
Chemical crosslinking enhances RNA immunoprecipitation
for efficient identification of binding sites of proteins
that photo-crosslink poorly with RNA

ROBERT D. PATTON,1,2 MANU SANJEEV,2,3 LAUREN A. WOODWARD,2,3 JUSTIN W. MABIN,2,3

RALF BUNDSCHUH,1,2,4,5 and GURAMRIT SINGH2,3

1Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA
2Center for RNA Biology, The Ohio State University, Columbus, Ohio 43210, USA
3Department of Molecular Genetics, The Ohio State University, Columbus, Ohio 43210, USA
4Department of Chemistry and Biochemistry, The Ohio State University, Columbus, Ohio 43210, USA
5Division of Hematology, Department of Internal Medicine, The Ohio State University, Columbus, Ohio 43210, USA

ABSTRACT

In eukaryotic cells, proteins that associate with RNA regulate its activity to control cellular function. To fully illuminate
the basis of RNA function, it is essential to identify such RNA-associated proteins, their mode of action on RNA, and their
preferred RNA targets and binding sites. By analyzing catalogs of human RNA-associated proteins defined by ultraviolet
light (UV)-dependent and -independent approaches, we classify these proteins into two major groups: (i) the widely
recognized RNA binding proteins (RBPs), which bind RNA directly and UV-crosslink efficiently to RNA, and (ii) a new group
of RBP-associated factors (RAFs), which bind RNA indirectly via RBPs and UV-crosslink poorly to RNA. As the UV crosslink-
ing and immunoprecipitation followed by sequencing (CLIP-seq) approach will be unsuitable to identify binding sites of
RAFs, we show that formaldehyde crosslinking stabilizes RAFs within ribonucleoproteins to allow for their immunoprecip-
itation under stringent conditions. Using an RBP (CASC3) and an RAF (RNPS1) within the exon junction complex (EJC) as
examples, we show that formaldehyde crosslinking combined with RNA immunoprecipitation in tandem followed by se-
quencing (xRIPiT-seq) far exceeds CLIP-seq to identify binding sites of RNPS1. xRIPiT-seq reveals that RNPS1 occupancy
is increased on exons immediately upstream of strong recursively spliced exons, which depend on the EJC for their
inclusion.

Keywords: CLIP-seq; RNA binding proteins; exon junction complex; UV crosslinking; formaldehyde crosslinking; pre-
mRNA splicing

INTRODUCTION

As cells grow, divide, and respond to their environment,
they critically depend on RNA-associated proteins to reg-
ulate RNA biogenesis and function. RNA-associated pro-
teins participate in all aspects of RNA biology—they
assemble RNA into ribonucleoprotein (RNP) machines
(e.g., spliceosome, ribosome), membraneless RNP organ-
elles (e.g., nuclear speckles, stress granules), and gene/
chromatin regulatory complexes (e.g., Polycomb repres-
sive complex 2). In the case of messenger RNA (mRNA),
RNA-associated proteins control its processing, subcellu-
lar location, intracellular transport, translation into pro-

teins, and its eventual degradation (Müller-McNicoll and
Neugebauer 2013; Singh et al. 2015). Therefore, to fully
comprehend the intricate workings of cellular processes,
it is important to identify RNA-associated proteins and elu-
cidate their functions.

The post-genomic era has witnessed a revolution in
our ability to catalog RNA-associated proteins encoded
in the human and other genomes. Early efforts to build cat-
alogs of RNA-associated proteins mainly relied on se-
quence similarity to well-known RNA binding domains
(Anantharaman et al. 2002). More recent efforts have taken
advantage of the ability of RNA and proteins in direct phys-
ical contact to form “zero-length” covalent bonds when
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exposed to shortwave ultraviolet (UV) light (Hockensmith
et al. 1993). Such covalent crosslinking “freezes” dynamic
intermolecular RNA:protein interactions as they occur in
situ to enable their biochemical analysis. This property of
direct RNA:protein contacts has been exploited to identify
the protein interactome of polyadenylated RNA (Baltz et al.
2012; Castello et al. 2012; Hentze et al. 2018), andmore re-
cently to unveil the proteins that come in contact with all
cellular RNA (Queiroz et al. 2019; Trendel et al. 2019; Urda-
neta et al. 2019). These studies conservatively estimate that
the human genome encodes more than 1200 proteins that
directly contact RNA, and hence function as RNA binding
proteins (RBPs). The UV reactivity of the RNA:protein
contacts has also transformed our understanding of
global-scale RNA cargoes of individual RBPs. UV crosslink-
ing-immunoprecipitation (CLIP)-basedmethods allowpuri-
fication of an RBP of interest and its crosslinked RNAs,
which can then be identified via high-throughput sequenc-
ing (Lee and Ule 2018). Advantageously, the protein ad-
ducts on crosslinked RNA can be leveraged to map RNA
positions directly in contactwith RBPs toobtain a single-nu-
cleotide resolution viewof in vivoRNA:protein interactions.
While UV crosslinking-based approaches have illuminat-

edmany areas of RNA biology, like any other method, they
too come with limitations. For example, the UV crosslink-
ing ability of an RBP is likely to be influenced by sequence
composition of RNA and protein at binding interfaces
(Smith 1969; Hockensmith et al. 1986), and also by the
strength and duration of interactions. Importantly, UV
crosslinking is limited in applicability to proteins that are
in direct contact with RNA (i.e., RBPs) and will be ill-suited
to study proteins that interact with RNA indirectly via RBPs
(RBP-associated factors, RAFs). Although we currently lack
full understanding of the prevalence of RAFs, a closer ex-
amination of cellular RNPs reveals many proteins that
play a critical role in RNA biology without directly contact-
ing RNA (e.g., nuclear export factors GLE1 and NXT1;
EIF4E binding proteins). RAFs can function along with
RBPs either as their regulators or as subunits of multipro-
tein complexes that act on RNA, or both. It is therefore im-
portant to gain insights into the prevalence, properties,
and functions of RAFs. Thus, UV crosslinking-independent
methods are critical to investigate interactions of RAFs with
RNA inside the cells.
Our perspective on RBPs and RAFs is shaped by our in-

vestigation of the exon junction complex (EJC), a multipro-
tein complex that mainly assembles ∼24 nt upstream of
exon–exon junctions during pre-mRNA splicing (Boehm
and Gehring 2016; Le Hir et al. 2016; Woodward et al.
2017). The EJC contains both RBPs (EIF4A3) and RAFs
(MAGOH, RBM8A) within its core. The EJC core also inter-
acts with several peripheral proteins that link it to various
steps in post-transcriptional mRNA regulation.We recently
showed that two peripheral proteins, RNPS1 and CASC3,
interact with the EJC in amutually exclusive and sequential

manner (Mabin et al. 2018). To identify RNAs bound to EJC
inside human cells, we have devised a UV crosslinking-in-
dependent tandem purification approach termed RNA IP
in tandem (RIPiT) (Singh et al. 2012, 2014). To investigate
binding sites of more transient and/or labile complexes,
such as the EJCs containing alternate factor RNPS1, we
have also combinedRIPiTwith formaldehyde-based chem-
ical-crosslinking (Singh et al. 2014). We and others have
also successfully applied RIPiT-seq with and without form-
aldehyde crosslinking to investigate binding profiles of
RNA-associated proteins beyond the EJC, that is,
Staufen1 (Ricci et al. 2014) and WDR5 (Yang et al. 2014).
Formaldehyde is a small, cell permeable, rapid, and re-

versible crosslinker that can covalently link proteins to nu-
cleic acids and other proteins when they exist in close
proximity (Hoffman et al. 2015). Thus, formaldehyde is an
attractive alternative to UV to crosslink both RBPs and
RAFs within cellular RNPs. The utility of formaldehyde
crosslinkingprior to RIP to enrich RBP-boundRNAswas first
shown nearly two decades ago (Niranjanakumari et al.
2002). Ever since, formaldehyde crosslinking has been uti-
lized to capture RNA cargoes of RNA-associated proteins
from diverse eukaryotic systems (e.g., Huang and Hopper
2015; Hendrickson et al. 2016; Chatterjee et al. 2017).
More recently, formaldehyde crosslinking has been com-
bined with a CLIP-seq workflow to identify binding sites
of DROSHA, a double-stranded RBP that poorly UV-cross-
links with RNA (Kim and Kim 2019). Despite such general
use, several fundamental issues regarding formaldehyde
crosslinking remain to be tested: its degree of influence
on specificity of RIP signal, its performance in comparison
to UV crosslinking, and its applicability to RBPs versus
RAFs, to name a few.
Here we describe a comparative analysis of published

catalogs of human RNA-associated proteins that were de-
fined based onUV crosslinking ability of proteins to RNA or
protein:protein interaction networks of annotated RBPs (a
UV crosslinking-independent approach). This analysis en-
ables us to categorize human RNA-associated proteins
into RBPs and RAFs. We find that RAFs are prevalent in
all steps of RNA metabolism and display a wide array of
molecular functions and biochemical activities. This analy-
sis also confirms the classification of EJC factors into RBPs
(EIF4A3, CASC3) and RAFs (MAGOH, RNPS1). To investi-
gate binding sites of EJC proteins, we have previously
used RIPiT-seq either from uncrosslinked human cells
(nRIPiT-seq) (Singh et al. 2012; Mabin et al. 2018) or from
formaldehyde-crosslinked cells (xRIPiT-seq) (Mabin et al.
2018). Other groups have instead used CLIP-seq to map
binding sites of RBPs and RAFs within EJCs (Saulière
et al. 2012; Hauer et al. 2016). Here we use these existing
nRIPiT-seq, xRIPiT-seq, and CLIP-seq data sets for CASC3
and RNPS1 as a case study to systematically evaluate and
compare the efficacy of UV and formaldehyde crosslinking
methods for enriching RBP/RAF binding sites. We show
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that formaldehyde crosslinking significantly improves
RIPiT-seq signal for both CASC3 and RNPS1. Further,
xRIPiT-seq is comparable to CLIP-seq for identifying
CASC3binding sites but is far superior to CLIP-seq for find-
ing RNPS1 occupancy sites. Finally, RNPS1 binding to
RNA measured via xRIPiT-seq led us to uncover increased
RNPS1 occupancy on exons preceding recursively spliced
exons, which were previously shown to depend on the EJC
and RNPS1 for their inclusion in mRNA.

RESULTS

Proteins that poorly UV-crosslink to RNA
are widespread in RNA metabolism

Within the EJC core, RBM8A and MAGOH bind RNA indi-
rectly via EIF4A3 and do not UV-crosslink to RNA, in all like-
lihood due to their lack of direct contact with RNA
(Andersen et al. 2006; Bono et al. 2006). We hypothesized
that many more RAFs like RBM8A and MAGOHmust exist
that interact indirectly with RNA via RBPs to control RNA
function. We therefore sought to systematically categorize
RNA-associated proteins encoded in the human genome
into RBPs and RAFs. Such a classification can be made
by comparing a set of proteins that efficiently UV-crosslink
to RNA to a set where RNA-associated proteins are de-
fined without a requirement for UV crosslinking. For a set
of proteins that efficiently UV-crosslink to RNA, we identi-
fied 830 proteins that are present in at least two of the sev-
en poly(A) RNA interactome capture (RIC) data sets
compiled by Hentze et al. (2018). For a set of proteins de-
fined as RNA-associated proteins independent of their UV
crosslinking ability, we combined two data sets reported
by Brannan et al. (2016). The first subset is comprised of
1786 annotated human RBPs that were used as a training
set for predicting RBPs via SONAR, a computational ap-
proach that analyzes large-scale affinity purification-mass
spectrometry protein–protein interactomes of annotated
RBPs to predict RNA binding activity (Brannan et al.
2016). The second subset consisted of 1923 proteins that
were predicted as RBPs by SONAR based on RBP classifi-
cation score >0.79 in Brannan et al. These two subsets
were combined to obtain a set of 2784 unique proteins
that we refer to as the human “annotated and predicted
RNA-associated proteins” (Supplemental Table S1). The
UV-crosslinkable poly(A) RIC RBP set shows almost com-
plete (∼94%) overlap with the annotated and predicted
RNA-associated proteins (Fig. 1A). However, only ∼30%
of proteins among the annotated and predicted RNA-as-
sociated proteins represent the poly(A) UV-crosslinkable
proteins. The remaining two-thirds of the RNA-associated
proteins likely include proteins that do not efficiently UV-
crosslink to RNA. Consistently, RBM8A and MAGOH are
among this group. Further, the alternate EJC factor
RNPS1 is also among the non-UV-crosslinkable RBPs. In

contrast, EIF4A3, the RNA anchor of the EJC, and
CASC3, the alternate EJC factor that directly contacts
RNA, are detected in three out of seven RIC data sets.
These observations validate our classification approach.

Among the annotated and predicted RNA-associated
proteins that do not overlap with RIC RBPs, it is likely that
a subset may interact with non-poly(A) RNA and are thus
not represented in the RIC data set. To test this idea, we
compared the human annotated and predicted RNA-asso-
ciated proteins to the integrated human RBPome
(ihRBPome) defined by Trendel et al. (2019) based on pro-
teins that UV-crosslink to all cellular RNA. In this compari-
son, indeed the number of UV-crosslinkable RBPs from
the annotated and predicted RNA-associated proteins
goes up to ∼40% (Fig. 1B). Still, a large group of the anno-
tated and predicted RNA-associated proteins remain un-
detected among the UV-crosslinkable proteins, which are
likely to contain RAFs.MAGOHandRNPS1areagainwithin
this RAF category.Unexpectedly, RBM8A is detected in the
ihRBPomealongwithEIF4A3andCASC3suggesting that it
can bind RNA directly, perhaps in an EJC-independent
fashion. Overall, this analysis suggests that a sizable frac-
tion of the RNA-associated proteins encoded in the human
genome are RAFs. Notably, the ihRBPome contains 638
proteins that are absent from the annotated and predicted
RNA-associated proteins set (Fig. 1B), suggesting that no
one approach is sufficient to define all RNA-associatedpro-
teins encoded in a genome.

The comparison of the annotated and predicted RNA-
associated proteins to the ihRBPome provides a refined
list of RAFs (Supplemental Table S1). A search for function-
ally related groups of genes among the RAFs revealed that
these proteins function in diverse biological processes in-
volving coding as well as noncoding RNAs (Fig. 1C). They
are constituents of discrete RNP complexes (e.g., the spli-
ceosome) and of the various nuclear and cytoplasmic
phase-separated membraneless RNP organelles (e.g., nu-
clear speckles, Cajal body, chromatoid body, processing
bodies) (Fig. 1D). RAFs within these processes and cellular
compartments function as RNA modifying and degrading
enzymes (Fig. 1E). In the case of mRNA metabolism, RAFs
are key factors within all major nuclear mRNA processing
steps (capping, pre-mRNA splicing, cleavage and polya-
denylation), mRNA export into the cytoplasm as well as
translation and mRNA degradation in the cytoplasm
(some examples are listed in Fig. 1F). Among other nota-
ble RAFs are three of the four protein subunits of the
polycomb repressive complex (EED, EZH1, and EZH2),
whose chromatin modification function is guided by bind-
ing to several long noncoding RNAs (Margueron and
Reinberg 2011). Conspicuously underrepresented are ri-
bosomal proteins suggesting that most protein subunits
of this RNPmachine are RBPs. These observations indicate
that the RAFs function within all major steps of RNA
metabolism.
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FIGURE 1. RNA binding proteins that UV-crosslink poorly to RNA are widespread in RNA metabolism. (A) Venn diagram showing the overlap
between RBPs defined based on UV crosslinking-dependent RNA interactome capture (RIC, from Hentze et al. 2018) and those defined by pro-
tein:protein interaction network of annotated RBPs (annotated and predicted RNA-associated proteins, from Brannan et al. 2016). (B) Venn dia-
gram as inA showing overlap between integrated human RBPome defined based on UV-crosslinkability (ihRBPome, from Trendel et al. 2019) and
annotated and predicted RNA-associated proteins (from Brannan et al. 2016) based on protein:protein interaction network of annotated RBPs.
(C ) Top sixteen gene ontology terms (biological process) enriched among RAFs. Legend on the right indicates the number of genes in each term.
Some redundant GO terms were removed. (D) GO terms (cellular compartment) enriched among RAFs as in C. (E) GO terms (molecular function)
enriched amongRAFs as inC. (F ) Major processes in the life-cycle of eukaryoticmessenger RNAs (left) alongwith some examples of RAFs involved
in each of the steps. Also shown are some examples of RAFs that are components of key membraneless RNP compartments or large RNP com-
plexes (right).
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Chemical crosslinking stabilizes RBPs and RAFs
within RNPs

The above analysis suggests that CLIP-seq–based ap-
proaches are ill-suited to identify RNA cargoes and binding
sites of RAFs. Instead, UV crosslinking-independent RNA
immunoprecipitation (RIP)-based approaches such as
digestion-optimized RIP (DO-RIP-seq) (Nicholson et al.
2017) or RIPiT-seq (Singh et al. 2014) may bemore suitable
for this purpose. However, these RIP-based strategies lack
the covalent protein attachment to RNA, which is the main
advantage of CLIP. The absence of direct attachment be-
tweenprotein and RNA leads to two challenges in applying
RIP to RAFs. First, due to the dynamic nature of molecular
assemblies, RAFs may dissociate from their RNA:protein
complexes and/or reassort during purification under native
conditions (Mili and Steitz 2004). Second, native conditions
during RIP, as compared to stringent conditions used for
CLIP, can lead to copurification of nonspecific interactors.
The former issue is highlighted in our attempts to increase
EJC purification stringency during immunoprecipitation
(IP) of stably expressed FLAG-tagged MAGOH from hu-
man embryonic kidney (HEK293) cells. As seen in Figure
2A, RNPS1 (and its associated factors) dissociate from the
EJC core as the ionic strength of the IP reaction is increased
(compare lanes 4–6 to lane 3). Thus, to use RIP to faithfully
capture binding sites of RAFs such as RNPS1with high spe-
cificity, it will be important to stabilize their in vivo interac-
tions prior to cell lysis. To achieve this, we have
systematically evaluated chemical crosslinking of RNPs us-
ing formaldehyde.

A wide range of formaldehyde concentrations (0.1% to
3%) has been used in previous studies to crosslink macro-
molecular complexes (Fabre et al. 2013; Ricci et al. 2014;

Chu et al. 2015). Excessive formaldehyde treatment can
crosslink nonspecific interactions, and can also crosslink
complexes to cellular structures thereby rendering them in-
soluble. We found that a 10-min treatment of HEK293 cells
with 1% ormore formaldehyde followed by sonication-me-
diated cell disruption under stringent lysis conditions (in
the presence of 0.1% sodium dodecyl sulfate and 0.1%
sodium deoxycholate) leads to extremely poor solubility
of EJC proteins (data not shown). Therefore, we evaluated
three formaldehyde concentrations below this threshold
(0.03%, 0.1%, and 0.3%) to identify an optimal balance be-
tween RNP crosslinking and solubility. We find that cross-
linking cells with 0.3% formaldehyde traps a significant
fraction of the tested proteins in the insoluble fraction,
which pellets along with cellular debris at 15,000g (Fig.
2B, lane 5). In comparison, cells treated with 0.1% formal-
dehyde show much better protein solubility (Fig. 2B, lane
4), which is comparable to protein solubility under native ly-
sis conditions (Fig. 2B, lane6).Wealso find that crosslinking
cells with 0.1% formaldehyde sufficiently stabilizes interac-
tion of FLAG-RNPS1 with the EJC core such that EIF4A3
andMAGOHco-IPwith FLAG-RNPS1 evenunder stringent
conditions (Fig. 2B, compare lanes 14 and 16). Thus, 0.1%
formaldehyde sufficiently crosslinks FLAG-RNPS1 contain-
ing RNPs while maintaining their solubility.

Formaldehyde crosslinking enhances RIPIT-seq
signal over background

While formaldehyde has long been utilized for RNP
crosslinking during RIP, the quantitative influence of form-
aldehyde crosslinking on the efficiency and specificity of
RIP signal remains yet to be evaluated. We therefore

A B

FIGURE2. Formaldehyde crosslinking stabilizes an RAF-EJC interaction. (A)Western blots showing proteins on the right in the total extract (TE) or
FLAG immunoprecipitation (IP) fractions of HEK293 Flp-In cells expressing FLAG-MAGOH. The presence or absence of RNase A and the amount
of NaCl present in the extracts during the IP are indicated above each lane. The dotted line indicates where gel images were spliced together.
Data are representative of two biological replicates. (B) Western blots showing proteins (labeled on the right) in the insoluble pellet, soluble ex-
tract, and anti-FLAG immunoprecipitate fractions (indicated on the top) of HEK293 Flp-In cells. The lysis and IP conditions are also indicated on
the top. Also indicated above each lane is the expression of FLAG-RNPS1 (+) or FLAG epitope only (−) in the cells, and the formaldehyde con-
centration used for in vivo crosslinking. Data are representative of three biological replicates.
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decided to test the effect of formaldehyde crosslinking on
enrichmentof RBPandRAFbinding sites via RIPiT-seq. This
two-step purification approach is an extension of RIP and
involves sequential IP of a pair of proteins to enrich an
RNP of a particular composition, whose RNA footprints
can then be identified by high-throughput sequencing
(Supplemental Fig. S1; Singh et al. 2012, 2014; Woodward
et al. 2019). Previously, we used RIPiT-seq to obtain foot-
prints of EJCs containing CASC3 and RNPS1 to describe
themutually exclusive nature of the two complexes (Mabin
et al. 2018). These CASC3 and RNPS1 RIPiTs were per-
formed from formaldehyde-crosslinked HEK293 cells un-
der stringent conditions (xRIPiT-seq) as well as from
noncrosslinked cells under native conditions (nRIPiT-seq),
although in the previous work we exclusively focused on
the xRIPiT-seq data to study the two mutually exclusive
complexes. We remapped these data sets to the human
genome (see Materials and Methods and Supplemental
Table S2) to compare nRIPiT and xRIPiT side-by-side to as-
sess the effect of formaldehyde crosslinking on enrichment
of CASC3 and RNPS1 footprints. As previously reported,
RIPiT-seq yields highly reproducible EJC binding across
protein coding genes (Supplemental Fig. S2). Therefore,
for all further analyses, we combined the biological repli-
cates (where available, i.e., all xRIPiT-seq experiments) for
each unique RIPiT-seq experiment.
First, we compared the ability of nRIPiT and xRIPiT to re-

veal the major binding site of CASC3, which was purified
by sequential IP of FLAG-CASC3 and EIF4A3 under the
two conditions. A meta-exon plot of CASC3 footprint den-
sities at exon ends show that while both approaches yield
highest read densities ∼24 nt upstream of exon junctions,
xRIPiT shows a much more striking enrichment of reads at
this position (Fig. 3A). Next, we quantified the ability of the
two RIPiT formats to obtain CASC3-EJC footprints on two
different “regions” of spliced protein-coding transcripts:
canonical EJC sites (cEJC; −39 to −9 nt from exon ends)
and noncanonical regions (ncEJC; exon start to −50 nt
from exon ends). To estimate background binding of the
EJC proteins to RNA, we also quantified CASC3 footprints
on intronless protein-coding transcripts as the EJC is not
expected to bind to intronless transcripts. To compare
CASC3 footprint densities (RIPiT-seq reads per kilobase
per million or RPKMRIPiT-seq) across the entire gene expres-
sion range, we divided spliced transcripts or intronless
transcripts into twenty bins such that each bin contained
transcripts that fall within twofold expression levels based
on RNA-seq. Figure 3B shows that CASC3 footprint detec-
tion by either RIPiT-seq format is directly proportional to
RNA expression levels. Further, as expected, at all expres-
sion levels, each RIPiT format shows highest signal on ca-
nonical sites, followed by noncanonical regions and
lowest signal on intronless transcripts. Importantly, across
the entire gene expression range, xRIPiT shows higher sig-
nal as compared to nRIPiT at canonical sites except the last

B

A

C D

FIGURE 3. Formaldehyde crosslinking enhances RIPiT-seq signal for
CASC3. (A) A meta-exon plot showing nRIPiT and xRIPiT read densi-
ties in the 150 nt window from the end of exons of protein-coding
genes (excluding final exons). (B) Comparison of gene-level CASC3
read density (RPKMRIPiT-seq) in native RIPiT (nRIPiT, squares) and form-
aldehyde-crosslinked RIPiT (xRIPiT; circles) for canonical (darker-shad-
ed shapes) and noncanonical regions (lighter-shaded shapes), and for
intronless genes (empty shapes). Along the x-axis, genes are binned
into twenty bins where each bin contains exons from genes within a
twofold expression level range based on RNA-seq. Error bars repre-
sent the standard error of the mean signal in each bin. (C ) A compar-
ison of linear fit coefficients (or intercepts, in log space) of the six
classes in B. Classes are labeled on the bottom. The coefficient for
the average of the two intronless classes was set to 1 and all intercepts
were adjusted accordingly. The fold-change as compared to the aver-
age of the two intronless classes is shown above each bar. (D)
Percentage of all canonical EJC regions where read count is greater
than or equal to twofold as compared to read counts on intronless
genes of similar expression level.
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expression bin where detection by the two RIPiT formats is
comparable. In the case of noncanonical regions, differ-
ences in CASC3 detection via xRIPiT and nRIPiT are
much smaller, and insignificant in the higher expression
bins. We conclude that formaldehyde crosslinking boosts
CASC3 footprint enrichment via RIPiT, possibly by freezing
dynamic RNPs and preventing their dissociation after lysis.

To quantitatively compare CASC3 binding site enrich-
ment via native and crosslinked RIPiTs, we obtained a sin-
gle summary statistic that represents overall CASC3
binding in each of the canonical regions, noncanonical re-
gions and intronless transcripts. Assuming a direct relation-
ship between RIPiT enrichment (RIPiT-seq) and RNA
expression level (RNA-seq), we fitted a linear trendline
with slope equal to one to each binned-data distribution
in Figure 3B (see Supplemental Fig. S3). The y-intercept
of each fit in the log space corresponds to its slope in the
untransformed space. That is, the y-intercept of each trend-
line reflects in a relative sense how much a given RNA re-
gion is detected in CASC3 footprints relative to RNA-seq.
To normalize the signal within native and crosslinked RIPiTs
toCASC3binding to intronless transcripts, the average sig-
nal for intronless transcripts in the two RIPiT conditions was
set to one, and all intercepts were shifted accordingly. The
fit coefficients thus computed when compared within the
nRIPiT-seq data set show that, as compared to intronless
transcripts, CASC3 footprints are enriched approximately
fivefold in canonical and∼2.5-fold in noncanonical regions
(Fig. 3C). CASC3 enrichment is much more pronounced
within xRIPiT-seq data sets, which shows 14-fold and
∼3.6-fold enrichment of CASC3 footprints in canonical
and noncanonical regions, respectively (Fig. 3C). Thus, in
comparison to uncrosslinked nRIPiT, formaldehyde cross-
linking during xRIPiT leads to a nearly threefold enhance-
ment of CASC3 footprint signal at cEJC sites (Fig. 3C).
This overall increase in CASC3 enrichment via xRIPiT over
nRIPiT is likely due to greater detection at individual bind-
ing sites. To examine this idea, we limited our analysis to
highly expressed genes (top 20% expression correspond-
ing to>5.9RPKM).We find that agreater fraction of individ-
ual canonical regions (Supplemental Fig. S4A) as well as
genes (Supplemental Fig. S4B) show higher CASC3-EJC
read densities in xRIPiT as compared to nRIPiT, as shown
by the rightward shift of the scatter plots.

We predict that enhanced CASC3 RNA binding site en-
richment observed in xRIPiT over nRIPiT also leads to signifi-
cant enrichmentofCASC3 footprints onagreater numberof
cEJC sites. To test this idea, we identified the canonical re-
gions on which CASC3 footprint signal is greater than or
equal to twofold as compared to the signal on intronless
transcripts at similar expression level. As seen in Figure 3D,
we observe an increase in significantly enriched cEJC sites
from 38% in nRIPiT to 82% in xRIPiT. The increase in cEJC
sites significantly bound by CASC3 in xRIPiT over nRIPiT is
observed over almost the entire expression range sampled

(Supplemental Fig. 4C), suggesting that xRIPiT enhances
CASC3 detection irrespective of gene expression level.
Therefore, we conclude that formaldehyde crosslinking of
cells before performing RIPiT-seq enhances the capture of
in situ CASC3-EJCs to yield higher signal over background
at canonical and noncanonical sites. Such an effect conse-
quently also leads to more robust detection of CASC3 at a
greater proportion of the expected binding sites.

We have previously shown that translation inhibition im-
pacts CASC3-EJC occupancy (Mabin et al. 2018). We ar-
gued that translation inhibition, when combined with
formaldehyde crosslinking, will lead to further preservation
of CASC3-containing EJCs on their in vivo binding sites.
To test this prediction, we compared CASC3 enrichment
via xRIPiT-seq with and without pretreatment with transla-
tion elongation inhibitor, cycloheximide (CHX). As expect-
ed, CHX treatment leads to ∼2.7-fold increase in CASC3
detection on cEJC sites (Supplemental Fig. S4D,E). This
CHX-dependent enhanced CASC3 enrichment leads to
detection of significant CASC3 footprints at 90% of all pos-
sible cEJC binding sites as compared to detection on 82%
of sites under normal translation conditions (Supplemental
Fig. S4F). These data show that translation impacts
CASC3-EJC occupancy, and further highlights the quanti-
tative ability of our approach to compare protein binding
site enrichment.

xRIPIT-seq is comparable to CLIP-seq in revealing
binding sites of CASC3

CASC3 is an RBP that can be photo-crosslinked to RNA. To
compare the ability of chemical and photo-crosslinking
methods to enrich CASC3 binding sites, we compared
CASC3 xRIPiT-seq with the CASC3 CLIP-seq data set of
Hauer et al. (2016). This CASC3 binding profile was ob-
tained using the individual nucleotide resolution CLIP-
seq variation (Huppertz et al. 2014), which we refer to sim-
ply as CLIP-seq. The raw CLIP-seq and the corresponding
RNA-seq data sets were aligned to the human reference
genome using the same parameters as the xRIPiT-seq
data sets. The CLIP-seq data are from HeLa cells and
xRIPiT-seq from HEK293 cells. To minimize the effect of
gene expression differences in the two cell lines on our
analysis, we limited the analysis to only the subset of pro-
tein-coding genes whose expression levels are within 1.5-
fold (based on RNA-seq RPKM) in the two cell lines
(Supplemental Fig. S5). Importantly, both data sets com-
pared were obtained from cycloheximide treated cells.
Similar to the findings in Figure 3, both CLIP-seq and
xRIPiT-seq for CASC3 strongly enrich canonical EJC bind-
ing sites (Fig. 4A). Further, across the gene expression
bins, both approaches detect the highest CASC3 binding
at canonical sites followed by noncanonical sites and then
by intronless transcripts (Fig. 4B). Some deviation from
this trend is observed in the four highest expression bins
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where both CLIP and xRIPiT signal is more variable in the
three regions. Still, even in these bins, the highest CASC3
signal is detected at the canonical sites. When xRIPiT-seq
is compared to CLIP-seq, both methods detect similar
CASC3 binding throughout the gene expression range
(Fig. 4B). The few exceptions are noted in the medium ex-
pression rangewherexRIPiT-seq signal is significantly high-
er than CLIP-seq in both canonical as well as noncanonical
regions.When intercepts from the linear fits for the six clas-
ses are compared, the two methods show a robust detec-
tion of CASC3 binding at canonical regions (30-fold
enrichment in CLIP-seq and 56-fold enrichment in xRIPiT-
seqover intronlessmRNAsignal; Fig. 4C). Lower but appre-
ciable CASC3 binding is detected in the noncanonical
regions (Fig. 4C). Notably, xRIPiT shows nearly twofold
higher signal as compared to CLIP-seq in both canonical
and noncanonical regions (Fig. 4C). This increased detec-
tion of CASC3 binding by xRIPiT over CLIP is also evident
at a larger fraction of individual canonical sites
(Supplemental Fig. S4G) and genes (Supplemental Fig.
S4H). The robust detection of CASC3 binding by both
xRIPiT and CLIP leads to greater than or equal to twofold
enrichment of CASC3 signal on a slightly larger number
of canonical sites as compared to background detection
on intronless transcripts (84% of all cEJC sites are enriched
in CLIP as compared to 90% with xRIPiT; Fig. 4D; see also
Supplemental Fig. S4C). Finally, themajorityof the sites en-
riched by xRIPiT and CLIP are shared between the two ap-
proaches, and also with nRIPiT (Fig. 4E). Overall, we
conclude that xRIPiT-seq is comparable to, or even slightly
more efficient than, CLIP-seq to uncover binding sites of an
RBP such as CASC3.

xRIPiT-seq is superior to nRIPiT-seq and CLIP-seq
for identifying RNPS1-EJC binding sites

We next compared the ability of the three different ap-
proaches (nRIPiT-seq, xRIPiT-seq, and CLIP-seq) to enrich
binding sites of RNPS1, an RAF within the EJC. A direct
comparison of nRIPiT and xRIPiT shows that, as in the
case of CASC3, formaldehyde crosslinking dramatically im-
proves identification of the major RNPS1 binding site,
which corresponds to the canonical EJC position (Fig.
5A). Further, at low and medium expression levels xRIPiT
yields better enrichment of RNPS1 binding sites than
nRIPiT both in canonical as well as noncanonical regions
(Fig. 5B,C) although among the five highest expression
bins, xRIPiT efficacy drops to the level of nRIPiT (Fig. 5B).
These trends are observed at both canonical and nonca-
nonical positions. Still, xRIPiT leads to increased detection
of RNPS1 over nRIPiT across individual canonical sites
(Supplemental Fig. S6A) andalso at the individual gene lev-
el (Supplemental Fig. S6B). Furthermore, within the top
20% most expressed genes, xRIPiT also boosts RNPS1
detection at a greater percentage of canonical positions

B

A

C D

E

FIGURE 4. xRIPiT-seq and CLIP-seq are robust and comparable ap-
proaches to identify CASC3 binding sites. (A) A meta-exon plot show-
ing xRIPiT and CLIP read counts in the 150 nt window at exon ends.
Read normalization was carried out as in Figure 3A. (B) Comparison
of gene-level CASC3 read density (RPKMIP-seq) in xRIPiT (diamonds)
and CLIP (triangles) for canonical (darker-shaded shapes) and nonca-
nonical regions (lighter-shaded shapes), and for intronless genes
(empty shapes). Gene binning and error bars are as in Figure 3B. (C )
Comparison of the linear fit coefficients (or intercepts, in log space)
of the six classes in B. Classes are labeled on the bottom. (D)
Percentage of all canonical EJC regions where read depth is greater
than or equal to twofold as compared to intronless gene read counts
in the indicated data sets. (E) Venn diagram showing counts of canon-
ical regions from the top 20% expressed genes where CASC3 foot-
print read depth in nRIPiT, xRIPiT and CLIP is greater than or equal
to twofold as compared to intronless gene read counts.
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FIGURE 5. xRIPiT-seq outperforms nRIPiT-seq and CLIP-seq to detect RNPS1 binding sites. (A) A meta-exon plot showing RNPS1 nRIPiT and
xRIPiT footprint read counts at each position in the 150 nt window from exon ends. (B) Comparison of gene-level RNPS1 read density (RPKM)
in nRIPiT (squares) and xRIPiT (circles) for canonical (darker-shaded shapes) and noncanonical regions (lighter-shaded shapes), and for intronless
genes (empty shapes). Gene bins along the x-axis and error bars are as in Figure 3B. (C ) Comparison of linear fit coefficients (or intercepts, in log
space) of the six classes in B, which are labeled on the bottom. (D) Percentage of all canonical EJC regions where read depth is greater than or
equal to twofold as compared to intronless read counts in the indicated data sets. (E) A meta-exon plot showing RNPS1 xRIPiT and CLIP footprint
read counts at each position in the 150 nt window from exon ends. (F ) Comparison of normalized read density (RPKM) in xRIPiT (diamonds) and
CLIP (triangles) for canonical (darker-shaded shapes) and noncanonical regions (lighter-shaded shapes), and for intronless genes (empty shapes).
The bins of genes along the x-axis and the error bars are as in Figure 3B. (G) Comparison of linear fit coefficients (or intercepts, in log space) of the
six data sets in F. (H) Percentage of all canonical EJC regions where read depth is greater than or equal to twofold as compared to intronless gene
read counts. (I ) Venn diagram showing counts of canonical regions from the top 20% expressed genes where RNPS1 footprint read depth in
nRIPiT, xRIPiT, and CLIP is greater than or equal to twofold as compared to intronless gene read counts.
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(92%) as compared tonRIPiT (47%) (Fig. 5D). In this groupof
genes, xRIPiT detects increased RNPS1 binding sites in
each of the ten expression bins (Supplemental Fig. S6C).
Thus, as compared to nRIPiT, xRIPiT leads to an overall en-
hanced capture of RNPS1-EJC bound to its target sites.
We next compared the detection of RNPS1 binding on

RNA by CLIP and xRIPiT. The RNPS1 CLIP-seq data from
Hauer et al. (2016) were mapped and compared to
xRIPiT-seq data as in the case of CASC3 above. Important-
ly, xRIPiT reveals a clear preference for RNPS1 binding to
canonical EJC sites near exon 3′ ends whereas RNPS1
CLIP-seq reads show only a modest enrichment at this
site (Fig. 5E). RNPS1 xRIPiT signal in canonical and nonca-
nonical regions on spliced transcripts is consistently, and in
manyexpressionbins, significantly higher thanRNPS1CLIP
signal (Fig. 5F). Further, in xRIPiT, the RNPS1 binding ob-
served on canonical and noncanonical regions is signifi-
cantly higher than its binding to intronless mRNAs with
the exception of the top four bins (Fig. 5F). In comparison,
RNPS1 CLIP-seq signal on canonical and noncanonical re-
gions of spliced transcripts is indistinguishable from signal
on intronless mRNAs, except for some of the medium ex-
pressionbins (Fig. 5F). Comparisons of coefficients of linear
fits show that detection of RNPS1 binding ismuch higher in
xRIPiT as compared toCLIP at both canonical sites (approx-
imately sevenfold higher) as well as noncanonical positions
(∼4.5-fold higher, Fig. 5G). The superiority of xRIPiT over
CLIP for RNPS1 binding detection is evident at individual
canonical sites (Supplemental Fig. S6D) and at individual
genes (Supplemental Fig. S6E). Consequently, xRIPiT de-
tects RNPS1 binding at more than ten times the number
of canonical EJC positions as compared to CLIP (cEJC sites
detected among the top 20% of all expressed genes:
xRIPiT—82%, CLIP—7%; Fig. 5H). It is noteworthy that
even nRIPiT detects RNPS1 binding on a greater number
of canonical positions when compared to CLIP (Fig. 5I,
also compare Fig. 5D,H). As expected based on our previ-
ous work (Mabin et al. 2018), unlike CASC3 occupancy,
RNPS1 occupancy does not showan increasewhen formal-
dehyde crosslinking is combined with cycloheximide treat-
ment (Supplemental Fig. S6F–H). In fact, RNPS1 binding
slightly decreases at both canonical and noncanonical sites
upon translation inhibition as compared to normal condi-
tions (Supplemental Fig. S6G,H). Overall, we conclude
that RIPiT in general, and xRIPiT in particular, is a much
more suitable and sensitive approach than CLIP to identify
RNAs and specific sites bound by RAFs such as RNPS1.

xRIPiT-seq is more efficient than CLIP-seq to detect
increased RNPS1 occupancy on exons preceding
recursively spliced exons

The end goal of approaches that map RBP/RAF binding
sites is to obtain insights into the functions of these pro-
teins. We wanted to determine if increased detection of

RNPS1 binding to EJC sites via xRIPiT-seq can shed light
on the biological roles of RNPS1 and the EJC. Blazquez
et al. (2018) recently showed that the presence of an EJC
on an exon–exon junction inhibits recursive splicing (RS)
of the downstream exon when this exon begins with a se-
quence resembling a 5′-splice-site (Fig. 6A). Although
RNPS1 and EJC core proteins were shown to be critical
for repression of 5′-splice-site usage at RS exon junctions,
it remains unknown if such splicing-regulatory activity of
RNPS1 is specifically dependent on its increased binding
on exons preceding RS exons. To test this idea, we identi-
fied 1912 exons in the human transcriptomewith RS scores
higher than the threshold defined by Blazquez et al. and
compared RNPS1 and CASC3 binding signal from
xRIPiT-seq and CLIP-seq on these RS exons and up to
three preceding exons (Fig. 6A). As a control, we similarly
compared RNPS1 and CASC3 binding around an equal
number of exons with the lowest RS scores (non-RS exons).
Regardless of the experimental method, we detected in-
creased binding of CASC3 on the upstream exon of RS
junctions as well as one exon further upstream as com-
pared to similar exons upstream of non-RS junctions (Fig.
6B). This increased CASC3 occupancy, which likely signi-
fies increased EJC core deposition, is less prominent on
the exon further upstream and on the RS exon itself.
Consistent with the results in Figure 5, we detected greater
RNPS1-EJC signal using xRIPiT-seq as compared to CLIP-
seq on all exons regardless of their position relative to the
RS exon (Fig. 6C). Importantly, xRIPiT-seq finds signifi-
cantly higher RNPS1-EJC binding on all exons preceding
RS junctions compared to those preceding non-RS junc-
tions with the most significantly increased RNPS1 binding
observed on the exon upstream of the RS junction. In com-
parison, CLIP-seq finds a smaller and less significant in-
crease in RNPS1 binding on this exon when it precedes
an RS versus a non-RS junction, and no significant differ-
ence in RNPS1 binding on other exons. This increase in
RNPS1 binding on exons upstream of RS junctions is also
evident at individual genes containing RS exons where
EJC deposition was previously shown by Blazquez et al.
to suppress RS (Fig. 6D). Finally, we also observed that en-
tire transcripts that contain high-scoring RS junctions show
increased RNPS1 and CASC3 binding as compared to
transcripts that contain only low-scoring RS junctions
(Fig. 6E). Again, as compared to CLIP-seq, xRIPiT-seq de-
tected much higher and more significantly increased
RNPS1 binding to transcripts containing RS junctions
whereas both CLIP-seq and xRIPiT-seq performed similarly
in the case of CASC3. These results further highlight
xRIPiT-seq’s ability to uncover biologically relevant fea-
tures of RAF binding as compared to CLIP-seq. We also
conclude that EJC and RNPS1 deposition on upstream
junctionsmay play a role in suppressing downstream recur-
sive exon splicing, possibly by stabilizing EJC and/or
RNPS1 binding on downstream RS junctions (Fig. 6A).
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FIGURE 6. Comparison of xRIPiT-seq and CLIP-seq signal for RNPS1 and CASC3 occupancy on high- and low-scoring RS exons and their neigh-
boring exons. (A) A schematic of recursively spliced (RS) exon and its neighboring exons. Empty rectangles: constitutive exons; shaded rectangle:
RS exon; black line: intron; dotted lines: possible exon splicing patterns; shaded ovals: RNPS1-EJC; RNPS1-EJCs upstream of RS junction sup-
presses RS, whereas the complex on one exon further upstream (shown on shaded background) stabilizes the downstream complex. The number
below each exon represents the number of exons for which data is presented in panelsB andC. (B) Box plots showingCASC3 xRIPiT-seq andCLIP-
seq read densities on high-scoring versus low-scoring RS exon and its three preceding exons. Each set of four boxplots is arranged directly below
the RS exon or the one of its three preceding exons it corresponds to in A. (Top) Wilcoxon rank-sum test P-values. (C ) Box plots as in B showing
RNPS1 xRIPiT-seq andCLIP-seq exonic read densities. (D) Integrated genome viewer tracks showing read coverage (normalized for library size) on
TMA16’s RS exon and its three preceding exons. (E) Box plots showing RNPS1 andCASC3 xRIPiT-seq andCLIP-seq genic read densities on genes
that contain a high-scoring RS exon (n=5001) and those containing only low-scoring RS exons (n=5001). (Top) Wilcoxon rank-sum test P-values.
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DISCUSSION

In the quest to define functions of RNA-associated proteins,
their different modes of interactions with RNA necessitate
orthogonal approaches to “freeze” RNA-associated pro-
teins in action on cellular RNAs. Here we use the EJC as a
test case to show that while UV crosslinking works well to
capture RNA interaction sites of proteins that bind RNA
directly (CASC3, an RBP), chemical crosslinking using form-
aldehyde is a far superior option for identifying binding sites
of proteins that act on RNA via other proteins (RNPS1, an
RAF). Our results suggest that xRIPiT-seq, or similar RIP-
seq approaches from formaldehyde-crosslinked cells, can
be generally applicable to all RNA-associated proteins, in
particular to RAFs, to interrogate their cellular sites of action
(Fig. 7).

xRIPiT-seq reveals binding profile and functions
of RNPS1, an RAF within EJC

Wehave previously developed and applied RIPiT-seq to in-
vestigate functions of EJC factors in post-transcriptional
gene regulation (Singh et al. 2012, 2014). A key advantage
of RIPiT is the two-step purification, which enables enrich-
ment of an RNP containing a pair of proteins. The tandem
purification strategy boosts signal specificity by reducing
enrichment of nonspecific RNA interactors. Combination
of formaldehyde crosslinking with RIPiT-seq, that is,
xRIPiT-seq (Mabin et al. 2018), further enhances several-
fold the specificity of capturingbinding sites of RNA-associ-
ated proteins (Figs. 3, 5). Essentially, xRIPiT is an extension
of well-tested formaldehyde-crosslinked RIP approaches
described in the past (Niranjanakumari et al. 2002), and is
analogous to the fCLIP-seq approach described recently
(Kim and Kim 2019), with the added advantage of tandem
purification. Formaldehyde crosslinking, being agnostic to
direct versus indirect binding of RNA-associated proteins
to RNAs, makes xRIPiT-seq more broadly applicable than
CLIP-seq approaches. Consistent with this, as compared
to CLIP-seq, xRIPiT-seq yields robust signal for both
CASC3 and RNPS1 binding to EJC sites (Figs. 4, 5).

The enhanced detection of RNAbinding sites via xRIPiT-
seq is particularly striking in the case of RNPS1 (Fig. 5E–I),
providing new insights into its binding and functions within
the EJC. The poor UV crosslinking of RNPS1 to canonical
EJC sites and yet its strong enrichment at these positions
during xRIPiT suggests that RNPS1 binds to EJC mainly
via protein:protein interactions. Such a view is consistent
with the current understanding of RNPS1 interaction with
the EJC core via other peripheral EJC factors such as
ACIN1 and/or PNN (Boehm et al. 2018; Wang et al.
2018). Importantly, as compared to the CASC3-EJC bind-
ing sites, the RNPS1-EJC occupancy sites revealed by
xRIPiT are enriched in degenerate sequences that resem-
ble SR-protein binding motifs, for example, GA-rich se-
quences (Mabin et al. 2018). Notably, numerous SR and
SR-like proteins copurify with RNPS1-EJC but not with
CASC3-EJC (Mabin et al. 2018). Thus, while RNPS1 does
not contact RNA on its own, xRIPiT-seq faithfully captures
RNA sites that are associated with RNPS1-EJCs. xRIPiT-seq
also reveals that the RNPS1-EJC has an increased abun-
dance upstream of exons that depend on RNPS1 for their
splicing (Fig. 6). This increased RNPS1 occupancy on
neighboring exons could be important for its splicing-reg-
ulatory function on RS exons (Blazquez et al. 2018).
Possibly, akin to its function in promoting splicing of neigh-
boring introns in Drosophila piwi transcripts (Malone et al.
2014), RNPS1 binding on neighboring exon-junctions can
promote increased EJC deposition on RS exon junction
thereby suppressing RS exon splicing (Fig. 6A).
In addition to illuminating EJC functions, our work has

broader implications for investigating RNA–protein inter-
actions using chemical versus photo-crosslinking ap-
proaches. Therefore, it is important to consider factors
that can influence UV- and formaldehyde crosslinking abil-
ities of RNA-associated proteins.

Factors that impact UV crosslinking ability
of RNA-associated proteins

Several factors can negatively impact a protein’s ability to
efficiently crosslink to RNA with UV light, resulting in their
classification as RAFs (Fig. 1). The most obvious factor is
the indirect RNA binding mode of proteins where they
act on RNA from a distance through RBPs. Such RAFs can
function as regulators of RBPs as in the case of RBM8A
and MAGOH, which interact exclusively with the RNA-
clamped form of EIF4A3 (Andersen et al. 2006; Bono
et al. 2006). Other RAFs can serve as adapters to connect
an RBP and its bound RNA to other cellular machineries
(e.g., mRNA export factors NXT1, GLE1). RAFs can also
serve as components of multisubunit assemblies where
they may take a structural or regulatory role (e.g., EIF3 sub-
units—3F, 3I, 3K; nuclear exosome noncatalytic subunits—
EXOSC5, 7, 8). For such proteins, which are physically away

FIGURE 7. A schematic summarizing suitable approaches for identi-
fication of binding sites of RBPs versus RAFs. RNA (dark line) is shown
bound by RBPs (lower two ovals) and an RAF (upper oval). Methods
suitable for binding site enrichment of the two classes of RNA-associ-
ated proteins are on the right.
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from RNAwhile in action, only chemical crosslinking meth-
ods can immobilize them in their native in vivo complexes.

The chemistry at the RNA:protein interaction interface
also influences UV crosslinking of proteins to RNA.
Among the nucleobases in single-stranded DNA polymers,
polypurine oligomers are much less reactive than poly-
pyrimidine oligomers for protein photo-crosslinking
(Hockensmith et al. 1986). Among the amino acids, most ro-
bust UV induced crosslinking to uracil is observed for amino
acids with aromatic side-chains that can engage in stacking
interactions with nucleobases (F and Y), and amino acids
with positively charged side-chains that can form electro-
static interactions with the negatively charged phosphate
backbone (K, R, and H) (Smith 1969). Confirming these bias-
es, in UV crosslinked RBP:RNA complexes identified by
XRNAX, uracil is the most frequently crosslinked base, and
phenylalanine, lysine and glycine are the top three amino
acids in the uracil-crosslinked peptides (Trendel et al.
2019). EIF4A3 is an example of an RBP that inefficiently
UV-crosslinks to RNA possibly due to the chemical nature
of the RNA:protein interface. EIF4A3 binds RNA by exclu-
sively contacting the ribose-phosphate backbone and lacks
specific interactions with bases (Andersen et al. 2006; Bono
et al. 2006). We have previously shown in human cells that
this protein UV-crosslinks to RNA very inefficiently as com-
pared to a sequence-specific RBP HNRNPA1 (Singh et al.
2014). Recently, this poor in vivo UV crosslinking ability of
EIF4A3 was also reported in Drosophila adult animals
(Obrdlik et al. 2019). Instead, chemical crosslinking using
dithio(bis-) succinimidyl propionate was found to stabilize
EIF4A3 within EJCs for identification of Drosophila EJC
binding sites. Many other DEAD-box proteins bind RNA
in a sequence-independent manner similar to EIF4A3,
and some of these RBPs may lack readily UV-crosslinkable
functional groups at RNA:RBP interfaces. Despite being
“true” RBPs, such proteins are more likely to be classified
as RAFs and can benefit from xRIPiT-seq over CLIP-seq.

Surprisingly, many proteins that interact with the RNA 7-
methyl-guanosine cap are classified among RAFs, for ex-
ample, nuclear cap binding protein NCBP2, all three cyto-
plasmic cap binding proteins EIF4E1, EIF4E2, and EIF4E3,
and decapping proteins DCP2, NUDT16, and DCPS. No-
tably, these proteins interact with the cap via stacking in-
teractions between aromatic amino acid side chains and
the methylated guanosine base of the cap (Marcotrigiano
et al. 1997). Despite such direct and specific contacts be-
tween these proteins and the RNA cap structure, they
are apparently poorly UV-crosslinked to RNA in vivo. A pre-
vious report that chemical crosslinking is superior to UV
crosslinking to detect EIF4E-cap interactions (Kahvejian
et al. 2005) further suggests that the arrangement of func-
tional groups at the RBP:RNA interface of these proteins
could be suboptimal for UV crosslinking. RAFs also include
many RNA decay enzymes: 19 different RNases (e.g., RN-
ASE1, RNASE2), cytoplasmic RNA exosome catalytic sub-

unit DIS3L, polyuridylated RNA specific 3′–5′ exonuclease
DIS3L2, and major cytoplasmic deadenylases PAN2 and
PAN3.While these proteins likely act on RNA directly, their
engagement with RNA in vivo is likely not amenable to ef-
ficient UV crosslinking, possibly due to their mode of inter-
action with RNA and also due to the transient nature of
their interactions. The latter view is supported by the ob-
servation that a much stronger PAR-CLIP signal is obtained
when nucleolytic activity of DIS3 is mutated (Szczepińska
et al. 2015), which possibly traps the protein on RNA for
more efficient photo-crosslinking. Overall, the above ex-
amples highlight several conditions where UV crosslinking
can prove ineffective, and chemical crosslinking with form-
aldehyde (or other crosslinkers) is a more viable approach
to trap RBPs/RAFs in action.

Formaldehyde as an alternative to UV for in vivo
RBP/RAF crosslinking

Formaldehyde is a bifunctional, electrophilic molecule that
reacts with two nucleophilic groups in sequential steps to
link the two groups via a methylene bridge (Hoffman
et al. 2015). In the first step, a nucleophilic group, such
as an amino or imino group from a protein or nucleic
acid, reacts with formaldehyde to form a Schiff’s base. In
the second step, the Schiff’s base reacts with a second nu-
cleophilic group resulting in a methylene bridge. If the two
attacking nucleophilic groups are on two different mole-
cules, their reaction with formaldehyde forms an intermo-
lecular crosslink. Due to the small size of formaldehyde,
the two groups to be crosslinked must be no more than
∼2 Å apart, thus making it suitable to study molecules
that are in close proximity. Formaldehyde-mediated pro-
tein:protein crosslinking stabilizes macromolecular com-
plexes in vivo (for review, see Sutherland et al. 2008).
Mild formaldehyde crosslinking stabilizes dynamic interac-
tions between the core and regulatory particles of the pro-
teasome enabling purification of a catalytically active
proteasome (Fabre et al. 2013). It is this protein:protein
crosslinking ability of formaldehyde that makes it suitable
for stabilizing RAFs such as RNPS1 within their functional
RNPs (Fig. 2B), allowing enrichment of sites where it is
bound to the EJC core in vivo (Fig. 5; Supplemental Fig.
S6). Formaldehyde crosslinking can also stabilize RBPs
such as CASC3 within RNPs (Figs. 3, 4; Supplemental
Fig. S4). This can occur due to protein–protein crosslinks
between an RBP and other proteins within an RNP, which
can stabilize an RBP:RNA interaction. Consistent with
this, it was shown that formaldehyde crosslinking but not
UV crosslinking enhances capture of AGO:siRNA interac-
tions (Au et al. 2014). Similarly, formaldehyde crosslinking
stabilized double-stranded RBP DROSHA within pri-
microRNPs to allow mapping of DROSHA cleavage sites
with a CLIP-seq workflow (Kim and Kim 2019). Similar to
UV light, the stabilizing effect of formaldehyde on RBPs
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can also result from its ability to form protein:nucleic acid
crosslinks, which makes it a widely popular crosslinker of
choice in chromatin IP studies (Collas 2010; Hoffman
et al. 2015). Future studies should evaluate formalde-
hyde’s ability to immobilize protein:protein and protein:
RNA interactions, and relative contributions of these two
types of linkages to RNP stabilization.
For formaldehyde crosslinking of in vivo RNPs, crosslinker

concentration is an important consideration. We find that a
relatively low formaldehyde concentration (0.1%) provides
a good balance between protein crosslinking and solubility
(Fig. 2B). Possibly, at higher concentrations, formaldehyde
can crosslink nonspecific interactions trappingmacromolec-
ular complexes in their local cellularenvironments. Indeed, a
previous study showed that formaldehyde concentrations of
0.2%or higher leads to inappropriate detection of cytoplas-
mic andmitochondrial proteins in the nuclear fraction (Fabre
et al. 2013). Interestingly, the xRIPiT signal shows adip in the
top quarter of expression bins while such a drop is not seen
in nRIPiT samples (e.g., Fig. 5B). Possibly, this decrease in
signal results from nonspecific, over-crosslinking of RNPs
to cellular structures, which may particularly affect more
abundant RNPs. The formaldehyde concentrations we use
here are an order of magnitude lower than those in ChIRP-
MS approaches used to illuminate lncRNA proteomes
(Chu et al. 2015). Perhaps, high formaldehyde concentra-
tions can induce crosslinks within a larger fraction of an indi-
vidual RNP to improve signal as in the case of single RNP
interactomes. However, low concentrations of formalde-
hyde likeweusehereare likely tobemorecritical topreserve
the relative abundance of mRNPs, which range several or-
ders of magnitude in expression.
While chemical crosslinking with formaldehyde provides

a robust alternative to UV crosslinking to study in vivo
RNA–protein interactions, unlike UV crosslinking, it is un-
able to discriminate between direct and indirect interac-
tions. Also, unlike CLIP, so far formaldehyde crosslinking
has not been exploited to identify the direct sites of con-
tacts between an RNA and a protein. It is noteworthy
that formaldehyde crosslinking has been used to map
points of protein contact on DNA (Solomon and
Varshavsky 1985), and can be similarly applied to RNA–
protein complexes as well. Nevertheless, our current and
previous work (Singh et al. 2014; Mabin et al. 2018;
Woodward et al. 2019) shows that formaldehyde crosslink-
ing combined with RIPiT-seq is a powerful approach to iso-
late and analyze RNA footprints of multisubunit RNP
assemblies, which are often heterogeneous in nature.

MATERIALS AND METHODS

Source data for classification of RBPs and RAFs

Sets of UV-crosslinkable human RBPs were from two sources: (i)
Proteins detected in RNA interactome capture (RIC) experiments

were obtained from Hentze et al. (2018) (Supplemental Table
S2). For inclusion in our analysis, we required the proteins to be
detectable in at least two of the seven RIC data sets. (ii) Proteins
that were defined as the “integrated human RBPome” or “ihRB-
Pome” based on protein-crosslinked RNA extraction (XRNAX)
were obtained from Trendel et al. (2019) (Supplemental Table
S2). For a comprehensive set of UV crosslinking independent hu-
man RBPs, we relied on the analysis of Brannan et al. (2016). A
list of 1786 annotated RBPs (Supplemental Table S3; Brannan
et al. 2016) was combined with 1923 proteins that achieved the
RBP classification score of greater than 0.79 as predicted by
SONAR (Supplemental Table S4; Brannan et al. 2016) resulting
in a set of 2784 unique proteins that we defined as “annotated
and predicted RNA-associated proteins.” All protein lists are pro-
vided in Supplemental Table S1 of this publication.

Gene ontology analysis

DAVID gene ontology tool (Huang et al. 2009) was used to deter-
mine terms enriched in RAFs with all human genes as a back-
ground. Only nonredundant terms with lowest P-value (with
Benjamini-Hochberg correction) are reported.

Cell lines and cell culture

Human embryonic kidney (HEK293) Flp-In TRex cell lines express-
ing EJC factors have been described previously (Singh et al. 2012;
Mabin et al. 2018). HEK293 Flp-In TRex cells were cultured under
5% carbon dioxide in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin.

Formaldehyde crosslinking and FLAG
immunoprecipitation

Formaldehyde crosslinking was performed as previously de-
scribed (Singh et al. 2014). Briefly, HEK293 cells were cultured
in 10 or 15 cm plates. The culture medium was removed and cells
were washed with room temperature Phosphate Buffered Saline
(PBS). Cells were scraped in 10–30 mL PBS and transferred to a
15 or 50 mL conical. Formaldehyde (37%) was added to the cell
suspension at the desired concentration (v/v). Following 10-min
incubation at room temperature, 1–3 mL (10% volume of cell sus-
pension) of the quenching buffer [2.5 M Glycine, 25 mM Tris-
base] was added to the suspension, and incubation at room tem-
perature was continued for 5 min. Cells were pelleted at 400g at
4°C and resuspended in denaturing lysis buffer [20 mM Tris-HCl
pH 7.5, 150 mM NaCl, 10 mM EDTA, 0.5% NP-40, 0.1% Triton
X-100, 0.1% sodium dodecyl sulfate, 0.1% sodium deoxycholate,
1× Sigma protease inhibitor cocktail, 1 mM PMSF]. Cells were
sonicated on ice bath at 20% amplitude using a microtip for 10
sec in 2 sec bursts separated by 5 sec pauses. Cell debris was pel-
leted at 15,000g at 4°C for 10min. The clear lysatewasmixedwith
80 µL (per 10 cm plate) of prewashed anti-FLAG M2 agarose
beads, and incubated with gentle mixing for 1–2 h at 4°C.
FLAG-RNP complexes were washed two times in denaturing
wash buffer [20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP-
40, 0.1% sodium dodecyl sulfate, 0.1% sodium deoxycholate]
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followed by two washes in Isotonic Wash Buffer [IsoWB, 20 mM
Tris-HCl pH 7.5, 150 mM NaCl, 0.1% NP-40] and then treated
with 125 µg/mL RNase A. After four more washes in IsoWB, com-
plexes were eluted in 80 µL of IsoWB supplemented with 125 µg/
mL FLAG peptide. For anti-FLAG IP under native conditions,
HEK293 cells stably expressing FLAG-tagged EJC protein were
lysed in ice-cold hypotonic lysis buffer (HLB) [20 mM Tris-HCl
pH 7.5, 15 mM NaCl, 10 mM EDTA, 0.5% NP-40, 0.1% Triton
X-100, 1× Sigma protease inhibitor cocktail, 1 mM PMSF].
Lysates were sonicated, supplemented with NaCl to a final con-
centration of 150 mM and RNase A was added to 125 µg/mL.
Complexes were then combined with anti-FLAG agarose beads
and incubated with gentle mixing for 1–2 h at 4°C. FLAG beads
were washed eight times with IsoWB and complexes were eluted
with IsoWB supplemented with FLAG peptide as above.

RNase I conditions during formaldehyde-crosslinked
RIPiT-seq (xRIPiT-seq)

The general steps and reaction conditions during xRIPiT-seq were
previously described inMabin et al. (2018). RNase I digestion con-
ditions during xRIPiT were optimized by performing a titration
where the enzyme concentration was increased in threefold incre-
ments (Supplemental Fig. S1B). RNase I concentration that yield-
ed the greatest signal in the 30–80 nt range was used in all
subsequent experiments.

High-throughput DNA sequencing data processing
and alignment

Adaptor trimming and PCR duplicate removal

All RNA-seq and RIPiT-seq data sets were previously described in
Mabin et al. (2018) (GEO: GSE115977), and all data processing
was carried out as described therein. Briefly, demultiplexed fastq
files containing unmapped reads were first trimmed using
Cutadapt (Martin 2011). A 12-nt sequence on read 5′ ends con-
sisting of a 5-nt random sequence (UMI), 5-nt identifying barcode,
and a CC was removed with the random sequence saved for each
read for identifying PCR duplicates down the line. Next, as much
of the 3′-adapter (miR-Cat22) sequence TGGAATTCTCG
GGTGCCAAGG was removed from the 3′ end as possible. Any
reads less than 20 nt in length after trimming were discarded.

Alignment and removal of multimapping reads

Trimmed RNA and RIPiT-seq reads and the CLIP-seq data from
Hauer et al. (2016) downloaded from ArrayExpress: E-MTAB-
4215), which already had adapters trimmed and thus were not fur-
ther preprocessed by us, were aligned with HISAT2 v2.1.0 (Kim
et al. 2015) using 28 threads to Genome Reference Consortium
Human Build 38 (GRCh38). After alignment, only reads with a
mapping score >50, indicative of uniquemapping, were retained,
and remaining reads (likely multimapped) were discarded. RNA-
seq (HEK293 cells) and RIPiT-seq reads, which contained a 5 nt
unique molecular identifier (UMI), further underwent a PCR dupli-
cate removal step, in which reads with identical sequences
aligned to the same location with the same UMI had all but one

copy discarded. TheCLIP-seq data had PCR duplicates previously
removed by Hauer et al.

Removal of stable RNA and mitochondrial DNA mapping
reads

Readsmapping to stable RNAs were counted and removed as fol-
lows. All reads were checked for overlap against GRCh38 annota-
tions for miRNA, rRNA, tRNA, scaRNA, snoRNA, and snRNA using
bedtools function: intersect (Quinlan and Hall 2010). Any read
that overlapped with these RNA sequences by more than 50%
was filtered out. Reads aligned to chrM (mitochondrial DNA)
were also counted and removed.

Data analysis and quantification

Human reference transcriptome and annotations

Reference annotations, for example, for protein coding tran-
scripts, were retrieved from the Ensembl BioMart (GRCh38.
p12). All analyses were done using the APPRIS Principal 1 tran-
script variant for each gene (Rodriguez et al. 2013).

Read distribution assignment

Fractions of reads corresponding to exonic and canonical EJC
and noncanonical EJC regions were computed as follows. All
analyses were limited to exons 100 nt or longer in order to have
sufficiently long noncanonical EJC regions. Furthermore, for ca-
nonical and noncanonical EJC annotations we excluded the last
exon, which lacks a canonical EJC deposition site. For the canon-
ical EJC regions the 30 nt surrounding the center of the primary
EJC binding site at −24 (−39 to −9) were considered, while for
the noncanonical EJC region all nucleotides from the start of
each exon to −50 were used. The single exon gene annotation
was similarly limited to exons (genes) at least 100 nt in length.
Bedtools function “intersect” was used to compare reads against
these annotations and reads which overlapped the annotation by
more than 50% were counted.

Read density calculation

After read assignments, reads from replicates of each experiment
were combined to compute read densities (RPKMRIPiT-seq or
RPKMIP-seq) per protein-coding gene as follows. For each calcula-
tion, the total aligned reads were used as the scaling factor and
the length (in kb) of the canonical or noncanonical regions of a
gene, or length of the intronless genes were used for the base
adjustment.

Quantification of EJC binding in canonical and
noncanonical regions, and on intronless genes

Only protein-coding genes with RNA-seq RPKMgreater than zero
were included in the analysis. For comparing EJC protein binding
at different expression levels, the full range of RNA-seq gene log2

RPKM values was covered by 20 reference points equidistant in
logarithmic space. Each point was associated with a bin contain-
ing all genes within twofold of the central RPKM value. This was
done to ensure the same number of bins, with the same
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expression range (in terms of fold change) between experiments
—bins may therefore overlap to different degrees depending on
the comparison. Log2 of mean experimental RPKM values in each
bin (RPKMRIPiT-seq or RPKMIP-seq), which provide estimates of EJC
protein binding on all canonical or noncanonical regions within a
gene, or on intronless genes, were plotted against RNA-seq
RPKM values. In tests comparing RIPiT-seq and CLIP-seq, analy-
ses were limited to the set of genes with RPKM values within
1.5-fold in RNA-seq libraries from each cell line. The average be-
tween these two libraries was then used as an estimate of gene
expression (RPKMRNA-seq) to compare xRIPiT and CLIP-seq data
sets in Figures 4, 5E–I. Linear fits were then produced for each ex-
periment in log2-spacewith a set slope of 1. That is, a linear agree-
ment between experimental and RNA-seq RPKMs was assumed.
The calculated intercepts therefore correspond to the exponent
of the slope in linear space: log2(F(x)) = log2(x) +b in log2-space
becomes F(x) = x∗2b in linear space. In the bar plots that compare
the intercepts calculated from linear fits to the scatter plots, the y-
axis is 2 to the power of each intercept, which is exactly the slope
in linear space and therefore the total fold-change of each exper-
iment versus RNA-seq.

Quantification of individual EJC binding sites

For analysis of individual binding sites, we first limited our search
to genes in the top 20% expression range in RNA-seq, corre-
sponding to an RPKM>5.9, and normalized canonical region
counts by intronless gene levels as detailed above. Canonical re-
gions between experiment types were then compared
(Supplemental Figs. S4A,B,G,H, S6A,B,D,E) to observe overall
trends. Individual canonical sites were then considered to be ob-
served binding sites if the expression in those regions was twofold
higher than extrapolated intronless gene expression on the same
genes. Venn diagrams showing the overlap between individual
binding sites were then constructed to show overlap between ex-
perimental methods (Figs. 4E, 5I) and similarly all binding sites
were plotted in deciles as a function of their RPKM range to
show discovered binding sites by experiment, based on gene ex-
pression levels (Supplemental Figs. S4C, S6C).

Quantification of EJC binding on recursively spliced (RS)
exons and their neighboring exons

MaxEntScan splice site scoring software (Yeo and Burge 2004)
was first used to find 5′ splice site (5′ss) scores of all exon–exon
junctions using sequences obtained from Ensembl BioMart
(GRCh38.p12). For all exon–exon junctions with the 5′ss score
above the threshold of 5.52, which was defined previously by
Blazquez et al. (2018), the downstream exons were classified as
RS exons. The same number of exons that showed the lowest
5′ss score at their start were used as a non-RS exon control.
CASC3 or RNPS1 occupancy at each exon was estimated by de-
termining total exon coverage (CLIP or RIPiT RPKM for a particular
exon) normalized to gene coverage, with gene coverage as the
average of the two RNA-seq data sets within 1.5-fold of each oth-
er, as detailed above. Only exons with an RPKM>0 were consid-
ered in the analysis. Such normalized exon coverage was
determined for the RS exon itself, as well as the three preceding
exons. For gene level analysis genes were classified by the high-
est exon–exon 5′ss score within a given gene, with RS genes de-

fined by the same 5.52 threshold. Similarly, an equal number of
non-RS genes were selected to have the lowest maximum 5′ss
score within a gene.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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