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    Chapter 7   

 RIP: RNA Immunoprecipitation                     

     Miriam     Gagliardi     and     Maria     R.     Matarazzo*      

  Abstract 

   The relevance of RNA-protein interactions in modulating mRNA and noncoding RNA function is increas-
ingly appreciated and several methods have been recently developed to map them. The RNA immunopre-
cipitation (RIP) is a powerful method to study the physical association between individual proteins and 
RNA molecules in vivo. The basic principles of RIP are very similar to those of chromatin immunoprecipi-
tation (ChIP), a largely used tool in the epigenetic fi eld, but with some important caveats. The approach 
is based on the use of a specifi c antibody raised against the protein of interest to pull down the RNA- 
binding protein (RBP) and target-RNA complexes. Any RNA that is associated with this protein complex 
will also be isolated and can be further analyzed by polymerase chain reaction-based methods, hybridiza-
tion, or sequencing. 

 Several variants of this technique exist and can be divided into two main classes: native and cross- 
linked RNA immunoprecipitation. The native RIP allows to reveal the identity of RNAs directly bound by 
the protein and their abundance in the immunoprecipitated sample, while cross-linked RIP leads to pre-
cisely map the direct and indirect binding site of the RBP of interest to the RNA molecule. 

 In this chapter both the protocols applied to mammalian cells are described taking into account the 
caveats and considerations required for designing, performing, and interpreting the results of these 
experiments.  

  Key words     RNA immunoprecipitation  ,   Native RIP  ,   Cross-linked RIP  ,   Protein-RNA interaction  

1      Introduction 

  The interest in  the   interaction between proteins and RNAs as key 
aspect of gene regulation has increased over the last decade [ 1 ]. 
The growing expansion in sequencing technologies has facilitated 
the investigation of the transcriptome at unprecedented depth [ 2 ]. 
Therefore, the importance of messenger RNA (mRNA) process-
ing, including alternative splicing, nuclear export, subcellular local-
ization, and editing in producing diverse isoforms and in controlling 
the stability and translation of mRNAs, has largely reported [ 3 – 5 ]. 
Moreover, the identifi cation of diverse classes of  noncoding RNAs 
(ncRNAs)  , including many thousands of  long noncoding RNAs 
(lncRNAs)  , has increasingly emerged [ 6 ,  7 ]. 
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 All aspects of controlling gene expression, either by small 
 regulatory RNAs, like microRNAs, and lncRNAs involve RNA-
protein interactions. Indeed, RNA molecules can interact with 
proteins through their secondary or tertiary structure to create 
ribonucleoprotein complexes (RNPs). The central function of 
RNPs in mRNA processing and  ncRNA   function are well-estab-
lished concepts. Thus, the main challenge for understanding RNA-
mediated biological processes is identifying the RNAs associated 
with  RNA- binding proteins (RBPs)   in a cellular context. 

 Historically, individual mRNA targets have been identifi ed using 
in vitro techniques such as cross-linking with ultraviolet light, nitrocel-
lulose fi lter binding, and RNA electromobility shift assays (REMSAs; 
[ 8 ]). Although these methods have provided ample biochemical infor-
mation, they are inadequate to identify unknown RNA targets when 
starting with an  RBP  . Furthermore, bioinformatic  algorithms   have 
been developed to search for novel mRNA targets of particular RBPs, 
but the effi cacy of such approaches is not complete because they iden-
tify RNA-binding sites of few nucleotides which therefore appear more 
frequently among mRNAs than expected. 

 More recently, the predominant methods for exploring RNA- 
protein interactions are based on protein  immunoprecipitation   
[ 9 ]. These methods require knowledge of the protein; therefore 
they are not useful for identifying the proteins that interact with a 
given RNA transcript. RNA immunoprecipitation (RIP) is an 
antibody- based technique used to identify RNA-protein interac-
tions in vivo [ 10 ,  11 ]. Specifi c ribonucleoprotein complexes can be 
immunoprecipitated from a cellular lysate with an antibody raised 
against the protein of interest. Every RNA interacting with this 
protein complex can also be isolated and further examined by 
PCR-based methods, hybridization, or massive sequencing [ 11 –
 13 ]. Bioinformatic tools have been developed to map reads to their 
transcripts of origin and to identify protein-binding sites, in case of 
 cross-linked  -based methods. 

 Binding maps of several  RNA-binding proteins   across the tran-
scriptome have been created by using these techniques, thus pro-
viding key insights into how mRNA processing is regulated in the 
cell [ 14 ]. Also, early insights into the proteins interacting with 
 lncRNAs  , such as the protein of the  Polycomb-repressive complex 
2 (PRC2)  , have been gained with these approaches [ 15 – 17 ]. 

 There are several variants of these methods, which can be 
divided into two main groups: native [ 12 ,  13 ,  17 ,  18 ] and cross- 
linked RNA immunoprecipitation [ 19 – 22 ]. Native methods detect 
RNA-protein complexes in physiological conditions. Although 
these approaches are valuable because preserve the native com-
plexes existing in the cell, they nevertheless have several shortcom-
ings. The fi rst and well described is that ribonucleoproteins can 
re-associate after cell lysis, and therefore not accurately reproduce 
the interactions that occur in vivo [ 23 ]. 
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 Moreover, the presence of abundant transcripts with nonspecifi c 
interactions may lead to the underestimation of specifi c RNA- 
protein interactions. Indeed, ribosomal RNAs are often the largest 
contaminating RNA species in protein purifi cations [ 24 ]. Because of 
these concerns, the nature of the interactions detected by these 
methods has been quite debated. For instance, many  lncRNAs  , as 
well as mRNAs, were identifi ed as interacting with  PRC2   by using 
native protocols [ 13 ]. However, a recent study has claimed that vir-
tually all transcripts may interact with  PRC2   in the cell [ 25 ]. Thus, 
the biological signifi cance of identifi ed lncRNA-PRC2 interactions 
is currently subject of discussion, with scientists arguing that they are 
merely nonspecifi c interactions [ 26 ]. Yet, it is undoubted that some 
of these lncRNAs-PRC2 interactions have been confi rmed and 
exhibit well-defi ned functional roles [ 15 ,  16 ,  27 ]. Given that the 
extent to which nonspecifi c RNA-protein associations are detected 
by the native approaches is not clearly quantifi able, the interactions 
identifi ed with these methods often require further experimental 
validation, such as through the integration of multiple distinct 
experimental approaches [ 16 ,  28 ]. 

 To prevent the re-association of proteins and RNA after cell 
lysis and to “freeze” their interactions in the cell, cross-linking 
agents can be used to fi x all the interactions. UV cross-linking may 
be used to identify direct interactions between RNA and proteins 
with the limitation that UV-cross-linking is not reversible [ 19 ]. 
 Cross-linking agents   that are reversible may be more benefi cial for 
subsequent characterization of the associated molecules [ 21 ]. One 
of the reversible cross-linking agents is  formaldehyde  , which is able 
to rapidly preserve cellular complexes in their native state, and to 
rapidly penetrate the cell membrane. These are the qualities that 
have led to its broad application in methods such as RNA  immu-
noprecipitation   [ 22 ]. An additional general weakness shared by 
both the approaches, the native and  cross-linked   RNA  immuno-
precipitation  , concerns the quality of the antibody raised against 
the protein of interest. Indeed, the effi cacy of the result is highly 
dependent on the antibody used and the abundance of the target 
ribonucleoprotein. 

 As shown in Fig.  1 , either cross-linked or non-cross-linked 
RNA-protein complexes from living cells are involved in an RIP 
assay. These complexes are isolated by immunoprecipitation using 
a specifi c antibody towards the protein of interest. After reversing 
the cross-links, the interacting RNA can be analyzed by reverse 
 transcription  , followed by a polymerase chain reaction.

    Immunoprecipitation   of RNPs may be followed by genomic 
analysis using microarrays, known as RIP-Chip, or more recently 
using  next-generation sequencing   methods known as RIP-Seq. 
These are powerful high-throughput techniques for in vivo identi-
fying RNA targets associated to specifi c proteins in cellular con-
text. A considerable amount of bioinformatic analysis is necessary 
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for processing raw array data to create a list of target gene mRNAs 
(or transcriptional fragments, in the case of RNA sequencing) as 
well as for statistical interpretation and analysis of the data. Primary 
data analysis often imposes further computational and experimen-
tal validation of putative identifi ed associated RNA and potential 
 RBP  -binding sites [ 29 ,  30 ]. 

 Here, we describe the detailed native and  cross-linked   RNA 
 immunoprecipitation   protocols allowing to select multiple RNA 
molecules, expressed in a specifi c cellular context, which are directly 
and/or indirectly interacting with the protein of interest.  

2    Materials 

 Prepare all solutions using ultrapure water and analytical grade 
reagents.

    1.    Phosphate-buffered saline (PBS) pH 7.4 (stable at room 
temperature).   

   2.    Polysome lysis buffer (10× PLB): 1000 mM KCl, 50 mM 
MgCl 2 , 100 mM HEPES-NaOH pH 7, 5 % Nonidet P-40 
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  Fig. 1    Schematic representation of native and cross-linked RIP protocols. ( a ) For the  native RIP  , the harvested 
cells are directly lysed. The  immunoprecipitation   is performed using an antibody raised against the protein of 
interest. The RNA species are purifi ed and analyzed by qPCR, microarray hybridization, and/or  next-generation 
sequencing  . ( b ) In the cross-linked protocol, live cells are treated by  formaldehyde   or another  cross-linking 
agent   (e.g., UV light) to fi x the RNA/protein interactions. After the nuclear extraction, the chromatin is sheared 
and the DNA is degraded by DNase treatment. The  immunoprecipitation   is performed using specifi c antibody 
against the protein of interest. Following the immunoprecipitation and the reverse cross-linking to release the 
immunoprecipitated RNA, the RNA is extracted subsequently analyzed by qPCR, microarray hybridization, and/
or  next-generation sequencing         
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(NP- 40). Prepare 10× stock buffer and store it at room tem-
perature. Before using it, prepare PLB dilution to 1× and add 
1 mM dithiothreitol (DTT), 200 units/ml RNase OUT, and 
EDTA- free Protease Inhibitor Cocktail.   

   3.    NT-2 buffer (5×): 250 mM Tris-HCl pH 7.4, 750 mM NaCl, 
5 mM MgCl 2 , 0.25 % NP-40. Store the stock buffer at 
4 °C. Before use prepare NT-2 buffer 1× dilution.   

   4.    NET-2 buffer: 1× NT-2 buffer supplemented with 20 mM 
EDTA pH 8.0, 1 mM DTT, 200 units/ml RNase OUT.   

   5.     Formaldehyde   solution: 50 mM HEPES-KOH, 100 mM 
NaCl, 1 mM EDTA, 0.5 mM EGTA, 11 % formaldehyde.   

   6.    Cell lysis buffer: 10 mM Tris-HCl pH 7.4, 10 mM NaCl, 0.5 % 
NP-40. Before use add 1 mM DTT, 200 units/ml RNase 
OUT, and EDTA-free Protease Inhibitor Cocktail.   

   7.    Nuclei resuspension buffer: 50 mM HEPES-NaOH pH 7, 
10 mM MgCl 2 . Before use add 1 mM DTT, 200 units/ml 
RNase OUT, and EDTA-free Protease Inhibitor Cocktail.   

   8.     Immunoprecipitation   buffer: 150 mM NaCl, 10 mM Tris–
HCl pH 7.4, 1 mM EDTA, 1 mM EGTA pH 8, 1 % Triton 
X-100, 0.5 % NP-40. Before use add 1 mM DTT, 200 units/
ml RNase OUT, and EDTA-free Protease Inhibitor Cocktail.   

   9.     Proteinase K   digestion buffer: 1× NT-2 buffer supplemented 
with 1 % sodium dodecyl sulfate (SDS), 1.2 mg/ml Proteinase K.      

3    Methods 

       1.    Grow cells in  an   appropriate culture medium, stimulate or 
treat them, if necessary, and collect them when they are at 
~80–90 % of confl uence ( see   Note    1  ).   

   2.    Count cells using a hemacytometer. Consider to use ~2–5 mg 
of total protein extract for each immunoprecipitation which 
corresponds to ~5–20 × 10 6  mammalian cells.   

   3.    Collect cells by centrifugation at 1000 ×  g  for 5 min at 4 °C and 
discard the supernatant.   

   4.    Wash cells twice with 1× ice-cold PBS. Collect cells by 
 centrifugation at 1000 ×  g  for 5′ at 4 °C and discard the 
supernatant.   

   5.    Resuspend cells in equal pellet volume of polysome lysis buffer. 
Pipette up and down to break clumps of cells ( see   Note    2  ).   

   6.    Incubate on ice for 5 min.   
   7.    Store at −80 °C to promote the cell lysis. The lysate may be 

stored for several months to −80 °C.      

3.1  Lysate 
Preparation (Native 
RIP)

RIP: RNA Immunoprecipitation
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       1.        Completely         resuspend protein-A- or protein-G-coated mag-
netic beads before taking magnetic beads by pipetting or end- 
over- end rotation ( see   Note    3  ).   

   2.    Add 75 μl protein-A or -G magnetic beads into a 1.5 ml tube 
and wash twice with 0.5 ml of NT-2 buffer.   

   3.    Resuspend the beads in 100 μl of NT-2 and add 5 μg of the 
antibody of your interest and the negative control to the tubes.   

   4.    Incubate with rotation for 1 h at room temperature to allow 
the binding of antibody to coated beads.   

   5.    Centrifuge the tubes at 5000 ×  g  for 15 s, place them on the 
magnetic rack, and remove the supernatant using a vacuum 
aspirator ( see   Note    4  ).   

   6.    Remove the tubes from the rack, add 1 ml of NT-2, mix them 
by pipetting, spin at 5000 ×  g  for 15 s, place the tube in the 
magnetic support, and remove the supernatant using a vacuum 
aspirator. Repeat this step another fi ve times for a total amount 
of six washes.   

   7.    After the sixth wash, resuspend the beads with 900 μl of NET-2 
buffer and keep them in the ice    ( see   Note    5  ).      

       1.    Centrifuge  the      cell lysate at 20,000 ×  g  for 10 min at 4 °C, 
remove 100 μl of supernatant, and add it to each antibody-
bead reaction. The fi nal volume of the immunoprecipitation 
reaction will be 1 ml.   

   2.    Take 10 μl (10 %) of the cell lysate supernatant and place it in a 
new tube labeled “Input” ( see   Note    6  ). Store it at −80 °C until 
starting RNA immunoprecipitation.   

   3.    Incubate all tubes on rotating wheel for 3 h up to overnight at 
4 °C.   

   4.    After the overnight incubation, spin down the tubes, place 
them on the magnetic support in the ice, incubate for 1 min, 
and discard the supernatant ( see   Note    7  ).   

   5.    Remove the tubes from the magnet, add 1 ml of ice-cold NT-2 
to each tubes, and vortex the samples vigorously.   

   6.    Spin down the tubes, place them on the ice-cold magnetic 
separator, incubate for 1 min, and discard the supernatant.   

   7.    Repeat  steps 5  and  6  another fi ve times with 1 ml of ice-cold 
NT-2.      

       1.     Grow cells in an  appropriate   culture medium, stimulate or 
treat them, if necessary, and collect them when they are at 
~80–90 % of confl uence ( see   Note    1  ).   

   2.    Count cells using a hemacytometer. Consider to use ~2–5 mg 
of total protein extract for each  immunoprecipitation  , which 
corresponds to ~5–20 × 10 6  mammalian cells.   

3.2  Preparation 
of Magnetic Beads 
and Immobilization 
of Antibodies 
(Native RIP)

3.3  Immunopre-
cipitation of Protein-
RNA Complexes 
(Native RIP)

3.4  Lysate 
Preparation 
(Cross- Linked RIP)
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   3.    Add to cell suspension the necessary volume of  formaldehyde   
solution to have 1 % fi nal concentration. Incubate for 10 min at 
room temperature ( see   Note    8  ).   

   4.    Stop the cross-linking reaction adding one-tenth the volume 
of 2.66 M glycine, and incubate for 5 min at room tempera-
ture and then 10 min on ice ( see   Note    9  ).   

   5.    Wash cells twice with 1× ice-cold PBS. Collect cells by cen-
trifugation at 1000 ×  g  for 5′ at 4 °C and discard the 
supernatant.   

   6.    Resuspend cells in 4 ml cell lysis buffer and incubate for 
10–15 min in ice.   

   7.    Homogenize by Dounce with 10 strokes with pestle A and 40 
strokes with pestle B to allow the release nuclei.   

   8.    Recover nuclei by centrifugation at 1000 ×  g  for 10 min at 
4 °C.   

   9.    Resuspend nuclei with 3 ml of nuclei resuspension buffer and 
sonicate the nuclei to obtain DNA fragments in a range 
between 1000 and 200 bp.   

   10.    After the sonication, add 250 unites/ml of DNase to the  chro-
matin   and incubate for 30 min at 37 °C.   

   11.    Stop the DNase reaction adding EDTA to a fi nal concentra-
tion of 20 mM. 
 Adjust the sample with 1 % Triton X-100, 0.1 % sodium deoxy-
cholate, 0.01 % SDS, and 140 mM NaCl .      

       1.      Completely  resuspend      protein-A- or protein-G-coated mag-
netic beads before taking magnetic beads by pipetting or end- 
over- end rotation ( see   Note    3  ).   

   2.    Add 75 μl protein-A or -G magnetic beads into a 1.5 ml tube 
and wash twice with 0.5 ml of nuclei resuspension buffer sup-
plemented with 1 % Triton X-100, 0.1 % sodium deoxycholate, 
0.01 % SDS, and 140 mM NaCl ( see   Note    4  ).   

   3.    Resuspend the beads in 100 μl of complete nuclei resuspension 
buffer and add 5 μg of the antibody of your interest and the 
negative control to the tubes.   

   4.    Incubate with rotation for 1 h at room temperature to allow 
the binding of antibody to coated beads.   

   5.    Centrifuge the tubes at 5000 ×  g  for 15 s, place them on the mag-
netic rack, and remove the supernatant using a vacuum aspirator.   

   6.    Remove the tubes from the rack, add 1 ml of complete nuclei 
resuspension buffer, mix them by pipetting, spin at 5000 ×  g  
for 15 s, place the tube in the magnetic support, and remove 
the supernatant using a vacuum aspirator. Repeat this step 
another fi ve times for a total amount of six washes.   

3.5  Preparation 
of Magnetic Beads 
and Immobilization 
of Antibodies (Cross-
Linked RIP)

RIP: RNA Immunoprecipitation
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   7.    After the sixth wash, resuspend the beads with 75 μl of com-
plete nuclei resuspension buffer and keep them in the ice.        

       1.    Centrifuge the  cell   lysate at 20,000 ×  g  for 10 min at 4 °C, 
remove 975 μl of supernatant, and add it to each antibody-
bead reaction. The fi nal volume of the immunoprecipitation 
reaction will be 1 ml.   

   2.    Take 9.75 μl (1 %) of the cell lysate supernatant and place it in 
a new tube labeled “Input” ( see   Note    6  ). Store it at −80 °C 
until starting RNA immunoprecipitation.   

   3.    Incubate all tubes on rotating wheel for 3 h up to overnight at 
4 °C.   

   4.    After the overnight incubation, spin down the tubes, place 
them on the magnetic support in the ice, incubate for 1 min, 
and discard the supernatant.   

   5.    Remove the tubes from the magnet, add 1 ml of ice-cold 
Immunoprecipitation buffer to each tubes, and vortex the 
samples vigorously.   

   6.    Spin down the tubes, place them on the ice-cold magnetic 
separator, incubate for 1 min, and discard the supernatant.   

   7.    Repeat  steps 5  and  6  another fi ve times with 1 ml of ice-cold 
immunoprecipitation buffer.      

       1.     Resuspend  each   immunoprecipitate in 150 μl of  Proteinase K   
buffer. To each “Input” add 107 μl of NT-2, 15 μl SDS 10 %, 
and 18 μl of Proteinase K, to reach a total volume of 150 μl. 
Incubate all tubes at 55 °C for 30 min with shaking to digest 
the proteins.   

   2.    After 30 min of incubation, spin down all tubes, place them in 
the magnetic rack, transfer the supernatants in a new tubes, 
and add to each of them 250 μl of NT-2.   

   3.    Add 400 μl of phenol:chloroform:isoamyl alcohol (125:24:1) 
to each tube and vortex vigorously for 15 s. Centrifuge the 
tubes at 20,000 ×  g  for 10 min at room temperature to separate 
the phases.   

   4.    Carefully remove 350 μl of the aqueous phase without disturb-
ing the protein interface. Place it in a new tube and add 400 μl 
of chloroform. Vortex the tubes for 15 s and centrifuge them 
at 20,000 ×  g  for 10 min at room temperature to separate the 
phases.   

   5.    Gently take 300 μl of the aqueous phase and place it in a new 
tube. To each tube add 50 μl of ammonium acetate 5 M, 15 μl 
of LiCl 7.5 M, 5 μl glycogen (5 mg/ml), and 850 μl of abso-
lute ethanol.   

3.6  Immunopre-
cipitation of Protein-
RNA Complexes 
(Cross-Linked RIP)

3.7  RNA Purifi cation 
(Native and Cross- 
Linked RIP)
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   6.    Keep at −80 °C for 1 h to overnight to allow the RNA precipi-
tation, then centrifuge at 20,000 ×  g  for 30 min at 4 °C, and 
discard the supernatant gently.   

   7.    Wash the pellet with 500 μl of cold 80 % ethanol.   
   8.    Centrifuge at 20,000 ×  g  for 15 min at 4 °C. Discard the super-

natant carefully and air-dry the pellets.   
   9.    Resuspend the pellets in 10–20 μl of RNase-free water and 

place the tube on ice.   
   10.    Treat all the volume of each sample with DNase to remove 

residual contaminant DNA in the further analysis.       

       1.    The reverse  transcription   of the immunoprecipitated and input 
RNAs may be carried out with any commercially available 
reverse transcription enzyme and kit that use random examers 
as primers. Consider preparing two RT+ and one RT− for each 
sample, starting from the same volume of DNase-treated RNA.   

   2.    After the cDNA synthesis of the positive and negative IPs and 
input, perform the real-time PCR preparing the dilution 1:8 
with H 2 O of all cDNAs [e.g., to have 16 μl of cDNA dilution 
add 2 μl cDNA stock + 14 μl pure H 2 O].   

   3.    For the protocol of the single reaction follow the datasheet of 
chosen supermix. To robust results it is important to perform 
triplicates for each samples.      

       1.    Use the software of the real-time instrument to monitoring the 
amplifi cation reaction. At the end of the run, in the log-scale 
view, the slopes of the amplifi cation curves for all the assays 
should be parallel to each other to be comparable.   

   2.    In the log-scale view of the amplifi cation curve, manually posi-
tion the threshold near the mid-point of the linear range. The 
threshold value should be the same for all the triplicate reac-
tions in the same gene study.   

   3.    Check the dissociation curve to confi rm that each reaction 
produces a single specifi c product. In this case the chart should 
appear a single peak at a melting temperature (Tm) greater 
than 75 °C.   

   4.    Export all Ct with appropriate labels in an Excel spreadsheet.   
   5.    Calculate the average Ct between replicates.   
   6.    Normalize each IP fractions’ Ct average to the input fraction 

Ct average for the same qPCR Assay (ΔCt) to account for sam-
ple preparation differences: 

  ΔCt[normalized RIP]  = (Average Ct[RIP] − (Average 
Ct[Input] − log 2  (Input Dilution Factor))) 

 where Input Dilution Factor = (fraction of the input RNA saved) -1    

3.8  Gene-Specifi c 
Studies

3.9  qPCR Analysis

RIP: RNA Immunoprecipitation
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   7.    Calculate the % input for each RIP fraction (linear conversion 
of the normalized RIP ΔCt): 
  % Input  = 2  (−ΔCt[normalized RIP])    

   8.    It is possible to adjust the normalized RIP fraction Ct value for 
the normalized background (negative control) fraction Ct 
value (fi rst ΔΔCt): 
  ΔΔCt[negative control]  = ΔCt[normalized ChIP] − ΔCt[negative 
control]   

   9.    Calculate RIP fold enrichment above the sample-specifi c back-
ground (linear conversion of the fi rst ΔΔCt): 
  Fold Enrichment  = 2 (−ΔΔCt [ChIP/NIS])      

   Several  platforms   are available to perform the microarray hybrid-
ization assay after the purifying the immunoprecipitated RNAs. 
They share the same limit that is based on the supervised concept 
of technique. In fact, the microarray method allows investigating 
the presence of annotated genes in the immunoprecipitated mate-
rial. Bioinformatic analysis of the data coming from these experi-
ments is commonly performed with the “Human Gene 1.0 ST 
Array” from Affi metrix and the Agilent’s “GeneSpring GX10” 
software. A typical analysis is carried out on triplicates of each sam-
ple (INPUT RNA and positive and negative IPs). The replicates in 
each set are subject to the basic quality control including the cor-
relation study and the principal component analysis (PCA). 
PLIER16  algorithm  , an iterative pipeline that is followed by the 
fi ltering for the 20th–100th percentile, is often used to obtain the 
gene abundance estimation in each set. Using the same  algorithm   
it is possible to extract a list of genes that show a minimum twofold 
increase of measured abundance in the treatment versus input. 
A one-way analysis of variance (ANOVA) may be performed on 
this RNA subset.  

       1.    The analysis of whole transcriptome interacting with a specifi c 
protein (RIP-Seq) may be performed using the  next-genera-
tion sequencing  . This technology is potentially unbiased if the 
choice of the library preparation is correct. For instance, the 
poli(A) separation will reduce much the RNA population if 
most of bound RNAs are noncoding RNAs ( ncRNAs  ) or the 
introduction of the size selection step will discard the small 
ncRNAs.   

   2.    Another bias that must be considered is that considering the 
less abundant RNAs. For this reason a depth of sequencing 
minimum of ~30 million of reads is suggested [ 29 ].   

   3.    After the sequencing, the produced reads can be aligned to the 
 reference genome   with either Tophat or Botwie tools.   

   4.    For the native RIP-seq, the estimation of the abundance of 
each RNA molecules in the samples can be analyzed using 

3.10  Microarray 
Processing

3.11  Sequencing
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 programs to assemble transcriptomes from RNA-Seq data and 
quantify their expression [e.g.,  Cuffl inks  ]. The estimated abun-
dance of each type of RNA in the RIP sample can be normal-
ized against the proper input and then compared with the 
values in the negative control, after the normalization.   

   5.    In case of cross-linked RIP-seq, the analyses after  mapping   the 
reads are different from the native procedure because only 
RNA fragments selected for the interaction with the protein of 
interest should be enriched in the immunoprecipitated sample. 
The position of the protein-binding site on the RNA transcript 
is mapped by using the peak caller  algorithms   as used for the 
ChIP [e.g., MACS1.4]. After detecting those positions, it is 
also possible to evaluate the presence in the peak of a frequent 
motif with appropriate motif discovery tools [e.g., MEME 
suite]. These type of studies allow understanding if the binding 
of protein is mediated by a sequence recognition.       

4                 Notes 

     1.    The generic precaution on working with RNA is to use instru-
ments, tips, and tubes DNase and RNase free. Gloves, benches, 
and pipettes may be accurately cleaned before the use.   

   2.    During cell lysate preparations occasionally vortex the cell 
pellet- PLB mixture to promote thawing. Once the cells are 
fully thawed, vortex vigorously to allow cell lysis. Poor vortex-
ing may result in a low amount of protein-RNA available for 
the  immunoprecipitation  .   

   3.    The type of beads utilized for the immunoprecipitation 
depends on the immunoglobulin isotype and species. It is use-
ful to check the bead manufacturer’s binding chart to deter-
mine the best choice of beads. In most cases, mouse monoclonal 
 antibodies   have stronger affi nity for protein G and rabbit poly-
clonal antibodies have stronger affi nity for both protein G and 
protein A. To solve this problem it is possible to prepare a 1:1 
stock mixture of protein A- and protein G-coated  magnetic 
beads  , washed with the proper buffer, and stored at 4 °C with 
0.02 % sodium azide.   

   4.    To remove the supernatant, place the tubes in the magnetic 
support and wait for the complete settling of beads on the tube 
site that interact with the magnet. While aspirating the super-
natant, be sure to change tips between the samples.   

   5.    The presence of EDTA in the NET-2 buffer avoids the  immu-
noprecipitation   of ribosomal RNA disrupting the interaction 
between these molecules and the ribosomal proteins.   

   6.    The input will be used to generate the standard curve in the 
further real-time  PCR analysis  . It is essential to compare the 

RIP: RNA Immunoprecipitation
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sample to a negative control since detecting the enrichment 
from a specifi c RNA alone may not indicate an existent interac-
tion. One control is to normalize the level of an RNA observed 
after purifi cation to its abundance in total lysate (the input 
sample in RIP assay). Moreover, interactions can also occur 
due to unspecifi c associations with the purifi cation resin or 
other reagents of the procedure. To measure these artifactual 
associations, other proteins can be used as negative controls. 
However, the negative control should be carefully selected, as 
a non- RNA- binding protein is likely to have lower nonspecifi c 
RNA binding.   

   7.    The  immunoprecipitation   effi ciency of the chosen antibody 
should be verifi ed by Western blot in  SDS-PAGE  . Therefore, it 
is recommended to store additional 10 μl of the input material 
and compare it with the abundance of the protein of interest in 
100 μl of the fi rst unbound and 100 μl of the bead suspension 
after the sixth wash.   

   8.    To effi ciently cross-link adherent cells, after harvesting and 
counting them, it is necessary to wash them with ice-cold PBS 
and perform the cross-linking in cold PBS. As in the ChIP 
assay, the time of the cell exposure to the  formaldehyde   is 
important to obtain optimal results. A too short time of incu-
bation with formaldehyde leads to the underestimation of 
RNA-protein interaction due to the incomplete cell fi xation. 
A too long time of cross-linking increases the number of pro-
tein fi xed together, thereby reducing the shearing effi ciency 
and increasing nonspecifi c signals.   

   9.    To perform an effi cient sonication is a crucial step to obtain a 
good quality of  immunoprecipitation  . The sonication is strictly 
dependent on the cell type, and the density and amount of 
treated cells. It is also important to preserve protein degrada-
tion incubating the sample at 4 °C and using a medium power 
intensity with the alternation of the pulse step with an OFF 
step to avoid the increase of the temperature. The sonication 
effi ciency could be analyzed on an aliquot of sheared  chroma-
tin   which has to be de-cross-linked at 56 °C for 4 h. After the 
reverse cross-linking the DNA is purifi ed with a common pro-
tocol using phenol:chlorofom:isolamyl alcohol (24:24:1) or 
with specifi c kits to DNA extraction. The sheared and purifi ed 
DNA is loaded on agarose gel 1.5 % in TAE and for 30 min at 
100 V. After the running, the gel is incubated for 5 min in 
EtBr solution (40 mg in 100 ml H 2 O) and then in pure H 2 O 
for 10 min. The fragment length is checked by using UV lamp. 
A good sonication should show an important enrichment of 
fragment between 1000 and 200 bps. If the DNA is not 
sheared enough repeat the sonication steps.          

Miriam Gagliardi and Maria R. Matarazzo



85

   References 

    1.    Chen M, Manley JL (2009) Mechanisms of 
alternative splicing regulation: insights from 
molecular and genomics approaches. Nat Rev 
Mol Cell Biol 10(11):741–754. doi:  10.1038/
nrm2777      

    2.    Blencowe BJ, Ahmad S, Lee LJ (2009) 
Current-generation high-throughput sequenc-
ing: deepening insights into mammalian tran-
scriptomes. Genes Dev 23(12):1379–1386. 
doi:  10.1101/gad.1788009      

    3.    Sultan M, Schulz MH, Richard H, Magen A, 
Klingenhoff A, Scherf M, Seifert M, Borodina T, 
Soldatov A, Parkhomchuk D, Schmidt D, 
O’Keeffe S, Haas S, Vingron M, Lehrach H, 
Yaspo ML (2008) A global view of gene activity 
and alternative splicing by deep sequencing of the 
human transcriptome. Science 321(5891):956–
960. doi:  10.1126/science.1160342      

   4.    Peng Z, Cheng Y, Tan BC, Kang L, Tian Z, 
Zhu Y, Zhang W, Liang Y, Hu X, Tan X, Guo 
J, Dong Z, Liang Y, Bao L, Wang J (2012) 
Comprehensive analysis of RNA-Seq data 
reveals extensive RNA editing in a human tran-
scriptome. Nat Biotechnol 30(3):253–260. 
doi:  10.1038/nbt.2122      

    5.    Licatalosi DD, Darnell RB (2010) RNA pro-
cessing and its regulation: global insights into 
biological networks. Nat Rev Genet 11(1):75–
87. doi:  10.1038/nrg2673      

    6.    Guttman M, Amit I, Garber M, French C, Lin 
MF, Feldser D, Huarte M, Zuk O, Carey BW, 
Cassady JP, Cabili MN, Jaenisch R, Mikkelsen 
TS, Jacks T, Hacohen N, Bernstein BE, Kellis 
M, Regev A, Rinn JL, Lander ES (2009) 
Chromatin signature reveals over a thousand 
highly conserved large non-coding RNAs in 
mammals. Nature 458(7235):223–227. 
doi:  10.1038/nature07672      

    7.    Cabili MN, Trapnell C, Goff L, Koziol M, 
Tazon-Vega B, Regev A, Rinn JL (2011) 
Integrative annotation of human large intergenic 
noncoding RNAs reveals global properties and 
specifi c subclasses. Genes Dev 25(18):1915–
1927. doi:  10.1101/gad.17446611      

    8.    Thomson AM, Rogers JT, Walker CE, Staton 
JM, Leedman PJ (1999) Optimized RNA gel- 
shift and UV cross-linking assays for character-
ization of cytoplasmic RNA-protein interactions. 
Biotechniques 27(5):1032–1039, 1042  

    9.    McHugh CA, Russell P, Guttman M (2014) 
Methods for comprehensive experimental iden-
tifi cation of RNA-protein interactions. Genome 
Biol 15(1):203. doi:  10.1186/gb4152      

    10.   Gilbert C, Svejstrup JQ (2006) RNA immu-
noprecipitation for determining RNA-protein 
associations in vivo. Curr Protoc Mol Biol 

Chapter 27:Unit 27 24. doi:10.1002/
0471142727.mb2704s75  

     11.   Selth LA, Gilbert C, Svejstrup JQ (2009) RNA 
immunoprecipitation to determine RNA- 
protein associations in vivo. Cold Spring Harb 
Protoc 2009(6):pdb prot5234. doi:10.1101/
pdb.prot5234  

    12.    Keene JD, Komisarow JM, Friedersdorf MB 
(2006) RIP-Chip: the isolation and identifi ca-
tion of mRNAs, microRNAs and protein com-
ponents of ribonucleoprotein complexes 
from cell extracts. Nat Protoc 1(1):302–307. 
doi:  10.1038/nprot.2006.47      

      13.    Zhao J, Ohsumi TK, Kung JT, Ogawa Y, Grau 
DJ, Sarma K, Song JJ, Kingston RE, Borowsky 
M, Lee JT (2010) Genome-wide identifi cation 
of polycomb-associated RNAs by RIP-seq. 
Mol Cell 40(6):939–953. doi:  10.1016/j.
molcel.2010.12.011      

    14.    Huelga SC, Vu AQ, Arnold JD, Liang TY, Liu 
PP, Yan BY, Donohue JP, Shiue L, Hoon S, 
Brenner S, Ares M Jr, Yeo GW (2012) 
Integrative genome-wide analysis reveals coop-
erative regulation of alternative splicing by 
hnRNP proteins. Cell Rep 1(2):167–178. 
doi:  10.1016/j.celrep.2012.02.001      

     15.    Rinn JL, Kertesz M, Wang JK, Squazzo SL, 
Xu X, Brugmann SA, Goodnough LH, Helms 
JA, Farnham PJ, Segal E, Chang HY (2007) 
Functional demarcation of active and silent 
chromatin domains in human HOX loci by 
noncoding RNAs. Cell 129(7):1311–1323. 
doi:  10.1016/j.cell.2007.05.022      

     16.    Zhao J, Sun BK, Erwin JA, Song JJ, Lee JT 
(2008) Polycomb proteins targeted by a short 
repeat RNA to the mouse X chromosome. 
Science 322(5902):750–756. doi:  10.1126/
science.1163045      

     17.    Khalil AM, Guttman M, Huarte M, Garber 
M, Raj A, Rivea Morales D, Thomas K, Presser 
A, Bernstein BE, van Oudenaarden A, Regev 
A, Lander ES, Rinn JL (2009) Many human 
large intergenic noncoding RNAs associate 
with chromatin-modifying complexes and 
affect gene expression. Proc Natl Acad Sci 
U S A 106(28):11667–11672. doi:  10.1073/
pnas.0904715106      

    18.    Hogan DJ, Riordan DP, Gerber AP, Herschlag 
D, Brown PO (2008) Diverse RNA-binding 
proteins interact with functionally related sets 
of RNAs, suggesting an extensive regulatory 
system. PLoS Biol 6(10):e255. doi:  10.1371/
journal.pbio.0060255      

     19.    Ule J, Jensen K, Mele A, Darnell RB (2005) 
CLIP: a method for identifying protein-
RNA interaction sites in living cells. Methods 

RIP: RNA Immunoprecipitation

http://dx.doi.org/10.1038/nrm2777
http://dx.doi.org/10.1038/nrm2777
http://dx.doi.org/10.1101/gad.1788009
http://dx.doi.org/10.1126/science.1160342
http://dx.doi.org/10.1038/nbt.2122
http://dx.doi.org/10.1038/nrg2673
http://dx.doi.org/10.1038/nature07672
http://dx.doi.org/10.1101/gad.17446611
http://dx.doi.org/10.1186/gb4152
http://dx.doi.org/10.1038/nprot.2006.47
http://dx.doi.org/10.1016/j.molcel.2010.12.011
http://dx.doi.org/10.1016/j.molcel.2010.12.011
http://dx.doi.org/10.1016/j.celrep.2012.02.001
http://dx.doi.org/10.1016/j.cell.2007.05.022
http://dx.doi.org/10.1126/science.1163045
http://dx.doi.org/10.1126/science.1163045
http://dx.doi.org/10.1073/pnas.0904715106
http://dx.doi.org/10.1073/pnas.0904715106
http://dx.doi.org/10.1371/journal.pbio.0060255
http://dx.doi.org/10.1371/journal.pbio.0060255


86

37(4):376–386. doi:  10.1016/j.ymeth.
2005.07.018      

   20.    Hafner M, Landthaler M, Burger L, Khorshid 
M, Hausser J, Berninger P, Rothballer A, 
Ascano M Jr, Jungkamp AC, Munschauer M, 
Ulrich A, Wardle GS, Dewell S, Zavolan M, 
Tuschl T (2010) Transcriptome-wide identifi -
cation of RNA-binding protein and microRNA 
target sites by PAR-CLIP. Cell 141(1):129–
141. doi:  10.1016/j.cell.2010.03.009      

    21.    Niranjanakumari S, Lasda E, Brazas R, 
Garcia- Blanco MA (2002) Reversible cross-
linking combined with immunoprecipitation 
to study RNA-protein interactions in vivo. 
Methods 26(2):182–190. doi:  10.1016/
S1046-2023(02)00021-X      

     22.    Klockenbusch C, O’Hara JE, Kast J (2012) 
Advancing formaldehyde cross-linking towards 
quantitative proteomic applications. Anal Bioanal 
Chem 404(4):1057–1067. doi:  10.1007/
s00216-012-6065-9      

    23.    Mili S, Steitz JA (2004) Evidence for reassoci-
ation of RNA-binding proteins after cell lysis: 
implications for the interpretation of immuno-
precipitation analyses. RNA 10(11):1692–
1694. doi:  10.1261/rna.7151404      

    24.    Darnell RB (2010) HITS-CLIP: panoramic 
views of protein-RNA regulation in living cells. 
Wiley Interdiscip Rev RNA 1(2):266–286. 
doi:  10.1002/wrna.31      

    25.    Davidovich C, Zheng L, Goodrich KJ, Cech 
TR (2013) Promiscuous RNA binding by 

Polycomb repressive complex 2. Nat Struct 
Mol Biol 20(11):1250–1257. doi:  10.1038/
nsmb.2679      

    26.    Brockdorff N (2013) Noncoding RNA and 
Polycomb recruitment. RNA 19(4):429–442. 
doi:  10.1261/rna.037598.112      

    27.    Engreitz JM, Pandya-Jones A, McDonel P, 
Shishkin A, Sirokman K, Surka C, Kadri S, 
Xing J, Goren A, Lander ES, Plath K, 
Guttman M (2013) The Xist lncRNA 
exploits three- dimensional genome architec-
ture to spread across the X chromosome. 
Science 341(6147):1237973. doi:  10.1126/
science.1237973      

    28.    Huarte M, Guttman M, Feldser D, Garber M, 
Koziol MJ, Kenzelmann-Broz D, Khalil AM, 
Zuk O, Amit I, Rabani M, Attardi LD, Regev 
A, Lander ES, Jacks T, Rinn JL (2010) A large 
intergenic noncoding RNA induced by p53 
mediates global gene repression in the p53 
response. Cell 142(3):409–419. doi:  10.1016/
j.cell.2010.06.040      

     29.    Jayaseelan S, Doyle F, Tenenbaum SA (2014) 
Profi ling post-transcriptionally networked 
mRNA subsets using RIP-Chip and RIP-Seq. 
Methods 67(1):13–19. doi:  10.1016/j.ymeth.
2013.11.001      

    30.    Milek M, Wyler E, Landthaler M (2012) 
Transcriptome-wide analysis of protein-RNA 
interactions using high-throughput sequenc-
ing. Semin Cell Dev Biol 23(2):206–212. 
doi:  10.1016/j.semcdb.2011.12.001        

Miriam Gagliardi and Maria R. Matarazzo

http://dx.doi.org/10.1016/j.ymeth.2005.07.018
http://dx.doi.org/10.1016/j.ymeth.2005.07.018
http://dx.doi.org/10.1016/j.cell.2010.03.009
http://dx.doi.org/10.1016/S1046-2023(02)00021-X
http://dx.doi.org/10.1016/S1046-2023(02)00021-X
http://dx.doi.org/10.1007/s00216-012-6065-9
http://dx.doi.org/10.1007/s00216-012-6065-9
http://dx.doi.org/10.1261/rna.7151404
http://dx.doi.org/10.1002/wrna.31
http://dx.doi.org/10.1038/nsmb.2679
http://dx.doi.org/10.1038/nsmb.2679
http://dx.doi.org/10.1261/rna.037598.112
http://dx.doi.org/10.1126/science.1237973
http://dx.doi.org/10.1126/science.1237973
http://dx.doi.org/10.1016/j.cell.2010.06.040
http://dx.doi.org/10.1016/j.cell.2010.06.040
http://dx.doi.org/10.1016/j.ymeth.2013.11.001
http://dx.doi.org/10.1016/j.ymeth.2013.11.001
http://dx.doi.org/10.1016/j.semcdb.2011.12.001

	Chapter 7: RIP: RNA Immunoprecipitation
	1 Introduction
	2 Materials
	3 Methods
	3.1 Lysate Preparation (Native RIP)
	3.2 Preparation of Magnetic Beads and Immobilization of Antibodies (Native RIP)
	3.3 Immunopre-cipitation of Protein-RNA Complexes (Native RIP)
	3.4 Lysate Preparation (Cross-Linked RIP)
	3.5 Preparation of Magnetic Beads and Immobilization of Antibodies (Cross-Linked RIP)
	3.6 Immunopre-cipitation of Protein-RNA Complexes (Cross-Linked RIP)
	3.7 RNA Purification (Native and Cross-Linked RIP)
	3.8 Gene-Specific Studies
	3.9 qPCR Analysis
	3.10 Microarray Processing
	3.11 Sequencing

	4 Notes
	References


