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Abstract

The past decade has seen an exponential increase in the identification of individual nucleobases
that undergo base conversion and/or modification in transcriptomes. While the enzymes that
catalyze these types of changes have been identified, the global interactome of these modifiers is
still largely unknown. Furthermore, in some instances, redundancy among a family of enzymes
leads to an inability to pinpoint the protein responsible for modifying a given transcript merely
from high-throughput sequencing data. This chapter focuses on a method for global identification
of transcripts recognized by an RNA madification/editing enzyme via capture of the RNASs

that are bound /n vivo, a method referred as RNA immunoprecipitation (RIP). We provide a
guide of the major issues to consider when designing a RIP experiment, a detailed experimental
protocol as well as troubleshooting advice. The RIP protocol presented here can be readily
applied to any organism or cell line of interest as well as both RNA modification enzymes and
RNA-binding proteins (RBPs) that regulate RNA modification levels. As mentioned at the end
of the protocol, the RIP assay can be coupled to high-throughput sequencing to globally identify
bound targets. For more quantitative investigations, such as how binding of an RNA modification
enzyme/regulator to a given target changes during development/in specific tissues or assessing
how the presence or absence of RNA modification affects transcript recognition by a particular
RBP (irrespective of a role for the RBP in modulating modification levels); the RIP assay should
be coupled to quantitative real-time PCR (qRT-PCR).

1. Introduction

For several decades, research has been geared towards understanding how somatic mutations
and alterations in epigenetic marks affect gene expression in health and disease. However,
programmed changes to RNA also occur and add an extra layer of complexity to gene
expression regulation. These sequence-specific changes include insertion, deletion and/or
base conversions (which as a group are historically referred to as RNA editing events (Gott
& Emeson, 2000)) as well as chemical modification of nucleosides (Ontiveros, Stoute,

& Liu, 2019). To date, over 170 RNA modifications have been documented (Boccaletto
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et al., 2018). Although the majority of these modifications have only been identified in
abundant RNA species like transfer RNA (tRNA) and ribosomal RNA (rRNA), several
modifications including inosine, N6-methyladenosine (mBA), N1-methyladenosine (m!A),
5-methylcytosine (m>C) and pseudouridine (F') have been observed in messenger RNA
(mRNA) and are collectively referred to as the epitranscriptome (Wiener & Schwartz,
2021; Zaccara, Ries, & Jaffrey, 2019). Ongoing efforts are focused on understanding

the impact of RNA editing and modification on gene expression and have already
revealed roles in regulating mRNA stability, decay, transport, translation, alternative
splicing and polyadenylation (Erdmann, Mahapatra, Mukherjee, Yang, & Hundley, 2021;
Zhao, Roundtree, & He, 2017). Given the critical role RNA modifications can play in
regulating gene expression, it is not surprising that alterations in the epitranscriptome have
been observed in a number of diseases, including cancers, cardiovascular and metabolic
diseases as well as neurological disorders (Delaunay & Frye, 2019; Jain, Jantsch, & Licht,
2019; Jonkhout et al., 2017). Thus, gaining a systemic understanding of how individual
modifications regulate mMRNA expression and influence human disease biology is of the
utmost importance.

To this end, the development of computational and experimental methods to identify

RNA editing events and modifications in high-throughput mRNA sequencing data has
been a major focus of the last decade. Base conversions that alter base-pairing and
recognition by reverse transcription enzymes, such as Adenosine (A)-to-Inosine (1) editing,
can be easily detected in RNA sequencing (RNA-seq) datasets (Ramaswami et al., 2013).
However, many RNA modifications are not differentially recognized by reverse transcriptase
and thus, methods to detect these changes rely on indirect detection by using chemical
treatments that generate bulky adducts to block reverse transcriptase or promote nucleotide
misincorporation (Accornero, Ross, & Alfonzo, 2020; Weichmann et al., 2020). The
relatively low frequency of occurrence is another challenge to identifying targets of RNA
editing and modifying enzymes via searching for changes present in RNA-seq datasets.
Several methods to overcome this hurdle are being developed and center around the use of
either a modification-specific antibody or proteins that recognize a specific modification to
selectively enrich for edited and/or modified transcripts (Knutson & Heemstra, 2021). One
limitation of these approaches is the availability of antibodies or proteins that specifically
recognize modified nucleosides. Therefore, one strategy that researchers can employ to
surmount the above-mentioned obstacles is to focus on RNA-protein interactions. As
mMRNA modifications are mediated by specific RNA-binding proteins (RBPS), capturing
transcripts bound by RBPs can facilitate detection of modified transcripts (Anreiter, Mir,
Simpson, Janga, & Soller, 2021). A growing school of thought also suggests that individual
MRNA modifications have the potential to alter binding of other gene regulatory RBPs
(Lewis, Pan, & Kalsotra, 2017). Furthermore, some enzymes, such as ADARs, bind to
cellular RNAs and regulate gene expression independent of editing (Anantharaman et al.,
2017). Thus, by capturing RNA-protein interactions, this approach would serve beneficial in
detecting physiologically relevant targets that otherwise would not have been identified.

Biochemical approaches, including electromobility shift assays and nitrocellulose filter
binding assays, can be used to examine interactions between RBPs and cognate RNA
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targets /n vitro (Chen et al., 2000; Gallo, Keegan, Ring, & O’Connell, 2003; Kuttan &

Bass, 2012; Rajendren et al., 2018). However, a major disadvantage with such biochemical
approaches is that prior knowledge of the target RNA molecule is required. In addition,
owing to the /n vitro nature, information regarding the physiological composition and/or
spatiotemporal regulation of ribonucleoprotein complexes cannot be obtained through such
biochemical assays. RNA immunoprecipitation (RIP) is a powerful molecular approach that
allows for identification of RNAs bound by an RBP /n vivo. While several modifications

of this technique have been used to identify targets of RBPs /in vivo (Kaczynski, Hussain,

& Farkas, 2019; Rajendren et al., 2021, 2018; Song et al., 2020; Sugimoto, Chakrabarti,
Luscombe, & Ule, 2017; Sugimoto et al., 2015; Zarnegar et al., 2016), the basic workflow
involves using a protein specific antibody to pull down an RBP of interest (along with bound
targets) from cellular lysates. Following immunoprecipitation, bound RNA is extracted and
is either coupled to quantitative real-time PCR (gQRT-PCR) to quantitatively examine binding
of specific targets or to high-throughput sequencing to get a global view of bound RNAs.

In general, RIP assays can be classified into two main categories based on whether the
lysate is untreated (referred to as native) or treated with chemical crosslinkers (referred

to as crosslinked) (see Fig. 1). Native RIPs are primarily used for immunoprecipitation of
RBPs that are either highly expressed or have a strong affinity toward target RNA molecules
(Cozzitorto et al., 2015; Keene, Komisarow, & Friedersdorf, 2006; Khalil et al., 2009; Zhao
et al., 2010). However, since RNAs have been shown to associate with RBPs after cell lysis
(Mili & Steitz, 2004), native RIPs might not be the technique of choice in identifying true
RNA-RBP interactions. This is where use of chemical crosslinkers, such as formaldehyde
or ultraviolet (UV) light, prove to be advantageous. In crosslinked RIPs, not only are RNA-
protein interactions captured in real time; but additionally, identification of RNA targets that
are either transient and/or to which the RBP has a weak affinity are improved. In addition,
since crosslinking stabilizes RNA-protein interactions, the immunoprecipitated products can
be subjected to stringent washing conditions that further decrease the chances of retrieving
nonspecific interactions. It is noteworthy to mention that the choice of crosslinking agent
being used in a given experiment can also influence retrieval of nonspecific interactors.

For example, formaldehyde stabilizes protein—protein interactions in addition to crosslinking
nucleic acid to protein molecules. Thus, the use of formaldehyde can increase detection of
indirect interactions. Here, we describe a detailed protocol for immunoprecipitating an RBP
of interest and include important considerations needed before starting the experiment as
well as some troubleshooting advice.

2. Factors to consider when designing a RIP assay

The key to a successful RIP assay is to maximize the efficiency by which target RNA-
protein complexes are pulled down while minimizing nonspecific interactions with the resin
or beads used for immunoprecipitation. Here, we will mention several experimental aspects
that should be considered when designing a RIP experiment.
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* Quality of antibody

Efficient immunoprecipitation largely depends on the antibody employed. Antibodies are
defined as monoclonal or polyclonal depending on the number of epitopes the antibody
recognizes; one epitope for monoclonal and multiple epitopes for polyclonal. Due to the
ability to recognize multiple epitopes, polyclonal antibodies are preferred for RBPs where
the epitopes exposed /7 vivo are unknown. In addition, the ability of polyclonal antibodies
to recognize multiple epitopes prevents the affinity of the antibody preparation from being
significantly affected by minute changes in the antigen structure.

Moreover, to further enhance the RIP efficiency, polyclonal antibody preparations can be
affinity purified. Briefly, when an animal is immunogenized using an antigen (against which
the antibody is raised), the derived polyclonal serum not only comprises antibodies against
the target antigen but also contain several other animal-specific antibodies. Thus, to enrich
for antibodies specific to the protein of interest, antigen immobilized on a nitrocellulose
membrane or resin can be used to affinity purify the polyclonal serum. This affinity purified
antibody can then be used to perform RIPs. However, it should be noted that monoclonal
antibodies have also been shown to successfully immunoprecipitate target proteins (Gilbert,
Kristjuhan, Winkler, & Svejstrup, 2004; Rudel, Flatley, Weinmann, Kremmer, & Meister,
2008).

» Protein expression

Another determinant of efficient immunoprecipitation includes the relative abundance of
the protein of interest. In general, immunoprecipitation of endogenous protein is considered
ideal. Pulling down an exogenously expressed protein raises concerns as to whether the
identified RNA targets are physiologically relevant or are a consequence of transgenic RBP
expression promoting nonspecific interactions. However, depending on the type of protein
or the model system being used, pulling down endogenous proteins may not be possible.

In such cases, exogenously expressing the RBP to identify targets can be an important first
step. An additional modification here can be to exogenously express the RBP fused to a
small peptide (referred to as a “tag”) against which high-affinity, monoclonal antibodies are
commercially available. In a recent study from our lab, switching from an affinity-purified
polyclonal antibody of the RBP of interest (ADR-2) to a commercially available FLAG
antibody improved the ability to identify physiological targets of the RBP, which was
transgenically expressed in only one tissue of a multicellular organism (the nervous system
of Caenorhabditis elegans) (Rajendren et al., 2021).

* Number of peptide tags

When epitope tags are employed, increasing the number of epitope tags fused to the
protein of interest can enhance the efficiency of immunoprecipitation. In a previous study,
using three tandem copies of the FLAG epitope instead of just one resulted in efficient
immunoprecipitation of ADAR3 and bound RNAs (Oakes, Anderson, Cohen-Gadol, &
Hundley, 2017).
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* Nonspecific interactions

The ability of RBPs to associate with nonspecific RNAs after cell lysis, a phenomenon
known as post-lysis reassortment (Mili & Steitz, 2004) makes identifying true RNA targets
of any RBP critical and challenging. If protein lysates are derived from a multicellular
organism, post-lysis reassortment can significantly affect signal-to-noise ratio as proteins
expressed in one tissue can nonspecifically bind to RNAs expressed in other tissues thereby
skewing our understanding of the biological function of the protein being studied. From
personal experience, magnetic beads and agarose resin can nonspecifically bind RNA
molecules. In fact, if possible, agarose resin should be avoided. To improve the signal-to-
noise ratio and facilitate identification of physiological targets, bead volumes should be kept
to a minimum. In addition, as described above, crosslinking before lysis can be employed.
Several additional steps to reduce nonspecific binding are provided in the troubleshooting
section at the end of this protocol.

* Use of controls

Successful identification of physiologically relevant targets needs to be validated

using appropriate controls. When using a polyclonal antibody to perform RIP,
immunoprecipitation using preimmune serum (derived from the same animal prior to
immunogenization) can be performed as a negative control. The preimmune control helps
to determine whether animal-derived antibodies and/or beads are contributing to nonspecific
interactions with RNA (refer to the troubleshooting section at the end of this protocol for
suggestions if nonspecific binding is observed). Binding of a known RNA target can serve
as a positive control and be useful in optimizing the signal-to-noise ratio of the RIP assay.
Ideally, lack of enrichment of a nonbinding RNA should also be monitored. Furthermore,
when exogenously expressed proteins are employed, lysates lacking the overexpressed
protein should be included as a negative control.

* Binding comparison of mutant RBPs and/or different genetic backgrounds

RIP can be useful in assessing how mutations affect the /n7 vivo binding properties of a given
RBP. When executing such an experiment, care needs to be taken that equal amounts of RBP
(wildtype and mutant) are immunoprecipitated. Similar concerns occur regarding analysis of
an RBP from different genetic backgrounds or at different times in development. If equal
immunoprecipitation is not achieved, differences observed in enrichment of target RNAs
cannot be attributed to the mutations in question but may rather result from differences in
RBP immunoprecipitation efficiency. During a RIP assay, even if all reaction conditions,
buffers and reagents are kept constant between different genetic backgrounds, equal amounts
of RBP immunoprecipitation might not be achieved. Thus, before proceeding with reverse
transcription, the immunoprecipitated protein should be subjected to immunoblotting, and
the IP efficiencies compared. Depending on variations observed at the protein level,
equivalent ratios of immunoprecipitated RNA need to be taken for further analysis.

3. Step-by-step method details

The protocol described below provides a general procedure for immunoprecipitation
and may require optimization. The experiment should be performed in an RNase-free
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environment. All equipment and workspaces should be cleaned using water, then 70%
ethanol and followed by RNase ZAP (Sigma, cat. no. R2020) and allowed to air dry. All
solutions should be made with RNase-free chemicals and in glassware that has been baked
overnight at 200°C. All tips used should contain filter barriers and be low retention; the
latter of which also applies to microcentrifuge tubes and reduces loss of sample due to
surface binding.

3.1 Materials and equipment

UV crosslinker (ex. Spectrolinker XL-1000 UV crosslinker)
Sonicator (ex. Misonix Ultrasonic liquid processors)

Mortar and pestle (ex. VWR, cat. no. 89038-146 and 89038-162)
Refrigerated benchtop microcentrifuge (ex. Eppendorf 5424)
\Vortex mixer (ex. Fisher, cat. no. 02215365)

Benchtop centrifuge with swing bucket rotor (Eppendorf 5810R with A-4-62
rotor)

Spectrophotometer (ex. Nanodrop 2000c UV-Vis spectrophotometer)
Magnetic separation rack (ex. DynaMag™-2, Fisher, cat. no. 12321D)
1.5mL microcentrifuge tubes (ex. Thomas Scientific, cat. no. 1149X75)
Microcentrifuge Tube Rotator (ex. VWR, cat. no. 10136-084)
Thermomixer (ex. Benchmark Scientific, cat. no. H5000-HC)

15mL RNase-free tubes (ex. VWR, cat. no. 525-1068)

Heat block (ex. VWR, cat. no. 12621-104)

Water bath (ex. Fisher, cat. no. 15-462-10)

Real-Time PCR System (ex. Fisher QuantStudio 3)

96-well PCR plate (ex. Fisher, cat. no. AB-24400/W)

1. Cell lysate preparation

1.1.

Reagents and Buffers

Lysis buffer for mammalian cell culture
20mM Tris—HCI (pH 7.5) (Sigma, cat. no. T1503).
500mM NacCl (Fisher, cat. no. S271-1)
10mM EDTA (Acros Organics, cat. no. 118432500).
10% Glycerol (Sigma, cat. no. G5516).
0.1% NP-40 (Sigma, cat. no. 74385).
0.5% Triton-X 100 (Sigma, cat. no. T8787).
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Note: Detergents NP-40 and Triton-X 100 should be added to the buffer
immediately before use.

. Lysis buffer for C. elegans
50mM HEPES (pH 7.4) (Sigma, cat. no. H3375).
70mM Potassium acetate (Sigma, cat. no. 236497).
5mM Magnesium acetate (Sigma, cat. no. M0631).
10% Glycerol (Sigma, cat. no. G5516).
0.05% NP-40 (Sigma, cat. no. 74385)

. Protease inhibitor tablet (Roche, cat. no. 04693159001)

Note: Tablets should be dissolved in lysis buffer by rotating at 4°C immediately
before use as protective activity is limited to 4h in solution.

. Phosphate buffer saline (1x PBS, pH 7.4)
137mM NaCl (Fisher, cat. no. S271-1).
2.7mM KCI (Sigma, cat. no. 7300).
10mM NayHPO,4 (Sigma, cat. no. S3139).
1.8mM KH,PO4 (Sigma, cat. no. PX1565-1)
. 10 x M9 buffer
33.7mM NayHPOy, (Sigma, cat. no. S3139).
22mM KH,PO, (Sigma, cat. no. PX1565-1).
8.56mM NaCl (Fisher, cat. no. S271-1).
9.35mM NH,4CI (VWR, cat. no. BDH9208)

Bradford reagent (Sigma, cat. no. B6916)

1.2. Procedure

1.2.1. Grow the cells/organism in the appropriate medium. The amount required will
depend on the number of immunoprecipitations to be performed, the amount
of protein extract used for each immunoprecipitation, and the expression level
of your protein of interest

1.2.2. Remove the growth media and wash the sample with balanced salt solution
to remove any remaining growth media or other contaminants. For example,
we use ice-cold 1x PBS for mammalian cell culture and 1x M9 buffer for C.
elegans

1.2.3.  After washing, add a minimal amount of ice-cold salt solution to the sample.
If working with an organism in liquid, spread the sample on a petri dish
(containing agar) to form a thin layer
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After taking off the lid or any barrier between your samples and the light
source, place your sample as close as possible to the lights within the UV
crosslinker. Irradiate with energy (mJ/cm?) optimal for your sample. The
value of energy used for irradiation varies depending on the sample. In our
experience, 150mJ/cm? for mammalian cell culture and 3000mJ/cm? for C.
elegans is ample irradiation energy

Place the plates immediately on ice or at 4°C after irradiation

Collect the irradiated samples in conical tubes and pellet by centrifugation at
4°C

Remove supernatant and resuspend the sample in lysis buffer containing
protease inhibitor by pipetting gently. At this stage, the lysate can be frozen
in liquid nitrogen and stored at —80°C until proceeding to the next step. Store
at least 50uL of lysis buffer (with detergents and protease inhibitor added) for
step 1.2.11

In addition to detergent, the cells are further lysed by physical methods such
as sonication, mechanical disruption (ex. grinding with mortar and pestle)
and freeze thaw cycles depending on sample type. As the physical methods
can cause a rise in temperature, to avoid RBP denaturation, it is important

to prechill equipment and keep the sample cold during lysis. For mammalian
cells, cells are sonicated twice at 30% amplitude with a microtip for 20s. For
C. elegans, the frozen pellets are ground using mortar and pestle on dry ice in
a 4°C room

Centrifuge the cell lysate at maximum speed in refrigerated (4°C) benchtop
centrifuge for 10min to remove any cellular debris

Transfer the supernatant to a new tube and place at 4°C. It is important to note
that immunoprecipitation must be performed as soon as possible after lysis
and that lysates cannot be stored for later use

Determine the protein concentration of the lysate by Bradford assay

2. Preparation of magnetic beads for the RNA immunoprecipitation

2.1. Reagents and Buffers

Dynabeads M-280 Sheep anti-Rabbit 1gG (Invitrogen, cat. no. 11203D) or
Dynabeads M-280 Sheep anti-Mouse IgG (Invitrogen, cat. no. 11201D)

ANTI-FLAG M2 Magnetic Beads (Sigma, cat. no. M8823)
Antibody against your protein of interest

Antibody conjugation buffer—make fresh before use

0.1% (w/v) Bovine serum albumin (Fisher, cat. no. 9048-46-8).
2mM EDTA (Acros Organics, cat. no. 118432500).

1x PBS (refer to steps in list 1.1)
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. 6x SDS buffer
37.5mM Tris (Sigma, cat. no. T1503).
12% SDS (Sigma, cat. no. L3771).
70% Glycerol (Sigma, cat. no. G5516).
0.06% Bromophenol blue (Sigma, cat. no. B0126).
12% p-mercaptoethanol (Sigma, cat. no. M3148).

2.2. Procedure: The antibody of interest can be covalently linked to agarose resin/
magnetic beads or indirectly bound to beads coated with 1gG. Agarose resin has

a high capacity to bind but the sponge-like structure increases nonspecific binding
(ThermoFisherScientific). Therefore, if using agarose resin, additional steps of blocking
the beads, preclearing of lysates and extensive washing should be employed. Magnetic
beads are nonporous and are recommended due to both low nonspecific binding and
easy handling during washes. Magnetic beads with polyclonal a-rabbit or a-mouse 1gG
covalently bound to the bead surface can be noncovalently coupled with antibody that
recognizes your target protein and used for immunoprecipitation. Alternatively, magnetic
beads conjugated to monoclonal antibodies that recognize epitope, such as FLAG, can be
used for immunoprecipitation of tagged proteins (ThermoFisherScientific, 2021).

Note: All of the following steps must be performed at 4°C.

2.2.1. Resuspend the magnetic beads by pipetting, and aliquot the required amount
of beads into a 1.5mL tube. The amount of beads used for each assay needs
to be optimized to both ensure efficient immunoprecipitation of the RBP as
well as minimal capture of nonspecific interactions. Typically, at least two
immunoprecipitations for each cell type/condition are performed to allow one
sample to be used to assess efficient protein immunoprecipitation by western
blotting and the other sample for analysis of bound RNA bound by gRT-PCR
or high-throughput RNA sequencing

2.2.2.  Place the beads on a magnetic rack for 1min and discard the supernatant
For magnetic beads covalently linked with antibody, skip to step 2.2.8.

2.2.3.  Resuspend the beads in 1mL antibody conjugation buffer and wash by
rotating for 5min at 4°C

2.24. Place the beads on a magnetic rack for 1min and remove buffer. Perform steps
2.2.3 and 2.2.4 for a total of three times

2.2.5.  Add the antibody recognizing your target protein of interest to the beads. If
applicable, in a separate tube of beads, add the preimmune serum that serves
as the negative control. Add antibody conjugation buffer to bring volume to
1mL
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Note: For the magnetic beads listed above, the manufacturers recommend
0.4-4ug antibody/50uL of beads. The ratio of antibody to beads varies and
should be optimized using the antibody of interest.

Incubate the beads with antibody on a microcentrifuge rotator for at least 1h
up and up to overnight at 4°C. The binding efficiency of antibody to beads
may vary and can be optimized using different incubation times

After incubation, place the beads on a magnetic rack for 1min and discard the
unbound antibody. Optional: Take 100uL of the unbound antibody fraction to
analyze by western blotting to determine the efficiency of antibody binding to
beads for the corresponding incubation time

Resuspend the beads in 1mL lysis buffer and wash by rotating for 5min at
4°C. This washing step removes any unbound antibody as well as equilibrates
the antibody bound beads to the lysate buffer condition

Place the beads on a magnetic rack for 1min and take off the buffer

Perform steps 2.2.8 and 2.2.9 three times. The number of washing steps after
the antibody conjugation depends on the strength of antibody-bead interaction
and can be optimized to minimize the loss of antibody during wash

3. RNA-protein immunoprecipitation

3.1. Reagents and buffers

Protease inhibitor tablet (Roche, cat. no. 04693159001)
TRIzol reagent (Ambion, cat. no. 15596018)
Tris-buffered saline (1x TBS, pH 7.5)

16mM Tris (Sigma, cat. no. T1503).

110mM NacCl (Fisher, cat. no. S271-1)

High salt wash buffer for mammalian cell culture
20mM Tris—HCI (pH 7.5) (Sigma, cat. no. T1503).
500mM NacCl (Fisher, cat. no. S271-1).

10mM EDTA (Acros Organics, cat. no. 118432500).
10% Glycerol (Sigma, cat. no. G5516)

High salt wash buffer for C. elegans

16mM Tris (Sigma, cat. no. T1503).

500mM NacCl (Fisher, cat. no. S271-1)

6x SDS sample buffer (refer to steps in list 2.1)
Proteinase K, 800U/uL (New England Biolabs, cat. no. P8107S)
RNasin Plus RNase inhibitor (Promega, cat. no. N2618)
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3.2. Procedure

3.2.1.

3.2.2.

3.2.3.

3.2.4.

3.2.5.

3.2.6.

3.2.7.

3.2.8.

3.2.9.

3.2.10.

Dissolve one protease inhibitor tablet per ImL of lysis buffer by rotating at
4°C
Add the required volume of lysate to beads. Depending on the level of protein

expression and efficiency of the immunoprecipitation, the amount of lysate
can vary from 100ug to 5mg

Add 100pL of lysis buffer from step 3.2.1. to each tube and bring total volume
to ImL using lysis buffer used in step 1.2.7

Note: The IgG Dynabeads capacity is 25 g of target protein/ml of antibody
bound beads. Based on the level of target protein in your sample, this step
should be optimized.

Incubate the antibody bound beads with the lysates rotating at 4°C for 1h

Note: Depending upon the immunoprecipitation efficiency the incubation time
can be altered.

Place 10% of the lysate used for each immunoprecipitation in a new tube
labeled as “Input”. Add 6x SDS sample buffer and boil the sample at 100°C
for 10 min. Store it in —20°C for western blot analysis to determine the
efficiency of immunoprecipitation

Take a portion of the lysate used for each immunoprecipitation and place in

a new 15mL tube and add TRIzol reagent. The TRIzol volume should be

3x the sample volume. Vortex the lysate/TRIzol mixture for 1min and freeze
in liquid nitrogen. Label the tube as “Input RNA” and store at —80°C until
RNA isolation. The amount of each transcript detected in the target protein IP
sample will be normalized by the transcript amount in the input RNA sample
to control for differential gene expression between strains or conditions

After incubating cell lysate with antibody-bound beads, place the tubes on a
magnetic rack for 1min and discard the supernatant. Optional: place 100uL
of the supernatant in a new tube labeled as “unbound lysate,” add 6x SDS
sample buffer and boil at 100°C for 10min. Store at —20°C for western blot

Resuspend the beads in 1mL of high salt wash buffer. Rotate the tubes

for 5min at 4°C. Then, place the tubes on a magnetic rack and remove

the supernatant. Repeat washing with high salt wash buffer for 3-5 times.
The number of washes varies depending on the strength of antibody protein
interaction and nonspecific interaction of other proteins to beads

Spin down the tubes, place on the magnetic rack for 1min, and discard any
remaining buffer

Resuspend the beads in 100pL of 1x TBS and combine the beads from
technical replicates of the immunoprecipitation into one 1.5mL tube. Mix
the beads by pipetting gently and then redistribute 100uL of beads back into
the same number of tubes. Note: This step minimizes the variation among
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IP samples used for different downstream analysis such as western blotting,
RNA-seq, gRT-PCR

Place the tubes on a magnetic rack and remove 1x TBS

Add 30-100pL of 2x SDS sample buffer to the beads from step 3.2.11 for
western blot analysis. Label the tube as “IP,” boil the sample at 100°C for
10min and store at —20°C. Keep at least one tube of each IP condition or
sample for checking the IP efficiency

Resuspend the sample that will be used for RNA analysis from step 10 in
100uL of 1x TBS

Add 0.5pL Proteinase K and 1uL of RNasin Plus RNase inhibitor to each tube
Incubate at 42°C for 15min in a thermomixer at 1200rpm

After the incubation, spin down the samples and place them on a magnetic
rack for 2min

Collect the supernatant from the tubes of immunoprecipitation into 15mL
tubes and add TRIzol (similar to step 3.2.6). Vortex for 1min, freeze in liquid
nitrogen, and store at —80°C

To check the immunoprecipitation efficiency for the RBP, perform
immunoblotting using the appropriate primary and secondary antibody. Use
the protein samples labeled “Input” and “IP” saved in —20°C from steps 3.2.5
and 3.2.12 Optional: The “unbound” lysate sample from step 3.2.7 can also

be used. Boil the samples at 100°C and spin down. Place the tubes on a
magnetic rack and load input, IP, and unbound lysate sample (optional) on a
polyacrylamide gel of the percentage that provides the best resolution for your
protein of interest

RNA extraction

4.1. Reagents

TRIzol reagent (Ambion, cat. no. 15596018)
Chloroform (Sigma, cat. no. C2432)

Isopropanol (Sigma, cat. no. 32727-2500)

Ethanol (KOPTEC, cat. no. 64-17-5)

RNase-free water

Glycoblue Coprecipitant (Invitrogen, cat. no. AM9515)
Turbo DNase (Invitrogen, cat. no. AM2239)

RNeasy Mini kit (Qiagen, cat. no. 74106)

RNeasy MinElute clean up kit (Qiagen, cat. no. 74204)

3M Sodium acetate (Sigma, cat. no. S7670)
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. RNasin Plus RNase inhibitor (Promega, cat. no. N2618)

4.2. Procedure

4.2.1.  Thaw the RNA samples stored at —80°C from step 3.2.6 and 3.2.17 in a 37°C
water bath. Vortex for 1min

4.2.2. Freeze the sample again in liquid nitrogen, then thaw at 37°C and vortex for
1min. Repeat this step twice

4.2.3.  Add chloroform to each tube and mix the samples by inverting approximately
15 times. The amount of chloroform added should be 0.2x the volume of the
total sample

4.2.4. Leave the tubes undisturbed for 3min at room temperature

4.2.5. Centrifuge the sample at maximum speed (3220g) for 15min at 4°C to
separate the phases

4.2.6.  Transfer the aqueous phase (top-most transparent layer) to siliconized
microcentrifuge tubes. Be sure to collect as much of the aqueous layer as
possible without disturbing the other layers. If the volume is more than
750pL, use multiple tubes

4.2.7.  Add an equal volume of isopropanol to each tube. To facilitate detection of
pellets, add 1uL glycoblue to the immunoprecipitation samples

4.2.8.  Vortex and incubate at room temperature for 10min

4.2.9. Centrifuge the tubes at maximum speed at 4°C for at least 30min. Discard the
supernatant and add 1mL of freshly made 70% ethanol and gently mix a few
times

4.2.10. Centrifuge the tubes at maximum speed at 4°C for 5min. Quickly remove the
supernatant and spin down the tubes again by a short spin and remove any
remaining liquid by pipetting

4.2.11. Leave the tubes open for 1min for RNA pellets to air dry

4.2.12. Resuspend the pellet in 30-80uL RNase-free water by pipetting up and down
several times. The RNA samples at this stage can be stored at -80°C

4.2.13. Determine the concentration of input RNA samples using a nanodrop
spectrophotometer. The RNA samples from RIP do not need to be quantified
as the entire IP will be used for downstream analysis

4.2.14. To remove any DNA contamination in the extracted RNA, treat the samples
with Turbo DNase. Use 5uL of Turbo DNase per 100ug RNA of the input
samples and 1L Turbo DNase per IP samples

4.2.15. Incubate RNA with Turbo DNase, 10x Turbo DNase buffer (10puL), RNasin
(2uL), and RNase-free water (up to 100uL) at 37°C for 1h
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After incubation, purify the RNA samples using the Qiagen RNeasy kit
according to the manufacturer’s instructions. Elute the RNA in 30-50uL of
RNase-free water

Note: An alternative is to elute the RIP RNA samples in 10uL RNase-free
water using the RNeasy MinElute clean up kit and skip to step 4.2.24.

Concentrate the IP RNA sample by ethanol precipitation. Add three volumes
of 100% ethanol and 1/10 volume of 3M NaOAc to the sample. Mix well.
Add 1uL of glycoblue to the IP samples

Incubate the tubes at —80°C for at least 30min to allow precipitation of RNA
and centrifuge the tubes at maximum speed for at least 30min at 4°C

Discard the supernatant and add 1mL of freshly made 70% ethanol and gently
mix a few times

Centrifuge the tubes at maximum speed at 4°C for 5min

Quickly remove the supernatant and spin down the tubes again by a short spin
and remove any remaining liquid by pipetting

Leave tubes open for 1min for pellets to air dry

Pipet up and down to resuspend pellets. Use a total of 30uL RNase-free water
for input RNA samples and 10uL for IP RNA samples

Determine the concentration of input RNA samples using a
spectrophotometer. At this stage, RNA samples can be stored at —80°C

5. RT-gPCR analysis

5.1. Reagents

Superscript 111 Reverse transcriptase (Invitrogen, cat. no. 18080-044)
Random hexamer primer (Fisher, cat. no. S0142)

Oligo(dT) primer (Fisher, cat. no. S0132)

dNTPs (Promega, cat. nos. U120A, U121A, U122A, U123A)
RNasin Plus RNase inhibitor (Promega, cat. no. N2618)

KAPA SYBR FAST Universal (KAPA Biosystems, cat. no. KK4602)

Gene specific primers (5uM stock solution)

5.2. Procedure

5.2.1.

Perform reverse transcription of 2ug of each input RNA sample and all (10uL)
the RNA immunoprecipitated from one entire IP using a thermostable reverse
transcriptase such as Superscript 11 (200U/reaction). For abundant genes,

use of random hexamers and/or oligo(dT) for priming is typically adequate.
However, in some instances gene-specific primers (250nM) are needed to
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obtain ample product to detect by qRT-PCR. A control reaction lacking the
reverse transcriptase is also recommended

5.2.2.  After reverse transcription, dilute the cDNA synthesized from the input and
immunoprecipitated RNA by adding 20uL RNase-free water. For analysis of
genes with low expression, use cDNA without dilution

5.2.3. Perform gRT-PCR using gene specific primers and DNA polymerase optimal
for gRT-PCR conditions, along with components to detect the amplification of
DNA. We suggest the use of KAPA SYBR FAST qPCR master mix which has
SYBR Green | fluorescent dye for detection and our instrument of choice is
the QuantStudio 3. Perform the gPCR in triplicates for each sample for more
accurate data

5.2.4.  The cDNA amplification of your gene of interest in each of the input

and immunoprecipitation samples are calculated based on the Ct values of
samples compared to that of a standard curve. The amount of binding in each
condition is determined by dividing the cDNA value in the IP sample by the
corresponding input sample (Fig. 2A, B). A gene is considered to be bound if
significant enrichment is observed in the experimental IP sample compared to
the negative control IP (Fig. 2A and C). Furthermore, the enrichment of a true
target should be significantly higher than that for a random/nontarget RNA

6. RIP-Seg—Global views of the transcripts interacting with an RBP can be determined
by performing high-throughput sequencing on the input and immunoprecipitated RNA
samples. RNA libraries can be generated using commercially available Kits. It is important to
note that for modifications that occur in highly repetitive regions, such as A-to-1 editing,
maintaining the strand information is critical to successfully mapping the sequence to

the correct genomic location as well assigning the correct type of RNA modification
(Oakes, Vadlamani, & Hundley, 2017). Therefore, commercial kits that maintain this
information, such as the KAPA Strand-Specific RNA Library Kit are preferred. Before
library preparation, RNA from RIP assays can be subjected to poly(A) selection and/or
ribosomal RNA depletion depending upon whether bound targets are expected to contain
poly(A) tails. If looking for small RNAs bound to an RBP, size selection of RNAs will also
be necessary.

RNA sequencing reads can be processed and aligned to the reference genome using STAR
(Dobin et al., 2013). The RNA reads are analyzed using DESeq2 (Love, Huber, & Anders,
2014) or EdgeR (Robinson, McCarthy, & Smyth, 2010) to estimate the abundance of reads
mapping to specific transcripts in input and immunoprecipitated samples. The number of
reads of each transcript in the RIP sample is normalized by the number of reads of that
transcript in the corresponding input RNA sample to account for any gene expression
variation. The normalized read count of a given transcript immunoprecipitated by the protein
of interest is then compared with the normalized read count in the RIP negative control.
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4. Troubleshooting

Issue

Probable cause

Page 16

Solution

Low RNA yield

RNase contamination

Ensure all instruments, workspaces and reagents are RNase-free.
While working with RNA, routine cleanup with RNase ZAP is
beneficial

IP of nonspecific
and/or degraded
proteins

Post-cell lysis

Increase stringency of washes

Protein degradation during
sonication

Ensure samples do not overheat during sonication. Keep samples
on ice at all times and increase duration of intervals between
consequent sonication cycles

Low IP efficiency

Immunoprecipitated protein
is too low

Combine immunoprecipitated proteins from multiple technical
replicates

Antibody unable to pull
down protein of interest

Insert single (or tandem repeats) of an epitope tag to the protein
of interest. Commercially available antibodies can then be used
to immunoprecipitate target protein with higher efficiency

Low signal-to-
noise ratio

Too much lysate

Decrease amount of lysate used. A common misconception is
that increasing the amount of input lysate increases IP efficiency.
However, increasing the lysate not only increases the target
protein concentration but also the pool of nonspecific RNAs

RNA is nonspecifically
binding to beads and/or target
protein

Preclear protein lysates by incubating with antibody-free beads
prior to incubation with antibody-coated beads

Coat beads with a layer of nonspecific protein like Bovine Serum
Albumin (BSA) prior to immunoprecipitation

Increase stringency of washing by replacing mild buffers with
high salt containing buffers (greater than or equal to 0.5M NaCl)

5. Summary

The RIP workflow described above is versatile and can easily be modified to suit any
model organism or study being performed. Similar to chromatin immunoprecipitation
(ChIP), a widely used technique to study epigenetic modifications, RIP has proven to be an
indispensable tool in the field of RNA biology. For several years now, RIPs have facilitated
specific as well as systemic identification of RNA molecules bound by a target protein
(Kaczynski et al., 2019; Oakes, Anderson, et al., 2017; Rajendren et al., 2021; Song et al.,
2020; Sugimoto et al., 2015). By comparing RIP-seq and RNA-seq profiles in presence

or absence of a given RNA modification, researchers now have the potential to connect

the recognition of modified transcripts by RBPs to the impact of these factors on gene

expression.
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Schematic representation of a crosslinked and native RIP workflow. Cells (or other model
organisms) can either be treated with a crosslinking agent that allows covalent crosslinking
of proteins to bound RNA molecules (Crosslinked RIP) or not (Native RIP). Cells are lysed
to release RBPs with bound RNAs, and the lysate is incubated with antibody-conjugated
magnetic beads. Upon completion of incubation, beads are pulled down using a magnet
and subjected to several rounds of stringent washing to remove nonspecific interactors. To
examine immunoprecipitated protein, an SDS-containing buffer is added to the beads, and
the mixture is boiled. The denatured protein lysate can then be resolved by SDS-PAGE,
transferred to a nitrocellulose membrane and subjected to immunoblotting. To isolate
immunoprecipitated protein bound RNA, the beads can be treated with Proteinase K.
Released RNA can be extracted using standard phenol-chloroform based techniques and
used for gRT-PCR or high-throughput sequencing.
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Fig. 2.

Representative RIP gRT-PCR results. (A) The table lists the amount of cDNA amplification
detected by qRT-PCR in RNA samples for Input lysate as well the 1gG and RBP
immunoprecipitations. For each gene under study, the amount of RNA detected in the IP
samples is normalized by the amount of corresponding gene in the input. (B) Bar graph
represents the cDNA present in the RIPs divided by cDNA present in the input lysates

for each gene. (C) The bar graph represents the fold enrichment of cDNA present in the
RBP RIP divided by cDNA present in the input lysates normalized to the same ratio in

the 1gG control RIP. The mean of replicates is plotted with error bars representing standard
error of the mean. Statistical significance was determined by two-way ANOVA, where ****
represents A<0.0001.
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