
Dissecting noncoding and pathogen RNA–protein
interactomes

RYAN A. FLYNN,1,8 LANCE MARTIN,1,2,8 ROBERT C. SPITALE,3 BRIAN T. DO,1 SELENA M. SAGAN,4

BRIAN ZARNEGAR,1 KUN QU,1 PAUL A. KHAVARI,1 STEPHEN R. QUAKE,2,5,6 PETER SARNOW,7

and HOWARD Y. CHANG1,6

1Program in Epithelial Biology, Stanford University School of Medicine, Stanford, California 94305, USA
2Department of Bioengineering, Stanford University, Stanford, California 94305, USA
3Department of Pharmaceutical Sciences, University of California, Irvine, Irvine, California 92697, USA
4Department of Microbiology and Immunology, McGill University, Montréal, QC H3A 2B4, Canada
5Department of Applied Physics, Stanford University, Stanford, California 94305, USA
6Howard Hughes Medical Institute, Stanford University, Stanford, California 94305, USA
7Department of Microbiology and Immunology, Stanford University School of Medicine, Stanford, California 94305, USA

ABSTRACT

RNA–protein interactions are central to biological regulation. Cross-linking immunoprecipitation (CLIP)-seq is a powerful tool for
genome-wide interrogation of RNA–protein interactomes, but current CLIP methods are limited by challenging biochemical steps
and fail to detect many classes of noncoding and nonhuman RNAs. Here we present FAST-iCLIP, an integrated pipeline with
improved CLIP biochemistry and an automated informatic pipeline for comprehensive analysis across protein coding,
noncoding, repetitive, retroviral, and nonhuman transcriptomes. FAST-iCLIP of Poly-C binding protein 2 (PCBP2) showed that
PCBP2-bound CU-rich motifs in different topologies to recognize mRNAs and noncoding RNAs with distinct biological
functions. FAST-iCLIP of PCBP2 in hepatitis C virus-infected cells enabled a joint analysis of the PCBP2 interactome with host
and viral RNAs and their interplay. These results show that FAST-iCLIP can be used to rapidly discover and decipher
mechanisms of RNA–protein recognition across the diversity of human and pathogen RNAs.
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INTRODUCTION

Across the increasingly diverse repertoire of RNA species,
RNA–protein interaction is a nearly ubiquitous function
(Rinn and Ule 2014). While RNA–protein complexes such
as the ribosome and spliceosome, central regulators of cell
biology, are well-studied, a vast and enigmatic repertoire of
noncoding and nonhuman RNA–protein interactomes await
further characterization (Rinn and Ule 2014). Considering
the diverse reach of RNA-binding proteins (RBPs) in cell
biology, substantial effort has been focused on methods for
genome-wide interrogation of RNA–protein interactions us-
ing next-generation sequencing (NGS) (König et al. 2012).
By stabilizing direct interactions in vivo combined with strin-
gent purification steps, UV cross-linking immunoprecipi-
tation and sequencing (CLIP-seq) enables specific isolation
of an RBP’s target RNA-binding sites for NGS analysis. Fol-
lowing NGS, the topological profile of the RBP can be infor-

matically extracted using numerous computational tools,
including peak-calling algorithms (Corcoran et al. 2011;
Lovci et al. 2013), to isolate the salient features of the RBP
of interest.
Much of the pioneering work has been focused on well-

studied proteins and the protein-coding transcriptome, lead-
ing to numerous important advances, on both methodolog-
ical (PAR-CLIP, iCLIP, and BrdU-CLIP) and computational
fronts (Hafner et al. 2010; König et al. 2010; Zhang and
Darnell 2011; Weyn-Vanhentenryck et al. 2014). These re-
sults have spurred broader interest in CLIP, particularly
with respect to the interactome of noncoding RNAs (Gutt-
man and Rinn 2012) or across the diversity of viruses andmi-
crobes that impinge on human health (Papenfort and Vogel
2010). Yet, extending CLIP across many RBPs is challenging
for at least two reasons: (1) The sample preparation protocol
is inefficient and time consuming and (2) informatic meth-
ods are not easily implemented or generally applicable to
any RBP, particularly if RBP targets are not obvious a priori,
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or if the RBP binds various classes of
noncoding transcripts as well as nonhu-
man transcriptomes.

To put these challenges in context,
the CLIP workflow can be thought of
as a stack of tasks—starting with NGS
biochemistry, followed by informatic
transformations of the resulting data,
and finally protein-specific questions or
analyses. Because the specificity of work
increases as one moves across the stack,
we sought to address common challenges
to any CLIP investigation by improving
the efficiency of sample preparation,
extending the intermediate analysis to
include a diverse set of user-definable
transcriptomes (protein coding, non-
coding, repetitive, retroviral, and non-
human), and also standardizing data
format output such that comparisons be-
tween RBPs are straightforward (Fig. 1A,
B). We applied this Fully Automated and
Standardized iCLIP (FAST-iCLIP) pipe-
line to a published iCLIP data set of the
RBP hnRNP-C, recapitulating the pub-
lished biology of this protein. We then
applied FAST-iCLIP to the human and
viral interactomes of Poly-C binding pro-
tein 2 (PCBP2), a KH domain (hnRNP-K
homology) (Lunde et al. 2007) contain-
ing RBP that has a preference for C/U-
rich motifs (Choi et al. 2009) as well as
pathologicalassociations incancer (Eiring
et al. 2010; Han et al. 2013) and infectious
disease (Gamarnik and Andino 2000;
Herold and Andino 2001; Shetty et al.
2013). The unbiased characterization of
the PCBP2 protein revealed novel RNA–
protein interactions and provided sup-
porting evidence for previously known
cellular and viral roles for PCBP2.

RESULTS

Well established CLIP methods require a combination of
multiple single-stranded RNA ligations, RNA precipitations,
and gel size selections on low abundance material, all leading
to complex and time-consuming protocols.We reasoned that
replacing the 3′-blocking moiety (often dideoxyC [ddC] or
puromycin) on the 3′ RNA ligation adaptor with a biotin
would allow for purification of CLIP’ed material throughout
the library preparation procedure without the need for pre-
amplification gel selection or precipitations. By exchanging
the 3′ddC blocker from the standard iCLIP 3′ adaptor with
a 3′-biotin, we reduced the time required to perform iCLIP

by 50% relative to conventional protocols (Fig. 1A). Addi-
tionally, we modified the circularizing cDNA synthesis prim-
er to avoid cytidine at the 5′-end as CircLigase has significant
biases against this nucleotide (AMele and RDarnell, unpubl.,
pers. comm.). Combining these improvements and other in-
novations (Huppertz et al. 2014; Vanharanta et al. 2014;
Weyn-Vanhentenryck et al. 2014), our methods reduced
the sample preparation time from 4 to 2 d, utilizing the
high affinity biotin–streptavidin interaction for rapid and
specific biochemical purification (Fig. 1A).
We next sought to address challenges associated with anal-

ysis of iCLIP data across RNA classes and transcriptomes
(Fig. 1B). While each RBP subjected to CLIP is likely to

FIGURE 1. FAST-iCLIP incorporates experimental improvements and standardized experimen-
tal interface to enable iCLIP analysis. (A) Biochemical improvements to the standard iCLIP pro-
cedure reduce experimental time by half. (B) A standard interface for analysis iCLIP data increases
analysis efficiency and dissects many known sources of RNA transcripts including both the repet-
itive and nonrepetitive human genome as well as nonhuman genomes. (C) Histogram of the types
and number of genes identified by FAST-iCLIP analysis of publically available hnRNP-C iCLIP
data. (D) Percentage of all hnRNP-C iCLIP reads mapping to mRNA loci subdivided by function-
al domain. (E) Average histogram of hnRNP-C iCLIP reads along a normalized mRNA transcript.
Each gene’s functional regions (5′ UTR, CDS, and 3′ UTR) are binned into 200 units plotted along
the same axis. Intronic reads are not visualized in this plot. (F) Logo visualization of the HOMER
motif output from all hnRNP-C iCLIP reads with the fraction of iCLIP target regions containing
that motif. hnRNP-C crosslink sites and region-shuffle control are shown.
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harbor unique binding features, we reasoned that a standard-
ized set of analyses and visualizations could be used to rapidly
identify these features independent of the protein of interest,
and allow direct comparison across RBPs. We therefore im-
plemented an automated informatics pipeline, termed Fully
Automated and Standardized (FAST-iCLIP). The pipeline is
synergistic with existing tools, as its aim is to bridge between
the diversity of available algorithms and the biological ques-
tions that underpin any CLIP experiment (Fig. 1B). Specifi-
cally, we focused on analyses related to four broad RNA
classes that CLIP data sets are well-positioned to interrogate,
including (1) nonrepetitive, protein-coding regions of the ge-
nome, (2) noncoding RNAs (ncRNAs), (3) highly abundant,
repetitive RNAs such as ribosomal RNAs (rRNA), small
nuclear RNAs (snRNAs), endogenous retroviral, and trans-
posable elements that are often ignored in current CLIP anal-
yses, and (4) nonhuman genomes, such as RNA viruses.
Highlighting its synergy with existing algorithms built for

analysis of CLIP data, we integrated FAST-iCLIP with the
CLIPper peak-calling algorithm (Lovci et al. 2013) in order
to isolate high confidence binding regions. After mapping,
isolating reverse-transcription (RT) stop positions that are
conserved across biological replicates, and extracting high
confidence reads using CLIPper, the FAST-iCLIP pipeline
partitions reads and applies different analyses based on the
gene type. Protein-coding RT stops are further partitioned
to 5′ untranslated region (UTR), coding sequence (CDS),
3′ UTR, and intronic regions. The binding topology across
these mRNA regions is determined and gene lists with unique
regional binding profiles are extracted. Similarly, the
binding topology across each class of ENSEMBL-defined
ncRNA, including long ncRNAs, is determined and genes
lists for each RNA class are extracted. A similar strategy is ap-
plied to repetitive RNA genes using a custom index that in-
cludes several short repeat RNAs, including splicing RNAs,
SRP, 7SK, Y RNAs, and the 5S rRNA, as well as the full ribo-
somal DNA locus. Binding to endogenous retroviral and
transposable elements is evaluated using a custom index
of over 1000 distinct elements enabling rapid identification
of highly bound elements along with binding topology.
Collectively, these analyses provide a comprehensive snap-
shot of binding topology that informs follow-up protein-spe-
cific analyses.
We tested the performance of FAST-iCLIP on hnRNP-C,

a well-characterized RBP that regulates splicing in a bind-
ing-site specific manner. Importantly, hnRNP-C has been
the focus of two iCLIP studies and thus provided a well-stud-
ied RNA–protein interactome on which to validate the per-
formance of FAST-iCLIP (König et al. 2010; Zarnack et al.
2013). We obtained raw data for biological replicates from
a prior study (Zarnack et al. 2013) and processed them
with FAST-iCLIP, revealing a strong preference for protein-
coding targets (Fig. 1C) and a binding preference for intronic
regions (∼67.6%of the reads) (Fig. 1D) relative to 5′ UTR and
CDS regions (Fig. 1D,E). FAST-iCLIP also uses the HOMER

algorithm (Heinz et al. 2010) to search for de novo primary
sequence motifs in CLIPper called RT stops, uncovering a
strong poly-uridine (polyU) track binding motif (Fig. 1F).
Additionally, we identify at least two previously unreported
features in the published data set, but which are easily ex-
tracted from the FAST-iCLIP output. First, hnRNP-C binds
to multiple places across the rRNA in a unique pattern (more
below). Second, we find ∼21.6% of the iCLIP reads fall
within 3′ UTRs, representing 1829 mRNAs with hnRNP-C
binding exclusively within the 3′ UTR, suggesting there
are additional cellular roles hnRNP-C may be playing. To-
gether, this example demonstrates that FAST-iCLIP can ac-
curately identify known features as well as quickly provide
binding information of novel transcripts bound by a well-
studied RBP.
We next focused on applying the experimental and com-

putational workflow of FAST-iCLIP to Poly(rC) binding pro-
tein 2 (PCBP2), a KH domain protein with important roles in
translational control and stabilization of cellular and viral
RNAs. PCBP2 has a preference for C-rich motifs (Choi
et al. 2009) and notable association with infectious disease
(Han et al. 2013). PCBP2 was a favorable target, as features
of its biology are well understood, but no CLIP-seq study
has been reported to date (Waggoner and Liebhaber 2003;
Han et al. 2013). We performed FAST-iCLIP in the human
Huh-7 (human hepatoma) cells and processed the data, re-
vealing that the majority (2116) of targets were mRNAs
with 68% of reads found within 3′ UTRs (Fig. 2A,B). Motif
search of PCBP2-bound regions revealed polyC/U-rich bind-
ing sites, as expected based upon prior functional studies
(Luo 1999) and biochemistry (Fig. 2C; Du et al. 2005).
Based upon global analysis of PCBP2 binding preference
across mRNA genes, we found a preference for 3′-UTR bind-
ing (Fig. 2D), but also identified 48, 246, and 1113 mRNAs
to which PCBP2 cross-links exclusively in 5′ UTR, CDS,
and 3′ UTR regions, respectively. We used DAVID (Huang
et al. 2009) in order to identify enriched Gene Ontology
(GO) terms within each gene set (Fig. 2E). Notably, we found
that PCBP2 interacts with mRNAs with distinct and coher-
ent biological functions based on binding in distinct RNA
regions. PCBP2 interacted with mRNAs encoding proteins
involved in “cellular response to stress” at their 5′ ends, those
associated with “translation and translational elongation”
throughout the CDS, and those associated with “protein
localization,” “transport and RNA splicing” within their 3′

UTRs. The diversification in functions of RNA elements
within different mRNA regions, provides new insights into
the diverse biological functions attributed to PCBP2.
After extracting distinct binding modes across the pro-

tein-coding transcriptome for PCBP2, we used additional
features of FAST-iCLIP in order to uncover its binding topol-
ogy across the noncoding transcriptome. Without a priori
knowledge of an RBP’s function it is important to explore
all possible binding events, including coding and noncoding
transcripts as well as RNAs that are multicopy (repetitive) in
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the genome. Though often discarded from CLIP workflows,
repetitive sequences include some of the most abundant and
important structural noncoding RNAs as well as pseudogenes
that may have functional activity (Rapicavoli et al. 2013).
We constructed a custom annotation of 18 short repetitive
ncRNAs and the full 42 kilobase (kb) ribosomal DNA

(rDNA) locus, allowing us to map iCLIP reads to these
RNA transcripts. We examined crosslinked sites of PCBP2
across the transcribed region of the rDNA locus revealing a
preference for the 18S rRNA (Fig. 3A). To determine if
iCLIPwas nonspecifically cross-linking to the rRNA, we com-
pared the PCBP2 and hnRNP-C data sets. Analysis of the
hnRNP-C iCLIP revealed a different binding profile, enriched
for cross-linking in the intergenic spacers (Fig. 3B), suggesting
that even analyzing highly abundant noncoding RNAs such as
rRNA can provide protein-specific results. Leveraging the ex-
haustive set of noncoding analyses provided by FAST-iCLIP,
we identified 125 PCBP2-bound snoRNAs with a slight pref-
erence for the C/D box type (Fig. 3C). By plotting the distri-
bution of iCLIP cross-linking sites across the C/D and H/
ACA box subtype we find PCBP2 globally binds snoRNAs
in clustered regions (Fig. 3C). Similarly, we identified
PCBP2 binding to poly-pyrimidine residues of two repetitive
RNAs (Y RNA 1 and Y RNA 3) that belong to a small class of
ncRNAs implicated in modulating the immune response and
are known to have poly-pyrimidine tracks (Fig. 3D; Perreault
et al. 2007; Verhagen and Pruijn 2011). In silico folding of
these two noncoding RNAs predicts the iCLIP sites to be
largely single stranded (Fig. 3D), compatible with the RNA-
binding properties of PCBP2 (Du et al. 2005). Based upon
its noncoding binding topology, PCBP2 appears to have
broad regulatory scope through interaction with 18S rRNA
as well as serving as a translational regulator in both cancer
(Eiring et al. 2010; Han et al. 2013) and infectious disease
(Gamarnik and Andino 2000; Herold and Andino 2001;
Shetty et al. 2013).
To further elucidate the connection between PCBP2,

translational regulation, and disease, we next performed
FAST-iCLIP in Huh-7 cells infected with the JFH-1 strain
of Hepatitis C virus (HCV) (Fig. 4A). Though PCBP2 is re-
quired for HCV replication (Wang et al. 2011), the molecular
details are poorly understood. Several studies focused on the
HCV 5′ UTR have led to the suggestion that a complex be-
tween PCBP2 and SL1 of the 5′ UTR as well as an undefined
region of the 3′ UTR of the viral RNA may be formed that
facilitates viral circularization (Wang et al. 2011). Both SL1
and stem–loop structures in the 3′ UTR of the viral genome
are required for viral RNA replication (Tellinghuisen et al.
2007). In addition, the proximity of SL1 to the conserved
miR-122 sites in the HCV genome suggests that PCBP2
may coordinate with miR-122 in protection of the uncapped
5′ end of the viral RNA from degradation and/or the switch
between viral translation and RNA replication (Machlin
et al. 2011; Li et al. 2013a). Because FAST-iCLIP can accom-
modate any viral or custom genome, we generated coverage
histograms of iCLIP RT stops across the HCV genome for
two biological replicates, observing favorable concordance
and global preference for binding U/C-rich regions of the
genome (Fig. 4B, r2 = 0.93). The 5′ UTR of the HCV RNA ge-
nome has well-annotated (Fraser and Doudna 2006) struc-
tural elements that play critical roles in the viral life cycle

FIGURE 2. PCBP2 is a major mRNA-binding protein that exhibits dis-
tinct binding modes. (A) Histogram of the types and number of genes
identified by FAST-iCLIP bound to PCBP2. (B) Percentage of all
PCBP2 iCLIP reads mapping to mRNA loci subdivided by functional
domain. (C) Logo visualization of the top two HOMER motif output
generated from all PCBP2 iCLIP reads. The fraction of target regions
with each motif and PCBP2 or region-shuffle results are displayed.
(D) Average histogram of PCBP2 iCLIP reads along a normalized
mRNA transcript. Each gene’s functional regions (5′ UTR, CDS, and
3′ UTR) are binned into 200 units plotted along the same axis. (E)
For each functional region in D, DAVID was run to obtain enriched
GO terms.
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FIGURE 3. Noncoding and repeat RNA analysis reveals novel PCBP2–RNA interactions. (A,B) Coverage histogram of PCBP2 or hnRNP-C (respec-
tively) iCLIP reads mapping to the 42-kb human rDNA locus. Total reads mapping to the rDNA were used to calculate a fraction of total per RT stop
and binding sites are reported as such. Themature sequences of the 18S, 5.8S, and 28S rRNAs are highlighted in gray. (C) PCBP2 iCLIP readsmapping
to snoRNA loci were tallied and plotted as percentages mapping to the three snoRNA classes; C/D box, H/ACA box, and scaRNAs (center). Reads
mapping to C/D box or H/ACA box snoRNAs were extracted and plotted across a normalized snoRNA transcript of 100 units long and read percent-
ages were calculated as in left and right bar plots, respectively. (D) PCBP2 iCLIP readsmapping to the Y RNA 1 (left) and Y RNA 3 (right) transcripts are
plotted as in (A). Secondary structure predictions of each RNAwere produced with mFold and nucleotides identified as having PCBP2 iCLIP RT stops
are highlighted in red.
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(Fig. 4C; Tellinghuisen et al. 2007). Consistent with prior
studies (Shetty et al. 2013), we observed a strong binding
peak at SL1, but also detected PCBP2 occupancy that extends
from SLI through the twomiR-122 binding sites to the base of
SL2. Surprisingly, we also detected strong binding around the
translation start codon within SLVI of the internal ribosome
entry site (IRES) (Fig. 4D).

PCBP2’s interaction with viral 3′ UTR was significantly
stronger than with the well-studied 5′ UTR (Fig. 4D,E [cf.
y-axis scales]). PCBP2 binding to the 3′ UTR occurred pri-
marily in the single-stranded regions between stem–loops
5BSL3.2 and the variable region, a domain that includes the
viral stop codon and that is implicated in both stimulation
of translation and replication (Fig. 4C,E; Song et al. 2006;
Tellinghuisen et al. 2007). Not surprisingly, PCBP2 also
bound to the poly(U)/UC region of the viral genome, consis-
tent with binding to single-stranded poly(U)/C regions (Fig.
4C,E). In addition to the UTRs, we observe multiple robust
peaks of PCBP2 occupancy across the full viral gene body,
which includes previously unreported binding across the
coding region of the virus (data not shown). Comparative

analysis of the identified PCBP2-bound host transcripts be-
tween control and HCV-infected Huh-7 cells indicate that
HCV interactions with PCBP2 do not significantly alter the
cellular PCBP2 binding repertoire (r2 = 0.87 between tag
count across protein-coding target genes in HCV infected
relative to uninfected cells) (data not shown), consistent
with the relatively low copy number of the HCV RNA ge-
nome (∼1000–3000 copies per cell (Wakita et al. 2005;
Miyamoto et al. 2006; Steinmann and Pietschmann 2013).
Together, our FAST-iCLIP analysis revealed PCBP2’s interac-
tions with the viral genome in a distinct and reproducible
pattern, consistent with both the reported PCBP2 activity
and previously identified PCBP2-binding sites. Additionally,
we identified binding regions in the 3′ UTR and novel bind-
ing to regions of the genome important to the viral life cycle
(Fig. 4C–E). Our data suggest that PCBP2 may play a role in
both viral translation and replication as distinct binding to re-
gions of the genome implicated in regulation of both these
activities were found. Further mutational and functional
analyses will be required to reveal the precise mechanism of
PCBP2 regulation of the HCV life cycle.

FIGURE 4. Systematic mapping of PCBP2 iCLIP data to the JFH-1 HCV genome. (A) Experimental design to identify in vivo PCBP2 interaction sites
across the JFH-1 HCV genome. (B) Genomic structural features within both UTRs with functional annotation. (C) Scatter plot of individual RT stops
mapping to the JFH-1 genome comparing the two iCLIP biological replicates. (D,E) Coverage histogram across the 5′ UTR revealing peaks at SL1,
across the SL1-SLII junction, and around the start codon (D) and across the 3′ UTR revealing peaks on hairpins involved in the kissing interaction as
well as the poly-U/C tract (E). Both coverage histograms include bin size of 5 bp.
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DISCUSSION

FAST-iCLIP incorporates a protocol that reduces experimen-
tal time by∼50%with a computational pipeline that produces
standardized data sets across protein coding, noncoding,
anduser-definable nonhuman transcriptomes. As sequencing
continues to reveal novel noncoding RNA (Rinn and Chang
2012) classes and further characterize microbial biodiversity,
FAST-iCLIP can scale beyond the human- and protein-cen-
tric scope of CLIP investigation. Highlighting the importance
of careful analysis of the noncoding interactome, PCBP2
binds to the rRNA, supporting its known role in translation
and identifying novel interaction sites. Moreover, we took ad-
vantage of FAST-iCLIP’s modularity to incorporate analysis
of nonhuman genomes to examine the PCBP2-HCV interac-
tome in both infected and uninfected cells.
The global PCBP2 binding topology uncovered by FAST-

iCLIP is consistent with known functional roles for the pro-
tein, including 5′-UTR binding to modulate translation of
cellular transcripts (Eiring et al. 2010) as well as 3′-UTR bind-
ing to modulate transcript stability through occlusion of
endonuclease cleavage sites (Weiss and Liebhaber 1995).
Yet, our data extend the scope of this regulation considerably
and indicates novel occupancy in the coding region of cellular
mRNAs. Our application of FAST-iCLIP to HCV suggests
that these regulatory functions of PCBP may be co-opted
by the virus, as we also observe PCBP2 binding to the viral
5′ UTR, coding region, and 3′ UTR. We observe a peak of
PCBP2 around the SL1/miR-122 binding site junction in
the HCV genome, suggesting that PCBP2 may act in concert
withmiR-122 to restrict viral degradation from the 5′ UTR by
cellular exonucleases such as Xrn2 (Li et al. 2013b). PCBP2
also strongly bound to the translational start codon and the
3′ UTR of the HCV genome including the viral stop codon
and conserved stem–loop structures required for viral RNA
replication, a mode of binding that is topologically similar
to that observed in poliovirus where PCBP2 plays a criti-
cal role in the viral life cycle (Gamarnik and Andino 2000).
In the context of a poliovirus infection, PCBP2 mediates
cross-talk between the viral 5′ and 3′ UTRs in order to regu-
late the switch between viral translation and RNA replication
(Gamarnik and Andino 2000; Walter et al. 2002). Our data
are consistent with a symmetrical role for PCBP2 in the con-
text of HCV infection and overlays in vivo biophysical detail
from prior reports showing PCBP2-mediates circularization
of the HCV genome (Wang et al. 2011) in vitro. Thus, our
application of FAST-iCLIP reveals a common binding topol-
ogy of PCBP2 across the human transcriptome as well as the
HCV genome. In both cases, a 3′ UTR bias is evident and sug-
gests that PCBP2 regulatory functions may be co-opted by
the virus. Informed by this in vivo biophysical data, targeted
functional studies can be designed to enrich mechanistic
understanding.
Collectively, FAST-iCLIP can be used to comprehensively

survey the repertoire of protein-coding and noncoding hu-

man transcript classes, revealing novel hypotheses about
function. The extensibility of FAST-iCLIP to novel genomes
is well positioned for future study on pathogen and micro-
biome interactomes. Additionally, by utilizing the established
framework within FAST-iCLIP, novel analytic modules can
be easily built and implemented to analyze even more fea-
tures of iCLIP data. Finally, the standardized data output
format eases comparative analysis. Continued efforts to
standardize analyses and share workflows, along with novel
technologies for high-throughput RNA–protein biochemis-
try to validate hypothesis on the same scale as their genera-
tion (Martin et al. 2012), will hasten the adoption of CLIP
and shed greater light on vastly unexplored human and non-
human protein–RNA interactomes.

MATERIALS AND METHODS

Cell culture

Huh-7 cells were maintained in DMEM and supplemented with
10% FBS, 1% nonessential amino acids and 200 μM L-glutamine
as described previously (Machlin et al. 2011). Huh-7 cells were in-
fected at 37°C with the JFH-1 isolate of HCV (Wakita et al. 2005)
at a multiplicity of infection (MOI) of 0.01. Five hours after infec-
tion, cells were trypsinized, and replated in duplicate tissue culture
plates. Infected cells were cultured for 3 d post-infection before har-
vesting. Uninfected and JFH-1-infected Huh-7 cells were UV-C
crosslinked to a total of 0.3 J/cm2.

FAST-iCLIP

The FAST-iCLIP method is based on the published iCLIP protocol
with the following modifications. Crosslinked cells were scraped
and pelleted and whole cell lysates were generated in CLIP Lysis
Buffer (50 mMHEPES, 200 mMNaCl, 1 mM EDTA, 10% Glycerol,
0.1%NP-40, 0.2%TritonX-100, 0.5%N-lauroylsarcosine). Typical-
ly, one 15-cm plate of crosslinked cells were lysed in 1 mL of CLIP
Lysis Buffer and briefly sonicated using a probe-tip Branson sonica-
tor to solubilize chromatin. Lysates were then clarified by centrifu-
gation and the supernatants were subjected to partial RNaseA
(Affymetrix) digestion (ranging from 0.1 to 2.0 ng of RNaseA per
1 mL of lysate) for 10 min at 37°C and quenched on ice. Dynabeads
Protein-A (Life Technology) were conjugated overnight at 4°C to
antiPCBP2 antibody (Sigma, HPA038356). Typically, 40 μL of Pro-
tein-A Dynabeads (Life Technologies) and 4 μg of antiPCBP2 anti-
body were used and added 1 mL of digested lysate for 4 h at 4°C
for imunoprecipitation. Samples were washed sequentially in 1 mL
for 5 min each at 4°C: 1× high stringency buffer (15 mM Tris–
HCl, pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% TritonX-100, 1%
Na-deoxycholate, 120 mM NaCl, 25 mM KCl), 1× high salt buffer
(15 mM Tris–HCl pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Tri-
tonX-100, 1% Na-deoxycholate, 1 M NaCl), 1× NT2 buffer (50
mM Tris–HCl, pH 7.5, 150 mM NaCl, 1 mM MgCl2, 0.05% NP-
40). Samples were processed as previously described for 3′-end
RNA dephosphorylation, 3′ end ssRNA ligation, 5′ labeling, SDS-
PAGE separation and transfer, autoradiograph, RNP isolation, Pro-
teinaseK treatment, and overnight RNA precipitation took place as
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previously described (Huppertz et al. 2014). The 3′-ssRNA ligation
adaptor was modified to contain a 3′-biotin moiety as a blocking
agent.

FAST-iCLIP library construction

FAST-iCLIP uses the standard iCLIP procedures isolate RBP pro-
tected RNA fragments for deep sequencing, however a 3′-end biotin
blocked adaptor is used in place of the traditionally 3′-end ddC
blocked adaptor (L3_Biotin: /5rApp/AGATCGGAAGAGCGGTTC
AG/3Biotin/; 5rApp = 5′ pre-adenylation. After overnight precip-
itation of the ProteinaseK treated CLIP’ed RNA at −20°C the sam-
ples were pelleted at 15,000 rpm at 4°C for 1 h. RNA pellets were
washed once in ice-cold 80% ethanol and air-dried. The RNA was
resuspended in 6.25 μL of water, 1 μL of 1 μM RT primer (iC
LIP_ddRT_BC1: /5phos/DDDNNAACCNNNNAGATCGGAAGA
GCGTCGTGAT/iSp18/GG ATCC/iSp18/TACTGAACCGC; /5phos/
= 5′ phosphorylation, /iSp18/ = Carbon-18 spacer), and 0.5 μL of 10
mM dNTPs. Samples were heated to 70°C for 5 min and cooled to
25°C. To each sample 0.25 μL of SuperScriptIII, 2 μL of 5× first
Strand Synthesis Buffer and 0.5 μL of 100 mM DTT was added
and RT proceeded under the following program: 5′ at 25°C, 20′ at
42°C, 40 min at 52°C, 4°C forever. Note, after this point do not el-
evate the temperature past 37°C until after cDNA circularization.
Next, 1 μL of RNase Cocktail (Life Technologies) and 1 μL of
RNaseH (Enzymatics) was added to each sample and incubated at
37°C for 15 min. During this time 5 μL, per sample, of Dynabeads
MyOne Streptavidin C1 (C1) beads were washed twice 200 μL of
StrepBead Wash Buffer (100 mM Tris–HCl, pH 7, 1 M NaCl, 10
mM EDTA, 0.1% Tween-20). Each 5 μL volume of beads were final-
ly resuspended in 40 μL of Strep Bead Wash Buffer. After RNase
digestion 40 μL of prewashed C1 beads were added to each sample
and incubated at 25°C for 30-min rotation. After incubating the
samples were applied to a 96-well magnet for 2 min and the buffer
was discarded. Each sample was washed with 4 × 100 μL with
MyOne Wash Buffer (100 mM Tris–HCl pH 7, 4 M NaCl, 10
mMEDTA, 0.2% Tween-20) and 2 × 100 μL in NT2 Buffer. The pu-
rified cDNA was then circularized by added 20 μL of CircLigase
Reaction Mix (2 μL 10× CircLigaseII 10× Reaction Buffer, 1 μL 50
mM MnCl2, 1 μL CircLigaseII ssDNA Ligase (100 U/μL), 16 μL
ddH2O) to each sample and incubated for 1 h at 60°C, 10 min at
80°C, and 4°C forever. Samples were then applied to the 96-well
magnet, the reaction buffer removed and saved, and 20 μL of
Elution Buffer (10 mM Tris pH 7.5 and 5 μMP3 Solexa Short oligo)
added and heated to 95°C for 2 min. Samples were placed on the
magnet for 30 sec, elution buffer removed and added to the initial
20 μL and the elution was repeated twice for a final volume of 60
μL. MiniElute columns were used with Buffer PNI (Qiagen) as
per the manufacturer’s instructions to clean up small DNA samples
and the circularized cDNA was eluted twice in 12 μL of Elution
Buffer (Qiagen) (final of 22 μL). Short-arm qPCR was then per-
formed on the entire sample by added 28.5 μL of Phusion PCR
Mix (25 μL 2× Phusion HF Master Mix (NEB), 2.5 μL of 10 μM
P3/P5 Solexa Short (P3 Solexa Short: 5′-CTGAACCGCTCTTCC
GATCT-3′; P5 Solexa Short: 5′-ACACGACGCTCTTCCGATC
T-3′), 1 μL of 15× SybrGreenI (Life Technologies) to each sample.
Samples were amplified using the iCLIP PCR program (98°C, 30
sec; repeat as needed [98°C 15 sec, 61°C 30 sec, 72°C 45 sec]; image
for Sybr at the end of the 45-sec extension) and individual PCR re-

actions were stopped at the end of the extension step once reaching a
fluorescence value of 8000 units on a Mx3000 qPCR System
(Agilent). PCR reactions were cleaned up as before using
MiniElute columns and the resulting DNA was size-selected on
home-made 6% 7 M Urea PAGE gels. Amplified DNA was visual-
ized with SybrGold (Life Technologies) and iCLIP inserts with sizes
between 30 and 70 nt were isolated. The PAGE gel was crushed and
the DNAwas eluted in 400 μL of Crush-Soak Buffer (500 mMNaCl,
1 mM EDTA) at 50°C on rotation overnight. The eluted DNA was
purified over a SpinX column (Corning), precipitated for 1 h at
−80°C and the pelleted at 4°C for 1 h at 15,000 rpm. The samples
were then reamplified using long arm PCR (P3 Solexa: 5′-CAAGC
AGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAA
CCGCTCTTCCGATCT-3′; P5 Solexa: 5′-AATGATACGGCGACC
ACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT
CT-3′) primers with the same PCR program without SybrGreenI
and for only three cycles each. The final PCR was purified with
AMPure XP beads (Beckman) as per the manufacture’s conditions
and eluted in 20 μL of water. One microliter of each sample was
used for quantification on the BioAnalyzer High Sensitivity DNA
chip and then sent for deep sequencing on the Illumina HiSeq
2500 machine for 1 × 75-bp cycle run.

Publically available data

Human hnRNP-C iCLIP data were downloaded from the iCount
server (http://icount.biolab.si/) and processed with the FAST-
iCLIP pipeline. The link of all code is https://github.com/
ChangLab/FASTCLIP
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