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SUMMARY
RNA-binding proteins coordinate the fates of multiple RNAs, but the principles underlying these
global interactions remain poorly understood. We elucidated regulatory mechanisms of the RNA-
binding protein HuR, by integrating data from diverse high-throughput targeting technologies,
specifically PAR-CLIP, RIP-chip, and whole-transcript expression profiling. The number of
binding sites per transcript, degree of HuR-association, and degree of HuR-dependent RNA
stabilization were positively correlated. Pre-mRNA and mature mRNA containing both intronic
and 3′ UTR binding sites were more highly stabilized than transcripts with only 3′ UTR or only
intronic binding sites, suggesting that HuR couples pre-mRNA processing with mature mRNA
stability. We also observed HuR-dependent splicing changes and substantial binding of HuR in
poly-pyrimidine tracts of pre-mRNAs. Comparison of the spatial patterns surrounding HuR and
miRNA binding sites provided functional evidence for HuR-dependent antagonism of proximal
miRNA-mediated repression. We conclude that HuR coordinates gene expression outcomes at
multiple interconnected steps of RNA processing.
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INTRODUCTION
The timing and dosage of gene expression are fundamental determinants of phenotype.
Regulation of gene expression is a coordinated multi-layered process involving many trans-
acting factors (Maniatis and Reed, 2002; Keene, 2001). Whereas most genomic
investigations have focused on transcriptional regulation, the rich and ancient world of post-
transcriptional regulation (PTR) has only recently been investigated using high-throughput
approaches. RNA-binding proteins (RBPs) and non-coding RNAs (ncRNAs) interact with
messenger RNAs (mRNAs) in a combinatorial manner and coordinate PTR to achieve
appropriate spatio-temporal expression of the encoded proteins. Therefore, to advance our
understanding of gene expression it is necessary to investigate the binding properties of
RBPs and ncRNAs at a systems level.

RBPs and ncRNAs interact with mRNAs to form dynamic multi-component
ribonucleoprotein complexes (mRNPs). RBPs regulate all aspects of the lives of mRNAs
(Moore, 2005). These include early events such as splicing and poly-adenylation, as well as
export to and localization in the cytoplasm, where they coordinately regulate the stability
and translation of subsets of mRNAs (Keene, 2007). Biochemical, genetic, and
computational approaches have been utilized, alone and in combination, to identify and
validate RBP binding sites or RNA recognition elements (RREs) and their cognate RBPs or
ncRNAs. However, the degenerate nature and/or short length of many RREs, as well as the
lack of definitive biochemical techniques to identify precise in vivo occupancy make it
challenging to determine the combinatorial regulation underlying an “RNP code”.

The first developed genomic method to identify multiple in vivo targets of a given RBP
using cDNA arrays was RNP immunoprecipitation (RIP-chip) under conditions that
preserve endogenous RNA-protein interactions, followed by detecting the bound RNAs
(Tenenbaum et al., 2000). RIP-chip studies from diverse organisms and biological
conditions have uncovered putative regulatory elements, regulatory modules, and RNP
remodeling in response to stimuli (reviewed in (Morris et al., 2010; Halbeisen et al., 2008)).
These methods provided data for the formalization and subsequent support of the post-
transcriptional operon/regulon model, in which RNPs coordinate the expression of
transcripts encoding functionally related proteins through combinatorial and dynamic
interactions (Keene and Tenenbaum, 2002; Hogan et al., 2008).

The primary deficiency of RIP-chip is the inability to precisely identify the location of the
binding site of the RNA-interacting component. A number of subsequent methods utilizing
cross-linking followed by immunoprecipitation have addressed this deficiency to varying
degrees(Ule et al., 2003; König et al., 2010; Hafner et al., 2010). One of these techniques,
photoactivatable ribonucleoside cross-linking and immunoprecipitation (PAR-CLIP), has
multiple advantages attributable to utilizing long wave UV (365 nm) to cross-link
photoactive thiouridine incorporated into nascent RNA(Hafner et al., 2010). This cross-
linking reaction is more specific and efficient, and does not produce significant photo-
damage to nucleic acid and protein compared to short wave UV (254 nm). Advantageously,
the occurrence of T to C conversions in cDNAs derived from protected cross-linked RNAs
are diagnostic of the RNA-protein interactions providing the ability to discriminate signal
versus noise and to delineate the precise binding site.

HuR (ELAVL1) is an essential and ubiquitous protein member of the ELAV/Hu family of
RBPs, necessary for proper embryonic development and immune response in mice
(Katsanou et al., 2009; Papadaki et al., 2009). ELAV proteins contain three RNA
Recognition Motifs (RRMs) that are central components of their RNA-binding domains
(Szabo et al., 1991). Previous studies of RNA-targeting suggest that their binding sites

Mukherjee et al. Page 2

Mol Cell. Author manuscript.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript



consist of short single-stranded stretches of uridines separated by adenosines or, less
commonly, other bases (Levine et al., 1993; Meisner et al., 2004). These proteins are part of
a broader group of RBPs that are known to interact with RREs known as AU-rich elements
(AREs), which occur in the 3′ UTR of many mRNAs encoding important growth and
regulatory proteins(Caput et al., 1986; Shaw and Kamen, 1986).

All mammalian members of the ELAV/Hu family, including HuR, positively regulate the
stability and translation of their target mRNAs (Jain et al., 1997; Fan and Steitz, 1998; Peng
et al., 1998). This positive regulatory effect is a distinctive feature of the Hu family
compared to many other RBP-ARE interactions, as well as other modes of post-
transcriptional regulation. HuR has also been reported to affect poly-adenylation or splicing
for a few mRNA targets (Izquierdo, 2008; Zhu et al., 2007).

RNA targets of HuR have been identified in numerous cell types and cellular conditions, but
there has not been a definitive global study identifying the precise RNA-binding sites in
vivo (López de Silanes et al., 2004; Mazan-Mamczarz et al., 2008; Mukherjee et al., 2009;
Tenenbaum et al., 2000). In this study, we integrated three independent high-throughput
approaches for examining HuR-dependent regulation of target gene expression: PAR-CLIP
in combination with our own analytical method to identify high-resolution HuR binding
sites; RIP-chip analysis as a complementary biochemical method to quantify HuR-mRNA
association; and depletion of HuR using RNA interference combined with whole-transcript
expression profiling to assess the impact of HuR-binding on mRNA abundance and mRNA
isoforms. We observed that the cumulative number of HuR binding sites per transcript was
predictive of both the overall association of HuR with the transcript and the HuR-dependent
stabilization. Furthermore, we demonstrated that HuR regulates both pre-mRNA processing
as well as mRNA stability and may couple these two spatially distinct processes. Finally, we
report that HuR can antagonize miRNA-mediated repression of for miRNAs proximal to
HuR binding sites.

RESULTS
HuR-RNA interactions and RNA Recognition Element

We applied the recently developed PAR-CLIP technique (Hafner et al., 2010), to precisely
identify RNA elements interacting with an epitope-tagged HuR in vivo (Figure S1A). All
experiments in this study were performed in the same cell line as the initial PAR-CLIP study
(FlpIn T-Rex HEK 293), thereby allowing our data to be integrated with data derived in that
study. HuR bound RNA fragments were successfully identified (Figure S1B, ~45 kD band),
converted into cDNA after ligation of adapters, and subsequently sequenced using the
Illumina platform.

We utilized PARalyzer, an algorithm designed to detect binding sites at a high resolution
from PAR-CLIP data (manuscript under review). Briefly, PARalyzer employs kernel density
estimation (KDE) of diagnostic T-C conversions deduced from sequence reads mapping
uniquely to the genome to delineate HuR protein-RNA cross-linking sites. Read data from
Illumina libraries were mapped to the genome, grouped by overlaps, and precise binding
sites were derived based on KDE of conversions (Table S1A). We identified 137,305
clusters, including many mapping to known HuR binding sites, such as the ARE in the 3′
UTR of FOS mRNA (Figure 1A, top). The majority of clusters identified mapped to
transcripts derived from protein-encoding genes and specifically to 3′ UTRs and intronic
regions. Using our approach, the average cluster length for HuR was 25 nucleotides (Figure
S1C), a reduction from the 30-nucleotide average cluster length for HuR using the analysis
pipeline in (Hafner et al., 2010). We delineated adjacent HuR clusters from the same initial
group of reads as seen in the 3′ UTR of SFRS9 mRNA (Figure 1A, bottom) and identified a
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statistically significant subset of HuR clusters (2,857 pairs) spaced less than 40 nucleotides
from adjacent HuR clusters (Figure S1D). The juxtaposed clusters could be attributed to
HuR binding on different copies of the same species of transcript or even RNA looping.

The initial PAR-CLIP study demonstrated that ranking clusters by the number of T to C
conversion reads within a cluster resulted in enrichment of RRE at the top of the rank-
ordered list (Hafner et al., 2010). Similarly, we calculated a cross-linking index (CLI) using
the number of T to C conversions detected in all reads underlying a cluster and ranked
clusters by the CLI (see methods for details). Comparing the distribution of CLIs for clusters
mapping to different regions of the transcriptome revealed a hierarchy, in which clusters
with higher CLIs were proportionally more often derived from regions representing mature
mRNA (3′ UTR, CDS, and 5′ UTR), followed by introns, and finally intergenic regions
(Figures S2 and ST2). Disparities in the abundance of RNA from each of these regions
likely contributed to the observed CLI hierarchy. For the remainder of the study, we focused
on clusters mapping to RNA transcripts from protein-encoding genes (n=106,840).

We applied cERMIT, an evidence-ranked motif discovery tool designed to investigate
quantitative genome-wide binding data, to CLI-ranked clusters to define the in vivo RRE for
HuR (Georgiev et al., 2010). The three highest scoring motifs contained a stretch of 3–4 U’s
separated by an A or C and occurred in over 58–63% of clusters (Figure 1B). In comparison,
clusters containing poly-U stretches of 5 nucleotides or longer occurred in 53% of clusters.
Collectively, these RREs were present in ~84% (90,231/106,840) of all clusters.
Interestingly, multiple core RREs were often found arranged adjacently forming higher-
order arrays of RREs as seen in the FOS ARE (Fig 1A top). The high scoring RREs had
more non-overlapping occurrences than 5-mers of poly-U (Figure 1B). These higher-order
arrays may reflect different modes of binding through contributions from multiple RRMs or
cooperative assembly of HuR molecules on the RNA ligand (Wang and Hall, 2001;
Fialcowitz-White et al., 2007).

The distribution of binding sites across individual transcripts provided insights into HuR
targeting. Mapping clusters to specific transcript regions revealed that introns (n=83,141)
and 3′ UTRs (n=22,353) were the regions predominantly targeted by HuR (Figure 2A).
Furthermore, clusters derived from transcript regions mapping to both pre-mRNA and
mature mRNA (5′ UTR, CDS, and 3′ UTR) exhibited higher CLIs than those clusters
derived from transcript regions mapping only to pre-mRNA (intron). The lower abundance
of pre-mRNAs compared to their mature mRNA counterparts may partially explain this
observation.

More than half of the targeted transcripts had 4 or more binding sites, with 10% of
transcripts having over 25 sites (Figure 2B and ST3). The many 3′ UTR binding sites
identified was consistent with the long-held hypothesis that HuR targets the 3′ UTR to
execute its primary function as a regulator of mRNA stability and/or translation. However,
the amount of intronic binding indicated an additional unexpected role for HuR in pre-
mRNA processing. Nearly all targeted transcripts (96%) had a HuR binding site in either the
3′ UTR or an intron and almost half (44%) had binding sites in both introns and 3′ UTRs
(Figure 2C), suggesting HuR may couple pre-mRNA processing and mRNA stability for a
subset of mRNAs as discussed below.

We utilized RIP-chip as a complementary method to further explore principles of HuR-
mRNA targeting in vivo. After confirming enrichment of positive control HuR targets, RNA
from these samples was interrogated using Affymetrix Human Exon 1.0 ST Arrays to obtain
whole transcript targeting data complementary to PAR-CLIP data (Figure S3A,B). Similar
to previous HuR RIP-chip results (Mukherjee et al., 2009), we detected two populations of
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mRNAs: an enriched population representing HuR-associated mRNAs and a non-enriched
population representing background mRNAs (Figure S3C). We estimated a Gaussian
mixture to calculate log odds ratios (LOD) representing the probability of an mRNA being
associated with HuR (Figure S3D). Transcripts with HuR LOD scores greater than zero
were considered a discrete population of HuR-bound mRNAs.

Transcript level analysis of both datasets revealed that 7,470 and 1,856 mRNA targets of
HuR were identified using PAR-CLIP and RIP-chip, respectively (Figure 3A and ST3).
Over 65% of the HuR targets identified by RIP-chip were also identified by PAR-CLIP
(1,213/1,856). Conversely, only ~16% of the HuR targets identified by PAR-CLIP were also
identified by RIP-chip (1,213/7,470). Targets identified by both methods were significantly
more enriched than PAR-CLIP only targets based on the number of HuR binding sites
derived from the PAR-CLIP data (Figure 3D and S4A), but were not significantly more
enriched in the RIP-chip than RIP-only targets based on LOD scores derived from the RIP-
chip data (Figure S4B).

Non-overlapping HuR targets identified by only one of the methods (PAR-CLIP only or
RIP-chip only) could be explained by differences in the IP protocols, detection strategies,
and/or the stability of the RNA-protein interactions. Because we did not utilize cross-linking
in our RIP protocol, the 643 HuR targets identified only by the RIP-chip were inspected to
determine if they were true-positives. Many of these targets contained the U-rich RREs
identified above and were functionally responsive to HuR knockdown (Figure S5C). The
643 transcripts could potentially represent transcripts from multi-copy genes or other
transcripts filtered out during PAR-CLIP analysis. However, we found that the HuR targets
identified only by RIP-chip were significantly lower in abundance than remaining targets as
quantified by microarray (Figure 3B) or even more noticeably by RNA-seq (Figure S3E),
implying we may not have reached sufficient sequencing depth in the PAR-CLIP analysis to
identify all HuR targets.

Transcripts with more HuR binding sites were significantly more enriched by the RIP-chip
than those with fewer binding sites. (Figure 3C). Targets identified by both RIP-chip and
PAR-CLIP (median number of sites/transcript=6) contained ~2 more binding sites than
targets identified by PAR-CLIP only (Figure 3D; median number of sites/transcript=4).
Assuming that more binding sites per transcript result in a more stable interaction, these
results support the hypothesis that RIP-chip enriches for stable interactions, while PAR-
CLIP identifies both stable and transient interactions, possibly attributable to the high cross-
linking efficiency. Transcripts containing intronic binding sites only were significantly less
enriched in the RIP-chip than mRNAs with sites in the intron and 3′ UTR or 3′ UTR only
(Figure S4C); thus, the utility of this specific RIP-chip protocol may be limited for
investigating RBPs interacting exclusively with introns. Differences in transcript coverage
of the microarrays compared to deep sequencing may have contributed to the difference;
more likely explanations include the difference in pre-mRNA and mature mRNA abundance
or the pre-IP RNase digestion step used in PAR-CLIP.

HuR regulated gene expression regulators
As a third independent genomic approach to identify HuR target mRNAs, we conducted
transcriptomic analysis of cells treated with HuR siRNA or negative control scrambled
siRNA. This resulted in ~20% remaining HuR protein (Figure S5A), as well as depletion of
a few known mRNA targets resulting in 2–4 fold less mRNA, specifically VEGF (~28%),
TNF-alpha (~32%), and CCNA2 (46%) (Figure S5B). RNA from these samples was
analyzed with exon microarrays. Since HuR is a know regulator of mRNA stability, we
assumed depletion of targeted transcripts was a result of decreased mRNA stability. Over
77% of the 154 transcripts exhibiting at least a 1.5-fold decrease were identified as HuR
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targets by PAR-CLIP or RIP-chip. All targets identified by either method were significantly
depleted following HuR knockdown relative to non-targets (Figure 4A and ST3). These
results supported our use of epitope-tagged HuR in the PAR-CLIP and RIP-chip. Moreover,
RIP-chip targets were slightly more responsive than PAR-CLIP targets, consistent with the
hypothesis that RIP-chip enriches for more stable interactions and thus targets that are more
functionally responsive with regards to mRNA stability.

To look for common functional relationships among mRNA targets enriched by the different
methods used in this study, the number of HuR binding sites (PAR-CLIP), the HuR LOD
scores (RIP-chip), and the HuR-dependent fold change (HuR knockdown) were individually
examined for classes of proteins significantly enriched at the top of each list (Figure 4B).
Protein classes representing RBPs, mRNA processing factors, and transcription factors
exhibited the most statistically significant enrichment across all datasets. The enrichment of
gene expression regulators is a common feature noted previously in RIP-chip studies
(Mansfield and Keene, 2009); the “regulator of regulators” concept has been demonstrated
in more detail for HuR (Pullmann et al., 2007).

HuR regulated pre-mRNA and mature mRNA processing
There was a positive correlation between the cumulative number of binding sites per
transcript and the degree of HuR-dependent stabilization (Figure 5A). The degree of HuR-
dependent stabilization was also correlated with higher HuR RIP-chip LOD scores (Figure
5B). Therefore, both PAR-CLIP and RIP-chip provide quantitative binding data predictive
of the degree of regulation by HuR. We examined the extent to which intronic binding
events contributed to the stability of the mRNA targets. To not conflate effects potentially
mediated by different regions of the transcript it was necessary to restrict this analysis to
transcripts containing binding sites exclusive to a certain transcript region. Transcripts
containing only intronic binding sites were as responsive to HuR knockdown as transcripts
containing only 3′ UTR binding sites (Figure 5C) and the degree of stabilization was
proportional to the number of binding sites (Figure 5D). Intriguingly, mRNAs containing
both intronic and 3′ UTR binding sites were significantly more stabilized than mRNAs with
binding sites only in the 3′ UTR or intron (Figure 5E) and exhibit the same degree of
stabilization as observed for transcripts with over 8 binding sites. (Fig 5A, blue curve).
Thus, the positive regulation of stability may be accomplished through pre-mRNA sites not
limited to the mature mRNAs, and specifically the 3′ UTR. Futhermore, these results
indicate a mechanism by which HuR couples pre-mRNA processing and mRNA stability.

In order to examine the extent of HuR-dependent stabilization at the pre-mRNA level, we
recalculated whole transcript expression estimates solely from probes designed to hybridize
to intronic regions (for coverage and expression controls see Figure S6A,B). For transcripts
with only intronic binding sites, we again observed a correlation between the number of
binding sites and the degree of pre-mRNA stabilization (Figure 6A), and transcripts with
intronic and 3′ UTR binding sites still exhibited augmented pre-mRNA stabilization (Figure
6B). HuR-dependent stabilization for individual candidate pre-mRNAs was validated using
qRT-PCR with pre-mRNA-specific primers (Figure 6C). Collectively, these results indicate
that many of the 3′ UTR binding sites are deposited on the pre-mRNA and together with
intronic sites can stabilize targeted pre-mRNAs.

Upon examining the spatial position of intronic binding sites, a significant
overrepresentation of intronic HuR binding sites within the first 50 nucleotides upstream of
the 3′ splice sites implicated a role for HuR in splicing (Figure 6D and S6C). Both the
position of these intronic binding sites and the underlying sequence are consistent with the
poly U/C motif, suggesting that HuR interacts with the Py-tract located between the 3′ splice
site and the branchpoint to affect splicing. To examine HuR-dependent splicing events
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associated with the observed intronic binding sites, we created HuR RNA splicing map by
integrating HuR PAR-CLIP clusters with HuR knockdown exon array splicing data,
specifically cassette-exons. AltAnalyze was used to identify splicing events in response to
HuR knockdown and detected both exon-inclusion and -exclusion events (Salomonis et al.,
2009). Many of the alternative processing events detected upon HuR depletion did not have
adjacent intronic HuR binding sites. Since functionally responsive HuR targets were
enriched for pre-mRNA processing factors (Fig 4B), the observed changes in exon usage
may represent downstream regulatory events. Both of these exonic events exhibited similar
spatial patterns of HuR binding in adjacent intronic regions (Figure 6E), with most binding
occurring in flanking Py-tracts. Altogether the observed spatial pattern was associated with
promoting both exon-inclusion events (48 exons) and exon-exclusion events (44 exons)
(Figure 6E and S6D,E).

Combinatorial regulation by HuR and miRNAs
Previous studies have demonstrated combinatorial regulation by HuR and miRNAs
(Bhattacharyya et al., 2006; Kim et al., 2009). We inspected the positional relationship
between HuR binding sites and binding sites from members of the Argonaute family (Ago)
(Table S1B). Over 75% (3,031/3,942) of mRNAs with Ago binding sites in 3′ UTR also
contained HuR binding sites in the 3′ UTR, as indicated by previous work (Mukherjee et al.,
2009). We found a significant enrichment for overlapping/adjacent HuR and Ago binding
sites in 3′ UTRs of targeted mRNAs (Figure 7A), with 443 pairs of HuR and Ago sites (in
the 3′ UTR of 331 mRNAs) that were within 10 nts of one another, indicating the potential
for competition for effective binding and regulation.

To look for functional antagonism between HuR and miRNAs, transcripts were classified
based on the presence of at least one instance of the following five interaction profiles
(detailed in figure 7B): overlap(s), no-overlap(s), miRNA site(s) and no HuR site(s), no
miRNA site(s) and HuR site(s), and no miRNA site(s) and no HuR site(s). We compared the
fate of each class of transcripts in response to HuR depletion or depletion of 25 highly
expressed miRs. The destabilization profiles for these transcript classes in the HuR KD was
explained by the presence of HuR sites regardless of joint or positional effects from miRs
(Figure 7C). However, transcripts with overlapping miRNA (restricted to depleted miRs)
and HuR sites were significantly less upregulated than transcripts with only miRNA sites or
with miRNA and HuR sites that do not overlap (Figure 7D). In fact, the overlap class
responded like transcripts without miRNA sites, while the no-overlap class responded like
transcripts containing only miRNA sites. There are two models of combinatorial regulation
by HuR and miRs. In one model HuR antagonizes miRNA mediated repression
(Bhattacharyya et al., 2006); and in the other model HuR promotes miRNA-mediated
repression (Kim et al., 2009). Our data indicate that the model of relieving miRNA-mediated
repression would most likely be due to competition for physical access to the respective
binding sites that are overlapping or adjacent.

DISCUSSION
We presented a systematic analysis of RNA targeting and consequent RNA processing by
the RBP HuR. Integration of quantitative features derived from high-throughput biochemical
HuR-RNA interaction data was informative of specific mechanisms underlying HuR-mRNA
targeting and functional outcomes. All targets were not quantitatively equivalent with
respect to their cumulative HuR-interaction stability (more binding sites corresponded with
more enrichment in the RIP-chip) and subsequently the degree of HuR-dependent regulatory
outcome. Although we employed state-of-the-art technologies, they all provided data for
populations of cells and mRNAs and none yet have the resolution to provide information
regarding individual copies of mRNA. Therefore, we cannot definitively know that HuR
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concurrently occupied multiple distinct interaction sites in a given copy of mRNA.
Nevertheless, our data supported the notion that RIP-chip enriches for stable interactions,
while PAR-CLIP captures both stable and transient interactions (Hafner et al., 2010).

RIP-chip targets were slightly more functionally responsive than PAR-CLIP targets,
demonstrating that the potential for post-lysis reassociation was negligible. The only study
demonstrating post-lysis reassocation with HuR utilized very different RIP conditions,
including sonication of lysates (Mili and Steitz, 2004). Based on these data and published
results from many different laboratories [reviewed in (Morris et al., 2010; Keene et al.,
2006), the evidence demonstrates that cross-linking is not a de facto necessity to legitimize
RNA-protein interactions.

HuR-dependent RNA processing
Our data suggest HuR is involved in coupling pre-mRNA processing and mature mRNA
stability. HuR-dependent stabilization was evident at the pre-mRNA level suggesting that
HuR-binding is a very early step in the life of an mRNA. We propose that the stabilization
of pre-mRNA by HuR ensures proper mRNA processing, akin to the effect of Pol II
transcription (Hicks et al., 2006). Over half of the targeted transcripts contained both
intronic and 3′ UTR binding sites and these are significantly more stabilized than transcripts
with only 3′ UTR or only intronic binding sites. It has been known for decades that the
presence of an intron can greatly increase the expression of certain gene constructs
(Buchman and Berg, 1988). Later studies revealed that the intron-dependent effects on
mRNA expression have a greater effect on enhancing 3′ end formation and translation,
rather than nuclear export (Lu and Cullen, 2003). Exon junction complexes (EJC) have been
implicated in coupling pre-mRNA processing events in the nucleus with export and
translation of mature mRNA in the cytoplasm and non-sense mediated decay (reviewed in
(Moore and Proudfoot, 2009)). We speculate that HuR binding sites in pre-mRNA stabilize
the transcript and promote appropriate and efficient splicing and/or 3′ end formation in the
nucleus, and that retained mature mRNA binding sites contribute to stabilization in the
cytoplasm. The dependence of our observations on EJC deposition and transcription
represent areas of future investigation.

Speculation that Hu proteins may play a role in pre-mRNA processing date to their initial
discovery (Szabo et al., 1991; Robinow et al., 1988). Prior to our study, across all four
mammalian ELAV/Hu proteins there were a few known splicing and poly-adenylation
substrates (Hinman and Lou, 2008). Perhaps, the discovery that these proteins could bind 3′
UTRs of growth factor and cytokine mRNAs shifted the emphasis of investigation in the
field to cytoplasmic mRNA stability and translation (Levine et al., 1993). Since early studies
found roles in nuclear export and mRNA stability (Brennan and Steitz, 2001), the role of
HuR in nuclear pre-mRNA events has by and large not been investigated. In this study, we
revealed a significant function for HuR in both pre-mRNA stability and splicing.

The inclusion of exon 6 of Fas was the only known example demonstrating a direct role for
HuR in mRNA splicing (Izquierdo, 2008). The proposed model describes inhibition of exon
definition and subsequent U2AF binding to the upstream 3′ exon splice site (SS) and Py-
tract through multimeric HuR interactions with an exonic splicing silencer. We observed
relatively few CDS binding sites and could not detect binding sites in the Fas transcript,
although its expression was not not detected in our RNA-seq data. While the proposed
model for Fas pre-mRNA splicing was related to exonic HuR regulatory elements promoting
exon exclusion, our observations focused on intronic HuR regulatory elements, for which
those upstream of the 3′ exon SS were associated with both exon inclusion and exclusion.
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RNA splicing maps have indicated positional relationships between intronic binding sites
and exon usage decisions for several RBPs [reviewed in (Witten and Ule, 2011)]. This type
of spatial analysis for HuR did not indicate an obvious relationship between different spatial
binding patterns correlating with different exon usage decisions. Yet the cases in which exon
inclusion was promoted, there was slightly more cluster density at the downstream 5′ splice
site (Figure 6E, blue). Interestingly, differentially expressed exons without any adjacent
HuR binding sites exhibited a slight preference for exon exclusion (Figure S6D, dashed
line). This could be due to secondary effects from HuR depletion and consequent down-
regulation of splicing factors like FOX2, NOVA, PTB, and HNRNPC; all of which were
targets of HuR with decreased mRNA expression after the HuR knockdown. The majority of
differentially expressed exons did not have adjacent HuR binding sites. However, there are a
subset of exons for which we detected both alternative usage and adjacent binding sites
suggesting direct splicing regulation by HuR. Similar to its function of promoting expression
of negative regulators of mRNA stability, HuR may promote the expression of other
regulatory RBPs with antagonistic functions in pre-mRNA splicing to achieve appropriate
exon usage decisions.

RNA-RBP dynamics and interaction stability
Previous RIP-chip studies have demonstrated dynamic changes in the association of mRNAs
with ELAV/Hu proteins (Mazan-Mamczarz et al., 2008; Mukherjee et al., 2009; Tenenbaum
et al., 2000). In these examples, mRNAs exhibited quantitative differences in their RBP
association, demonstrating remodeling of the RNPs in response to stimuli. The mechanisms
underlying these dynamics are not understood; however, the data in this study are consistent
with the idea that remodeling of stable interactions enriched by the RIP-chip may derive
from the larger pool of transient interactions only observed in the PAR-CLIP (Figure 3A).
Recent studies have indicated RNA accessibility partially determines if RBP-mRNA
interactions occur (Kazan et al., 2010). Computational methods accounting for sequence
specificity as well as structural accessibility combined with the PAR-CLIP and RIP-chip
data may help determine such RNA binding preferences.

Combinatorial regulation by HuR and miRNAs
Our results generalize and describe a physical mechanism for HuR-mediated antagonism of
miRNA-mediated repression at proximal sites. Specifically, we only observed a differential
functional outcome between transcripts containing overlapping binding sites compared to
transcripts containing non-overlapping binding sites in response to miRNA depletion, but
not in response to HuR depletion (Figure 7). Thus, the presence of proximal HuR binding
sites explains why a subset of miRNA targets did not respond in the expected manner to
miRNA depletion. Given that HuR is capable of relieving miR-122 mediated translational
repression of the CAT-1 mRNA after environmental stresses (Bhattacharyya et al., 2006), in
all likelihood HuR molecules outcompete overlapping miRNA binding sites upon
environmental stresses. Our results predict this to be a more widespread phenomenon
affecting mRNA stability as well. Thus, it will be necessary to investigate RBP-RNA
interaction dynamics accounting for multiple factors in a quantitative manner to understand
apparently unexpected regulatory outcomes. Integration of global technologies similar those
described here may lead to computational simulations of mRNA regulatory dynamics and
the coherent outcomes predicted by posttranscriptional RNA operon/regulon model.
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EXPERIMENTAL PROCEDURES
Cell Culture

HEK 293 Flip-In T-REx cells containing a FLAG-HA-tagged HuR were cultured in DMEM
supplemented with 10% tet-reduced FBS and appropriate selection antibiotics. For
induction, cells were treated overnight with 1 ug/mL doxycycline (Sigma).

PAR-CLIP
Protocol was performed as detailed in (Hafner et al., 2010) for a FLAG-HA-tagged HuR and
sequenced using the Illumina platform. Previously derived Ago1–4 PAR-CLIP libraries
were analyzed with PARalyzer. Read mapping statistics for both are provided in Table S1A,
B. Cluster and gene level data are provided in Table S2 and S3, respectively.

Mapping reads
The reads from the HuR and Ago deep sequencing library were stripped of the 3′ adapter
sequence using the FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Reads that
were less than 13nt in length or contained an ambiguous nucleotide were discarded. The
remaining reads were aligned to the human genome (hg19), with up to 2 mismatches
allowed, by the Bowtie algorithm (Langmead et al., 2009). Mapped locations were only
reported for those with the minimum number of observed mismatches for each read. All T to
C mismatches between the RNA fragment and the genome were subtracted from the
mismatch count for each mapped location. After subtraction only reads that mapped to a
single genomic location at the minimum number of mismatches were used for further
analysis. The location that a read mapped, relative to a known transcript, was determined
based on the ENSEMBL v57 database 1(Hubbard et al., 2007). If a read mapped to a
location representing multiple categories, it was reported to belong to the category based on
the following order of preference: 3′UTR, coding sequence, 5′UTR, intron, non-coding
RNA, intergenic.

Defining HuR binding sites by PARalyzer
Overlapping reads were grouped together for further analysis. A group must have contained
≥5 reads with conversions at two or more locations. Separate kernel density estimates were
calculated across all positions based on read counts both with and without T to C
conversions, as long as there was a minimum read depth of 5 at a position to ensure a robust
density estimate. Clusters were defined as regions for which the conversion density was
greater than the non-conversion density for at least 5 consecutive nucleotides, and extended
until the group read depth fell below 5. Following filtering (see supplemental methods),
clusters were scored by a cross-linking index (CLI) = log2(1+T to C conversion events for
all reads within a cluster). PARalyzer is available at
http://www.genome.duke.edu/labs/ohler/research/PARalyzer.

Motif finding
All groups mapping to mRNA were ranked using CLI scores. cERMIT (Georgiev et al.,
2010) was run on a list ranked by CLI scores (see supplemental methods for details).

RIP-chip
Protocol was performed as described in (Keene et al., 2006) with anti-FLAG M2-conjugated
beads or mouse IgG-conjugated beads was used for immunoprecipitation reaction.
Appropriate amounts of total RNA from biological replicates of HuR and Mock RIPs were
submitted to the Microarray Facility at Duke University for analysis on GeneChip Human
Exon 1.0 ST Arrays (Affymetrix).
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siRNA knockdown
were analyzed by microarray and qRT-PCR (see supplement for details).

Array data processing and analysis
RIP-chip microarray data was normalized with PLIER using Affymetrix Power Tools.
Probes with DABG p-values > 0.05 in all three HuR RIP replicates were excluded. For HuR
RIP-chip experiments, t-scores were calculated with GSEA and HuR LOD scores were
computed using weighted probability distribution functions based on mixture model as
described in (Mukherjee et al., 2009; Subramanian et al., 2005). Knockdown data was
normalized with RMA and expression changes were compared using t-scores and log-fold
change in GSEA. The same transcript annotation used for mapping PAR-CLIP data was
used to categorize probes as either intronic or exonic based on their annotated genomic
coordinates. Gene expression values for all intronic probes mapping to the same gene were
collapsed to the median. Splicing analysis was performed using AltAnalyze (Salomonis et
al., 2009), using the FIRMA metric on extended probes to analyze exon usage. Normalized
antagomiR microarray data was obtained from GEO (GSE21577). Log fold expression
changes were calculated after filtering for detection, and collapsing expression data to the
median for all probes mapping to a gene.

GO analysis
Each data set was percentile-rank transformed (background list not necessary) and analyzed
as gene expression values in PantherDB (Thomas et al., 2006).

Comparison of spatial patterns
Distance between HuR binding sites, HuR and Ago binding sites, and the RNA splicing map
analyses were performed using custom python scripts (see supplemental methods for
details). To generate RNA splicing maps, clusters falling within 250 nts (divided in 50-nt
bins) of an exon of interest and its flanking exons were mapped into the corresponding
introns. The number of clusters that cover each position in the intron were then summed to
define the density at for the 50-nt bin. HuR and Ago binding site comparisons were
restricted to the 3′ UTR. The RNA splicing map was created using cluster data across
introns upstream and downstream of the central exon. Annotation of exons as constitutive
was determined using AltAnalyze.

Comparisons of distributions
JMP 9.0 (SAS) was utilized for all comparisons of distribution and densities for various
categories and metrics including cumulative distribution fraction plots, comparison of
densities, and proportion of densities. Student’s t-test comparing the means of different
categories was also calculated using JMP 9.0 to assess statistically significant differences.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Identification of HuR regulatory elements. A) For binding sites detected in FOS 3′ UTR
(top) and SFRS9 3′UTR (bottom), the KDE of conversion events (black line) and percent
conversion (heatmap) were superimposed on read depth information (grey bars) for each
nucleotide in the initial group. B) RREs identified applying cERMIT to clusters ranked by
CLIs (left). Comparison of quantile plots, number of occurrences, and p-values for each
RRE shown (right).
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Figure 2.
Landscape of HuR binding sites in transcript regions. A) The proportion of densities for
HuR binding clusters derived from each region of an mRNA as a function of cross-linking
index (CLI). B) Histogram (log2) and quantiles of the distribution for the number of HuR
binding sites per transcript. C) Pie-chart depicting transcripts with specific regions of HuR
binding sites.
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Figure 3.
Comparison of PAR-CLIP and RIP-chip HuR interaction data. A) Venn diagram of the
overlap between transcripts defined as HuR targets using PAR-CLIP and RIP-chip, which
were also functionally responsive (see figure S5C). B) Comparison of the cumulative
distribution of transcript abundance for targets detected by RIP-chip only (blue), PAR-CLIP
only (green), and RIP-chip and PAR-CLIP (red) using microarray data to quantify transcript
abundance. C) Comparison of the HuR LOD score distributions of PAR-CLIP data
categorized by number of binding sites per transcript. D) Comparison distribution of PAR-
CLIP binding sites/transcript for targets identified only by PAR-CLIP or by both PAR-CLIP
and RIP-chip.
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Figure 4.
HuR-dependent mRNA stabilization. A) Comparison of cumulative distribution of mRNA
differential expression after HuR knockdown for targets identified by RIP-chip (black),
PAR-CLIP (dashed), and neither method (grey). The depletion of RIP-chip and PAR-CLIP
targets were statistically significantly compared non-targets (p < 0.001). B) Protein classes
enriched in HuR PAR-CLIP, RIP-chip, and knockdown targets. After each dataset was
percentile rank transformed, the enrichment of significant Panther defined gene sets was
reported using the −log10(enrichment p-value).
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Figure 5.
Degree of HuR binding and functional outcome. A) Transcripts with more HuR binding
sites exhibit a greater decrease in response to HuR knockdown. B) Transcripts were divided
into 4 categories based on their percentile of decrease after knockdown, 75–100th
representing mRNAs that decreased the most. Transcripts with higher HuR LOD scores
correlated with a greater decrease in mRNA levels following HuR knockdown. C)
Transcripts with binding sites only in introns (green) or only in 3′ UTRs (red, behind green
line) were significantly destabilized by HuR knockdown. D) More intronic HuR binding
sites exhibit greater destabilization after HuR knockdown. E) Transcripts with HuR binding
sites in both 3′ UTRs and introns are significantly more destabilized by HuR knockdown
than transcripts with HuR binding sites only in 3′ UTRs or introns.
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Figure 6.
HuR regulated pre-mRNA processing. A) Transcripts (restricted to those with only intronic
sites) with more intronic binding sites exhibited more pre-mRNA destabilization upon HuR
depletion. B) Transcripts with both intronic and 3′ UTR sites were more destabilized upon
HuR depletion than transcripts with either intronic or 3′ UTR sites. C) Effect of HuR
depletion on individual pre-mRNAs were validated using pre-mRNA specific primers (*
indicates paired t-test p < 0.05, actual p-values listed above bar). D) Overrepresentation of
binding sites in the Py-tract exons (red lines represent 1st, 10th, 50th, 90th, and 99th

percentiles of the null distribution). E) HuR RNA splicing map exhibiting consistent binding
pattern for both included and excluded exons with adjacent HuR binding sites.
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Figure 7.
Combinatorial regulation by HuR and miRNAs. A) Distribution of distances between HuR
and Ago sites restricted to the 3′ UTR identified by PAR-CLIP. Red lines indicate
distribution of null model (1st, 10th, 50th, 90th, and 99th percentile). B) Based on the
distribution of distances, transcripts were classified by HuR and miRNA binding profiles
depicted. Only transcripts exclusively belonging to one of the classes depicted and targeted
by one of the depleted miRNAs were considered. C) Transcript classes with HuR binding
sites were destabilized upon HuR knockdown regardless of miRNA sites. D) De-repression
of miRNA and HuR overlap transcripts compared to no-overlap transcripts upon miRNA
depletion (see ST5 for p-values).

Mukherjee et al. Page 21

Mol Cell. Author manuscript.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript


