tRF. When this parameter is defined by the user, an
additional column in the output files will be populated with RPM val-
ues that have been calculated using this value in the denominator—i.e.,
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3.2.3 Usage Example
and Generated Output

these values will be equal to raw reads/<customRPM > *1,000,000. A
common value to use here is the original number of sequenced reads
prior to quality- and adaptor-trimming. Since MINTmap is only given
the sequenced reads after they have been quality filtered and trimmed,
use of this parameter enables custom normalization of the tRF abun-
dances in preparation for cross-dataset comparisons.

Nota bene: even when this parameter is not specified, multiple
RPM values are reported in the output; however, these RPM val-
ues are the result of normalizing using the number of reads that
remain after the contents of the original dataset have been trimmed.

—a assembly

Unless specified by the user, this argument is set automatically
to “GRCh37.” The value of “assembly” refers to the genome
assembly version used. The standard notation (e.g., “GRCh37”) is
expected. This value is listed in the HTML output files in the table
headers and is also part of the hyperlink to the MINTDbase record
of a tRF.

—h

This is an optional argument that presents the user with a list
of the various parameters that the user can pass to MINTmap.

The current distribution of MINTmap includes the dataset
ExampleRun/examplelnput.fastq.gz, which we compiled by ran-
domly selecting 100,000 reads (after quality- and adaptor-
trimming) from the datasets listed under GEO accession GSE16579
[33]. This GEO entry comprises deep-sequencing data from mul-
tiple human cell lines. By typing the following command, a user
can map the reads in the example dataset using MINTmap’s default
GRCh37 assembly settings:

./MINTmap.pl -f ExampleRun/exampleInput.fastqg.
gz

Upon completion, MINTmap will generate two kinds of out-
put: abundances for tRFs with exclusive instances in tRNA space
(indicated by the infix “-exclusive-,” and, abudances for tRFs with
instances both inside and outside of tRNA space (indicated by the
infix “-ambiguous-.” The user can then continue by first examin-
ing the example’s tRFs that are exclusive to tRNA space by open-
ing the file output-MINTmap_vl1-exclusive-tRFs.expression.html
with the help of a web browser (note the infix -exc/usive-tRFs in
the filename). The most abundant exclusive tRF is a 3’-tRF with
sequence TGAAAACCTTTTTCCAAGGACACCA and is sup-
ported by 159 reads (Fig. 2, bottom left). Inspecting the output
file further, we see that the tRF is annotated with trnaMT_
ThrTGT_MT_+_15888_15953@45.69.25, which means that the
tRF overlaps with the mature tRNA sequence of the
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mitochondrial tRNA™TCT the latter being located on the positive
strand of the MT genome between positions 15,888 and 15,953
inclusive. Within the mature tRNA sequence, the tRF spans posi-
tions 45 through 69, and is 25 nt in length. More details (Fig. 1)
regarding this tRF naming convention appear in our earlier work
[7, 16, 37].

MINTmap will generate the following information for every
short RNA-seq dataset that is mapped (Fig. 1):

1. tRF profiles, separately for exclusive and for ambiguous tRFs

For each of these two categories of tRFs, as illustrated in
Fig. 2, two files are created, containing “expression.html” and
“expression.txt” in their filenames. These profiles are generated
in HTML and TSV (tab-separated values) formats, respectively.
For each expressed tRF, the tRF profiles include the tRF’s
“license plate” [16, 37], the tRF’s sequence, all possible struc-
tural types associated with the tRF, un-normalized counts of
the already-t7immed reads that support the tRF, the tRF’s nor-
malized (RPM) abundance using as a denominator the number
of reads that map either exclusively or non-exclusively to tRNA
space, the tRF’s RPM abundance using as a denominator the
total number of trimmed reads found in the processed input
file, the tRF’s RPM abundance using as a denominator the user-
definable denominator (see —d option above—this option can be
used to pass the total number of sequenced reads to MINTmap),
and all possible sequence locations in tRNA space where the
tRF can be found. The HTML variant of the tRF profile includes
one more item for each tRF, namely a hyperlink to the tRF’s
MINTbase record [37]. Each such record lists that lists a pleth-
ora of other details for the tRF.

Nota bene: we wish to highlight here the value of the plain-
text TSV output files. These files are provided intentionally
because the TSV format makes it easy for the user to import,
sort, and analyze locally the tRF profiles using standard pro-
grams like Microsoft’s Excel. Additionally, these files can be
readily imported into programs written in Matlab, R, Python,
Perl, etc., should the user wish to carry out more detailed
analyses.

2. High-level mapping statistics, independently for exclusive and
ambiguous tRFs.

This information is provided in the file ending in “.counts-
meta.txt.” To illustrate this, we note the line.

100000 3381 3.38%

from the above example’s file output-MINTmap_
v1-exclusive-tRFs.countsmeta.txt file. The line indicates that
100 k reads were mapped, of which 3381 (or 3.38% were iden-
tified as belonging to exclusive tRFs).



250 Phillipe Loher et al.

3.3 “Not-Sharing”
Versus “Publicly
Sharing” MINTmap’s
Output

MINTmap is unlike previously reported tools that are used for
mapping tRFs [38, 39] in that it can do all of the processing of
deep-sequencing data in the user’s local environment: no
Internet connection is required for the purpose. Moreover,
MINTmap generates all of its output, i.e., the tRF profiles,
locally. This was an intentional design requirement that we
imposed on MINTmap. By generating the tRF profiles locally
and by providing the results in a format (TSV) that can be read-
ily analyzed by users with standard software, we give users the
ability to study their data at their own pace and determine what
they wish to do with the generated results. If and when a user
decides to publicly share the output of MINTmap with others in
the community, we have made provisions that will allow the
deposition of the user’s data on MINTbase using a tool called
MINTsubmit (see below). Both the database and the tool were
described in our recent work [37].

MINTbase is a repository and a web-based interactive frame-
work that complements MINTmap and is available at https://
cm.jefferson.edu/MINTbase/. MINTbase allows users to study
in detail individual tRFs, analyze a collection of tRFs, study the
tRE-generation potential of specific isodecoders and isoacceptors,
visualize tRF alignments relative to mature tRNAs, report a tRF’s
position relative to known tRNA features such as loops and the
anticodon, etc. Equally importantly, MINTbase allows user to
interrogate interactively public datasets and determine for a spe-
cific tRF which of the publicly available datasets contain it, in
which tissues the tRF has been found expressed, etc. Version
(v1.0) of MINTbase contains tRF profiles from 832 public datas-
ets (the vast majority of them derived from actual human tissues,
as opposed to cell lines) and detailed records for 7129 expressed
tREs (current as of March 07,2017). A version v2.0 of MINTbase
is being planned for release. The new version will include tRFs
from more than 10,000 public datasets.

The MINTsubmit tool (Fig. 3) is available at https://
cm.jefferson.edu/MINTsubmit/ and allows a researcher to sub-
mit MINTmap profiles for inclusion in the public MINTbase
database. Should a researcher choose to share their MINTmap-
generated profiles with the wider community, she or he can use
MINTsubmit to upload their data. To maximize usefulness, avoid
overlaps, and properly track the provenance of deposited data,
submitters also need to provide information about the cell /tissue
type from which the dataset was generated, etc. Only tRF profiles
whose matching RNA-seq datasets have been deposited in a pub-
lic repository (e.g., NIH’s GEO, EBI’s ArrayExpress, etc.) and
described in a published or accepted manuscript will be consid-
ered for inclusion in MINTbase.
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MINTsubmit
A 1 (7551 requests | MINTsubmit B MiNTcodes B =] ¥ Twost |

Submit your data to MINTbase in 3 easy steps!

1. Format your data 2. Get a verification code

Create a file containing your data. yDe Vou .
Get verification code |

3. Ready? Submit!

What are you submitting? | One dataset %

Read here for more details. go |

/

Found 2,249 entries for tRF-25-XBOZZRD226 (sequence TGAAAACCTTTTTCCAAGGACACCA)
Hide Columns ¥ Results/Page¥ 1 2 3 4 5 6 7 _ 225 > Download

Coresponding Author’s

RPM Dataset Tissue Species Flags Details bmitter’s (Data
o . . . . B . Depogition)
T2.761 TCGA EM A1YB 01A 11R A14X 13 Primary solid H TCGA Dataset (Primary solid Tumer) Computational Medicine Mational Institutes of
Tumor in sapiens in project THCA (Thyroid carcinoma). Center, Thomas Health [NCI and NHGRI)
project THCA The primary dataset was Jefferson University
(Thyreid downloaded on 160ct2015 and the
carcinoma) clinical meta data is from

2B0ct2015.

42.683 TCCA OR ASK3 01A 11R A29W 13 Primary solid H. Mational Institutes of

TCGA Dataset (Primary solid Tumor) Computational Medicine

Tumor in sapiens in project ACC (Adrenocortical Center, Thomas Health (NC) and NHGRI)
project ACC carcinoma). The primary dataset was  Jefferson University
(Adrenocortical downloaded on 160ct2015 and the
carcinoma) clinical meta data is from

280ct2015.

Fig. 3 A user can optionally share publicly their
MINTmap-generated tRF profiles by depositing them
on MINTbase (https://cm.jefferson.edu/MINTbase/), a
cloud-based repository and interactive framework for
studying tRFs. The user can use the MINTsubmit tool
(Top panel) that can be accessed by visiting https:/
cm.jefferson.edu/MINTsubmit/.  Following accep-
tance of the submission, the submitted tRF profiles

become public and can be studied in relation to all
other available datasets using MINTbase’s various
“vistas” (e.g., the “expression” vista shown in the
bottom panel). Vistas allow users to search MINTbase
using a variety of tRNA and tRF attributes such as
specific isodecoders or isoacceptors, specific tRF
structural type, minimum RPM expression levels,
tissue(s) in which a tRF has been found, etc.

4 Notes

4.1 Dealing MINTmap profiles are created at the level of'a tRF molecule. That

with Multiple is, the abundance of each tRF (and the tRF’s respective RPM val-
Alignments ues) are reported independent of the number of locations within
and Potentially tRNA space where the tRF can be found. A molecule-centered

approach prevents multi-counting and the misrepresentation of
read counts. For a tRF molecule that may have multiple potential
origins, all instances in tRNA space are reported for it. For exam-
ple, referring again to the output-MINTmap_vl-exclusive-tRFs.
expression.html (see above), the 3'-tRF with sequence
ACCGGGCGGAAACACCA is the second most abundant
tRF. This sequence is exclusive to tRNA space but could have

False-Positive tRFs
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4.2 When Will a User
Need Custom
Annotations?

arisen from one or more of 14 different genomic locations all of
which are enumerated in the last column.

Analogously, in the generated output, we include the same
type of information for ambiguous tRFs in the file output-
MINTmap_vl-ambiguous-tRFs.expression.html. For the above
example, the most abundant ambiguous tRF is a 5'-tRF with
sequence GCATTGGTGGTTCAGTGGTAGA. It is important to
note here that the final column of the ambiguous-tRF table lists
only the locations within tRNA space (some ambiguous tRFs can
have numerous genomic instances, which would make their inclu-
sion unwieldy). Specifically, this sequence appears in the true tRNA
space a total of 10 times (listed in the Table) as well as has addi-
tional instances outside of tRNA space that are ot listed in the
Table.

MINTmap comes with prebuilt lookup tables and sequence
annotations for mapping human short RNA-seq datasets to the
640 tRNA loci mentioned above. Thus, in most cases, the default
choices for the —s, —1, and —o parameters will suffice and need
not be explicitly specified when using MINTmap. These 640 loci
are based on the GRCh37 assembly. This choice is dictated by
the fact that 610 of these loci are drawn from version v1.0 (also
based on GRCh37) of the gtRNAdDb repository. As we described
above, v2.0 of gtRNAdb, which is based on GRCh38, is not
adequately stable for the purposes of analyzing tRF profiles.

It is conceivable that there may be cases in which the user
wishes to specify her or his own lookup tables and sequences. Such
cases could arise in situations where:

e The user wishes to leverage a different set of tRNAs, such as
newly discovered tRNAs.

e The user wishes to use a different assembly of the human
genome.

e The user wishes to create tRF profiles for a species other than
H. sapiens, e.g., M. musculus.

MINTmap provides users with the ability to pass user-specified
lookup and tRNA sequence files, all of which were described in the
previous section. We already published very detailed steps on how
to create a tRF lookup table for use with MINTmap [16]. Here,
we summarize the key points.

As is evident from the previous section, the —s, —1, and —o param-
eters are closely intertwined. Thus, if one switches, e.g., the tRNA
annotations (by using the parameter —s), the files pointed to by the
other two parameters (—1 and —o) must also be modified. As an exam-
ple, let us consider the simple case where a newly discovered tRNA is
added to the true tRNA space. Such an addition is likely to give rise to
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more candidate tRF sequences that are not already in the default tRF
lookup table that is used when the -1 argument is not defined. These
new candidate tRFs will need to be added to the lookup table and the
new lookup table passed to MINTmap using the “~1” argument.

These additions to the space of possible tRFs would also
require the regeneration of the exclusivity flags (Y/N) across all
candidate tRFs, even those previously contained in the lookup
table. Indeed, it is entirely possible that some tRFs were previ-
ously listed as “ambiguous” because they only had a non-tRNA
space hit inside the sequence that is now the newly discovered
tRNA. Similarly, if tRNA sequences are removed or edited (e.g.,
because of updated endpoints), the total list of candidate tRFs
could change; this would prompt a regeneration of all exclusivity
flags due to changes of what is considered tRNA space.

As mentioned in the previous section, the structural type
lookup table (—o parameter) is optional and if the specified file
does not exist, tRF profiles will still be generated (but will lack
associated structural type annotations). If such information is
desired, then any changes to the tRNA space would have to be
reflected in changes to the structural type lookup table as well:
indeed, the addition or removal of tRNA loci has the potential to
change the structural type(s) of those tRFs that are present in the
tRNA that was changed. For any newly added tRNAs, feature
annotations (e.g., anticodon location) are required to properly
characterize a tRE’s structural type and generate the relevant
entries in the structural type lookup table. If anticodon location
information is not available, a tool such as the ViennaRNA package
[40] could be used to predict the tRNA’s secondary structure and
subsequently estimate the location and identity of the anticodon.

5 CGonclusion

We presented a detailed discussion of how one can use
MINTmap, a tool we developed for generating tRF profiles.
MINTmap takes as its input a file containing quality- and
adaptor-trimmed reads generated by a deep-sequencing exper-
iment and produces exhaustive profiles of the tRFs that were
present in the original RNA pool. MINTmap does not need to
access the Internet and operates locally thereby ensuring the
confidentiality of the user data. The output of MINTmap
includes a plaintext file and an HTML-formatted file. The
plaintext file is tab-separated and is meant to enable further
studies of the mined tRFs by the user with the help of standard
software packages such as Excel, Matlab, or R. We hope that
MINTmap will prove helpful to researchers who are involved
in tRF studies.
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