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ABSTRACT
HuR influences gene expression programs and hence cellular phenotypes by binding to hundreds of
coding and noncoding linear RNAs. However, whether HuR binds to circular RNAs (circRNAs) and impacts
on their function is unknown. Here, we have identified en masse circRNAs binding HuR in human cervical
carcinoma HeLa cells. One of the most prominent HuR target circRNAs was hsa_circ_0031288, renamed
CircPABPN1 as it arises from the PABPN1 pre-mRNA. Further analysis revealed that HuR did not influence
CircPABPN1 abundance; interestingly, however, high levels of CircPABPN1 suppressed HuR binding to
PABPN1 mRNA. Evaluation of PABPN1 mRNA polysomes indicated that PABPN1 translation was modulated
positively by HuR and hence negatively by CircPABPN1. We propose that the extensive binding of
CircPABPN1 to HuR prevents HuR binding to PABPN1 mRNA and lowers PABPN1 translation, providing the
first example of competition between a circRNA and its cognate mRNA for an RBP that affects translation.
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Introduction

HuR is an extensively studied RNA-binding protein (RBP) that
regulates protein expression patterns by associating with a wide
range of RNAs.1,2 The best-known HuR targets are mRNAs
such as those that encode TP53, VHL, MYOD, MYC, CCND1
(cyclin D1), CDKN1A (p21), HIF1A, and BCL2; HuR typically
binds to U-rich stretches within their 30-untranslated regions
(UTRs).1-3 HuR often increases the half-life of a target mRNA,
but it can also lower the stability of other target mRNAs, and
similarly it can promote the translation of some mRNAs and
suppress the translation of others.4 In addition, it can modulate
the splicing of several target pre-mRNAs and enhance the
nuclear export of some mRNAs (reviewed in Ref. 5). HuR can
also interact with several noncoding (nc)RNAs. It was found to
associate with the microRNA let-7,6,7 although the consequen-
ces of this interaction are unclear, and with several long non-
coding (lnc)RNAs, including LINCRNAP21, HOTAIR, and
RMRP, influencing their stability or subcellular localization.6,8,9

However, whether or not HuR binds to circular RNAs (circR-
NAs) and the functional consequences of these interactions
have not been studied.

Circular RNAs had been observed for several decades, but
their high abundance and function have only begun to be
appreciated with the advent of new sequencing and molecu-
lar biology techniques. These heterogeneous ncRNAs are
often expressed in a tissue-specific manner and generally
arise from the canonical spliceosomal machinery through
head-to-tail backsplicing.10-13 Several studies have shown

that circRNAs can interact with and sponge microRNAs. For
example, the circRNA CiRS-7 contains multiple sites for
miR-7, enabling it to sequester miR-7 and thereby decreasing
its availability to target mRNAs bearing miR-7 sites; likewise,
circSRY sponges miR-138, and circITCH sponges miR-7,
miR-17, and miR-214.10,12,14,15 These examples indicate that
circRNAs can suppress the impact of microRNAs as negative
regulators of mRNA stability or translation. Besides micro-
RNAs, circRNAs can also bind RBPs, regulate their availabil-
ity in the cell, and influence the post-transcriptional fates
(e.g., stability or translation) of RBP-interacting mRNAs.16,17

In this study, we sought to investigate systematically HuR-
containing circRNA ribonucleoprotein complexes (circRNPs).
First, we employed RNP immunoprecipitation (RIP) analysis
followed by identification of circRNAs using microarrays, and
second, we utilized bioinformatic analysis of HuR-interacting
RNAs from HuR crosslinking immunoprecipitation (CLIP)
data sets transcriptome-wide. One of the top HuR target circR-
NAs was examined in depth. As this circRNA was derived
from PABPN1 mRNA, itself a target of HuR, it was renamed
CircPABPN1. HuR did not affect CircPABPN1 levels, but,
unexpectedly, CircPABPN1 significantly suppressed HuR bind-
ing to PABPN1 mRNA and inhibited PABPN1 translation.
This regulatory paradigm is the first example of a circRNA
(CircPABPN1) that modulates translation of its cognate
mRNA (PABPN1 mRNA) by competing with and thereby
reducing the availability of a translational activator (HuR).
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Results

Identification of HuR target circRNAs

To investigate HuR-circRNA interactions, we first isolated RNP
complexes containing HuR from human cervical carcinoma
HeLa cells. Isolation was carried out by RIP (RNP immunopre-
cipitation) analysis using an anti-HuR antibody in conditions
that preserved endogenous HuR-RNA complexes. Control IgG
IP samples were processed in parallel. The RNA isolated from
RIP complexes was treated with RNase R to degrade all linear
RNA molecules, and the remaining RNA was used for reverse
transcription (RT) and circular RNA microarray analysis
(Fig. 1A). The specificity of the IP was assessed by Western blot
analysis, which revealed a unique HuR band detected in HuR
IP, but not in IgG IP (Fig. 1B). Microarray analysis after RIP
(RIP-chip) identified the circRNAs associated with HuR as
those enriched in HuR IP relative to those found in control IgG
IP. A partial list of circRNAs that were most highly enriched in
HuR IP is shown (Fig. 1C); the list of all HuR target circRNAs
identified by RIP-chip is shown in Table S1. These data indicate
that several circRNAs were enriched in HuR IP samples, sup-
porting the existence of HuR-circRNA complexes.

HuR associates with CircPABPN1

The interactions detected by RIP-chip analysis were verified
by RIP followed by RT-qPCR analysis in HeLa cells
(Fig. 2A). The circRNA hsa_circ_0031288 was one of the
most highly enriched HuR targets (Fig. 2A). This circRNA
originates from Poly(A)-binding protein nuclear 1
(PABPN1) pre-mRNA and thus we named it CircPABPN1
(Fig. S1A). Further analyses included specific CircPABPN1
RT-qPCR amplification, visualization on agarose gels (with
no amplification in -RT reactions, Fig. 2B), and sequencing
of the amplified PCR product to verify the specific circRNA
junction (Fig. 2C). Digestion of total RNA with RNase R to
degrade linear RNAs followed by RT-qPCR analysis indi-
cated that CircPABPN1 was protected from RNase R diges-
tion, while GAPDH and PABPN1 mRNAs were degraded
(Fig. 2D).

We further confirmed the interaction of HuR and Circ-
PABPN1 by using biotin pulldown analyses. First, we generated
linear biotinylated segments of CircPABPN1, incubated them
with HeLa whole-cell lysates, and used streptavidin-coated
beads to identify proteins bound to the biotinylated RNA. The
biotinylated CircPABPN1 segment associated with HuR, while
biotinylated GAPDH RNA segments did not (Fig. 2E). Second,
pulldown analysis of the endogenous CircPABPN1 using anti-
sense biotinylated oligomers complementary to the junction
sequence of CircPABPN1 was followed by pulldown using
streptavidin beads and Western blot analysis; HuR was detected
in CircPABPN1 pulldown, but not in control pulldown samples
(Fig. 2F).

Taken together, these data indicate that endogenous HuR
can bind to cellular circRNAs and reveal strong binding of Circ-
PABPN1 to HuR, as determined using microarrays and RT-
qPCR analyses, sequencing of circRNA junctions, and biotiny-
lated-RNA pulldown analysis.

circRNA-wide mapping of HuR binding sites

Although HuR associated with many circRNAs, we were only
able to investigate a small subset of circRNAs given the lim-
ited set of probes on the array platform (»5,000), while the
whole circRNA-ome is believed to consist of >100,000 circR-
NAs (>15,000 in HeLa cells), according to circBase.18 Thus,
we sought to expand our search for HuR target circRNAs by
conducting a transcriptome-wide analysis. We utilized pub-
licly available CLIP data sets of HuR binding sites
(Fig. 3A).1,2,19 Since CLIP data sets do not distinguish HuR
binding sites present in linear RNA from those in circular
RNAs, we created a comprehensive computational map of
HuR binding sites on circRNAs. This map showed that HuR
can potentially bind to a large number of circRNAs reported
in circBase: »78,845 (»56%) of circRNAs annotated, includ-
ing 455 circRNAs that can be targeted at both the junction
and outside of the junction, and 95 circRNAs that can be tar-
geted only at the junction (Fig. 3B). The complete list of
potential HuR target circRNAs is shown in Table S2. A subset
of HuR target circRNAs was validated by RT-qPCR analysis
employing specific circRNA primers. Several transcripts were
highly enriched in HuR IP compared to IgG IP samples

Figure 1. Transcriptome-wide identification of HuR-associated circRNAs. (A,B)
Schematic of the strategy used to identify globally HuR-interacting circRNAs in
HeLa cells (A). Following cell lysis, RIP analysis was carried out using anti-HuR or
control IgG antibodies; the presence of HuR in the IP samples was assessed by
Western blot analysis [(B); HC, heavy IgG chain]. Total RNA was isolated and
digested with RNase R, and circRNAs present in the sample were identified using
circRNA microarrays (Arraystar). (C) Partial list of circRNAs highly enriched in HuR
IP relative to IgG IP as identified in microarrays (n D 3).
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(Fig. 3C), including a subset of potential HuR targets pre-
dicted to have binding sites on or near the junction of the
circRNA (Fig. 3D). These data indicate that HuR target circR-
NAs can be identified from pre-existing data sets.

We investigated if HuR globally affected the levels of target
circRNAs by silencing HuR in HeLa cells and examining
changes in the abundance of circRNA levels by RT-qPCR analy-
sis of a subset of circRNAs. As shown in Fig. S2, HuR silencing

Figure 2. Validation of HuR target circRNAs. (A) RT-qPCR analysis of HeLa circRNAs enriched in HuR IP samples compared with IgG samples; RNA levels were normalized to
the background levels of GAPDH mRNA in each IP sample. (B) Example of PCR product validation; hsa_circ_0031288(CircPABPN1) was visualized on ethidium bromide-
stained agarose gels to confirm the specificity of the circRNA amplification band (RT, reverse transcription). (C) Validation of circRNA PCR product from (B) by DNA
sequencing analysis. All of the circRNAs in (A) were verified on agarose gels and many were further verified by sequencing. (D) RT-qPCR analysis to measure GAPDH
mRNA, PABPN1 mRNA, and hsa_circ_0031288 (CircPABPN1) with or without RNase R treatment; RNA levels in RNase R-treated samples were compared with mock
(untreated) samples (using identical input RNA amounts). (E) Western blot analysis of HuR levels in the samples pulled down using control biotinylated GAPDH (30UTR)
and linear biotinylated CircPABPN1. ‘Input’, HuR levels in the samples used for pulldown analysis. (F) Western blot analysis of HuR levels in pulldown assays using a biotiny-
lated antisense oligomer targeting the junction of CircPABPN1 or a control biotinylated oligomer. Data in (A,D) are the means and § SEM from three independent experi-
ments. Data in (B,E,F) are representative of three independent experiments.
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did not generally alter the levels of target circRNAs Fig. S2,
although a few circRNAs were slightly less abundant (e.g., hsa_-
circ_0001406 and hsa_circ_0001404) and others more abundant
(e.g., hsa_circ_0005875) (Fig. S2C, D). These results suggest that
HuR abundance may not broadly affect target circRNA levels.

CircPABPN1 suppresses HuR binding to PABPN1 mRNA and
lowers PABPN1 production

To investigate the impact of HuR on a specific target circRNA,
we focused on CircPABPN1, which showed the most robust

Figure 3. Transcriptome-wide identification and validation of HuR target circRNAs. (A) Schematic representation of the strategy used to identify globally HuR-interacting
circRNAs using publicly available CLIP data sets (Methods). (B) Among the annotated circRNAs (CircBase, Aug 4 2015), »56% potentially contained HuR target sites, 44%
did not, and for <1% HuR binding sites were at the junction. Among the putative target, most HuR binding sites were found within the body, and a few spanned the
junction. (C, D) Partial validation of HuR target circRNAs found in panel (B) by RIP (HuR IP relative to IgG IP) followed by RT-qPCR analysis; circRNAs with HuR sites in the
body (C) and the junction (D) were studied. (E-G) HeLa cells were transfected with either pcDNA3 or with pCircPABPN1; 48 h later, the levels of CircPABPN1 were assessed
by RT-qPCR analysis (normalized to GAPDH mRNA) (E), the levels of HuR by Western blot analysis (loading control HSP90) (F), and the interaction of HuR with target
mRNAs by RIP followed by RT-qPCR analysis (normalized to GAPDH mRNA) (G). Data in (C-E,G) represent the means § SEM from three independent experiments; data in
(F) are representative of three repeats.
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interaction with HuR in validation experiments (Fig. 2). In
agreement with the binding results (Fig. 2A,E,F), RIP followed
by sequencing analysis (downloaded from the UCSC browser,
Supplemental text) identified a large number of binding tags/
sites spanning the single exon which forms CircPABPN1
(Fig. S1B-D). First, we asked if HuR influenced CircPABPN1
levels and found that silencing HuR did not affect CircPABPN1
abundance (Fig. S2B). We then asked the converse question,
whether CircPABPN1 had an impact on HuR levels or function.
We overexpressed CircPABPN1 (Methods), verified the
increase in CircPABPN1 levels in cells by RT-qPCR analysis
(Fig. 3E), and observed that this intervention did not modify
HuR levels (Fig. 3F). However, HuR binding to several target
mRNAs did decline in cells that overexpressed CircPABPN1, as
assessed by RIP followed by RT-qPCR analysis. Interestingly,
among the target mRNAs examined (chosen from HuR RIP-
chip analysis20) HuR binding to PABPN1 mRNA was the most
strikingly impaired interaction (Fig. 3G). In fact, PABPN1
mRNA is one of the major targets of HuR, as determined by
RIP followed by RT-qPCR analysis (Fig. S3).

Given that CircPABPN1 was capable of suppressing HuR
binding to PABPN1 mRNA, we hypothesized that CircPABPN1
might affect the cellular levels of PABPN1. To investigate this
possibility, we first tested if HuR regulates PABPN1 abundance.
As shown (Fig. 4A, left), silencing HuR in HeLa cells led to a
potent reduction in PABPN1 levels, as shown by Western blot
analysis. We then tested the effect of overexpressing Circ-
PABPN1 on the levels of PABPN1; as shown (Fig. 4A, right),
this intervention also reduced PABPN1 abundance. Together,
these data suggested that CircPABPN1 suppressed HuR binding
to PABPN1mRNA, consequently lowering PABPN1 levels.

CircPABPN1 suppresses PABPN1 mRNA translation

To determine the mechanism through which CircPABPN1
elicited the HuR-dependent control of PABPN1 production,
we tested PABPN1 mRNA levels and translation after over-
expressing CircPABPN1 and after silencing HuR. Given that
neither intervention influenced PABPN1 mRNA levels sig-
nificantly (Fig. S4A), we postulated that CircPABPN1 and
HuR might influence PABPN1 mRNA translation. We
tested this possibility by analyzing the sizes of PABPN1
mRNA polysomes in cells expressing different levels of HuR
and CircPABPN1. Representative sucrose gradient profiles
(Fig. 4B right, Fig. 4C right) indicated that neither Circ-
PABPN1 overexpression nor HuR silencing affected the
global distribution pattern of polysomes. RNA was isolated
from each fraction – nonpolysomal fractions (1 and 2),
fractions containing ribosomal subunits and monosomes (3
and 4), and fractions containing low- (5–8) and high-
molecular-weight (9–11) polysomes (LMW and HMW poly-
somes, respectively). After RT, the relative distribution of
PABPN1 mRNA was measured by qPCR analysis. To con-
trol for overall translation, the levels of GAPDH mRNA,
encoding a housekeeping protein, were also calculated from
the same fractions.

As shown in Fig. 4B (left) and Fig. 4C (left), PABPN1
mRNA levels were low in the non- and low-translating part
of the gradient (fractions 1–5), and was abundant in the

polysomal fractions, indicating that PABPN1 mRNA was
actively translated. Importantly, overexpression of Circ-
PABPN1 caused a leftward shift in the distribution of
PABPN1 mRNA, indicating that PABPN1 mRNA associated
with smaller polysomes or with no polysomal components,
and suggesting that CircPABPN1 suppressed the translation
of PABPN1 (Fig. 4B, left). Likewise, silencing HuR caused a
leftward shift of PABPN1 mRNA on the gradient (Fig. 4C,
left), consistent with reduced PABPN1 translation. In both
treatment groups, the distribution of the control GAPDH
mRNA was essentially unchanged, supporting the view that
the changes in PABPN1 translation were specifically
affected by overexpressing CircPABPN1 and by silencing
HuR (Fig. 4B,C). Together, these data support the notion
that HuR binds to PABPN1 mRNA and promotes the trans-
lation of PABPN1, while CircPABPN1, which competes with
PABPN1 mRNA for binding to HuR, suppresses PABPN1
translation.

In sum, HuR binds to circRNAs, as revealed by RIP-chip,
bioinformatic, in vitro binding, and RT-qPCR analyses, but it
does not seem to influence abundance of the target circRNAs
tested. One specific HuR target, CircPABPN1, prevented HuR
binding to its cognate transcript, PABPN1 mRNA, in turn lead-
ing to a suppression of PABPN1 translation (Fig. 4D).

Discussion

Recent surveys have found that RBPs can potentially bind
numerous circRNAs.21,22 Here, we identified HuR-associated
circRNAs using RIP-chip and RIP-RT-qPCR analyses, bioin-
formatic prediction, and in vitro binding assays (Figs. 1-3,
Table S2). Other RBPs, including AUF1/HNRNPD1 and
LIN28, may also form complexes similar to those identified for
HuR, but such complexes await experimental confirmation.22

IMP3 (IGF2BP3) was recently reported to form circRNPs with
a subset of circRNAs, further supporting the idea that these
complexes are common in human cells.23

We hypothesized that HuR might influence circRNA
levels since HuR alters the turnover of several coding and
noncoding RNAs.2 However, HuR silencing did not affect
the abundance of most target circRNAs (Fig. S2). We then
considered the possibility that circRNAs might function
like lncRNAs, which form RNP complexes (lncRNPs) that
might modulate the functions of the proteins with which
they interact. Some lncRNPs can affect gene expression at
the transcriptional level; for example, lncRNA ANRIL
represses p16INK4 transcription by interacting with the
PRC2 complex at the INK4 locus,24 and lncRNA GAS5
binds glucocorticoid receptors (GCRs) and thus acts as a
decoy to prevent the transcriptional activity of GCRs.25

Other lncRNPs can affect gene expression post-transcrip-
tionally,26 including the DNA damage-inducible lncRNA
gadd7, which associates with the RBP TDP-43 and inter-
feres with the ability of TDP-43 to stabilize CDK6
mRNA,27 and LincRNA-RoR, which interacts with the RBP
HNRNPI, an enhancer of TP53 production, and thus
represses TP53 translation.28

Similar to these examples, HuR-circRNA complexes
(HuR circRNPs) may also influence the function of HuR by
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altering its ability to bind other target RNAs. In this regard,
HuR was found to interact extensively with circRNAs, as
determined by RIP-chip and CLIP analyses. HuR binding to
target mRNAs is modulated by HuR phosphorylation by

kinases like CHEK2, PKC, and JAK3, and by methylation
through CARM1.5 As these post-translational modifications
affect the subcellular localization of HuR and its association
with target RNAs, it will be important to investigate if they

Figure 4. CircPABPN1 suppresses PABPN1 translation. (A) 48 h after transfecting HeLa cells with either control siRNA or HuR siRNA (left) or with pcDNA3 or pCircPABPN1
(right), the levels of PABPN1, HuR, and the loading control HSP90 were assessed by Western blot analysis. Following quantification of the bands on Western blots, the rel-
ative signal intensities were represented as the means § SEM from three independent experiments. �, P <0.05 (Student’s t-test)., (B, C) HeLa cells prepared as in (A) were
size-separated through sucrose gradients into 12 fractions (arrow, direction of sedimentation). Unbound RNA was in fractions 1 and 2; 40S, 60S, and 80S were in fractions
3–5; and low- and high-molecular-weight polysomes (LMWP and HMWP) were in fractions 6–8 and 9–12, respectively (B right, C right) and Methods. After isolating RNA
from each fraction, the relative distribution (%) of PABPN1 and GAPDH mRNAs on the sucrose gradients was quantified by RT-qPCR analysis (B left, C left). (D) Proposed
model whereby CircPABPN1 sequesters HuR away from PABPN1 mRNA, in turn suppressing PABPN1 mRNA translation.
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also affect the levels and function of HuR-circRNA
complexes.

HuR function is also elicited by competing with or
recruiting other trans-acting factors (such as RBPs, miR-
NAs, or lncRNAs) to target mRNAs.4,29,30 In a recent exam-
ple, lncRNA OIP5-AS1/cyrano displayed strong affinity for
HuR and prevented HuR binding to a subset of mRNAs
encoding proliferative proteins, in turn reducing cell
growth.31 However, in other cases, the ncRNA and the RBP
may compete for binding to the shared target mRNA; for
example, 7SL and HuR competed for binding to TP53
mRNA, and thus 7SL was capable of preventing the HuR-
mediated promotion of TP53 translation.30 Given that the
main HuR target identified in this study, CircPABPN1, is
not very abundant (»12 copies per cell in HeLa cells,
Fig. S4B), it is not immediately apparent how it might seize
the plentiful protein HuR (»1,300 copies in the cytoplasm
of HeLa cells) away from target mRNAs. This ability is
likely explained in part by the fact that most of the body of
CircPABPN1 (134 nt out of 152 nt) represents a continuous
HuR target RNA (Fig. S1) thus potentially capable of
accommodating dozens of HuR molecules on a single Circ-
PABPN1 molecule. If one then considers that each HuR site
on CircPABPN1 can allow binding of HuR multimers32,33

and that a fraction of cellular HuR may be phosphorylated
at residues that inhibit HuR binding to RNA, CircPABPN1
might be able to associate with a sizeable pool of cyto-
plasmic HuR.

It remains unclear why CircPABPN1 overexpression reduces
HuR-PABPN1 mRNA complexes selectively, while other
mRNAs remain bound to HuR (Fig. 3G). We hypothesized that
perhaps CircPABPN1 and PABPN1 mRNA compete for HuR
during splicing, but at present there are no clear data support-
ing this idea. Instead, it is plausible that both CircPABPN1 and
PABPN1 mRNA are in physical proximity in a specific subcel-
lular compartment and maintain a balanced interaction with
HuR locally. When the levels of CircPABPN1 rise in this hypo-
thetical compartment, PABPN1 mRNA is selectively depleted
of HuR. The cellular space and/or mediators of such regulatory
paradigm are not yet known. As CircPABPN1 is expressed in
transformed and untransformed cells from a broad range of
cell types and tissues (not shown), this mechanism could
potentially influence HuR function widely.

In summary, HuR binds numerous circRNAs in HeLa cells.
The circRNA showing the most abundant association with
HuR, CircPABPN1, suppressed HuR binding to PABPN1
mRNA without influencing HuR levels or PABPN1 mRNA lev-
els. Interestingly, by preventing HuR binding to PABPN1
mRNA, CircPABPN1 suppressed PABPN1 translation and low-
ered cell proliferation (Fig. S4C). We propose that other circR-
NAs might affect selectively the expression of certain mRNAs
at similar post-transcriptional levels.

Methods

Cell culture, cloning, and transfections

HeLa cells were cultured in Dulbecco’s modified essential
medium (DMEM; Invitrogen) supplemented with 10% fetal

bovine serum (Gibco), antibiotics and antimycotics (Life Tech-
nologies) and transfected with pcDNA3.0 or pCircPABPN1
(2 mg) or with control siRNAs using Lipofectamine-RNAiMAX
or Lipofectamine 2000, and collected 48 to 72 h later. Cloning
for CircPABPN1 overexpression was performed as
described.13,15 Briefly, genomic DNA was isolated using
DNeasy Blood & Tissue Kit (69504, Qiagen) and 25 ng of geno-
mic DNA was used to amplify »500-bp genomic sequences
upstream and downstream of the PABPN1 (NM_004643.3)
exon 6 to generate hsa_circ_0031288 using primers ATATA-
TAAGCTTACCTAAATGTCTTCAGAGGCCA and ATA-
TATCTCGAGGACAGAAGTGAAGCAAGGCA. The PCR
product was cloned into the HindIII and XhoI sites of
pcDNA3.0. SiRNAs used in transfection were AATTCTCC-
GAACGTGTCACGT (control siRNA), and a mixture of 4 siR-
NAs targeting HuR mRNA: AAGAGGCAATTACCAGTTTC
A, AAGTGCAAAGGGTTTGGCTTT, AATCTTAAGTTTCG-
TAAGTTA and TTCCTTTAAGATATATATTAA (Qiagen).

Western blot analysis

Whole-cell lysates were prepared as described,17 using RIPA
buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% NP-40,
1 mM EDTA, 0.1% SDS, 1 mM dithiothreitol) containing pro-
tease inhibitor. The protein lysates were separated through 4–
20% Mini-PROTEAN� TGXTM Gel (Bio-Rad) and transferred
to nitrocellulose membrane using Trans-Blot� TurboTM Trans-
fer System (Bio-Rad). Incubations with primary antibodies to
detect PABPN1 (PABP2) (14154, Cell Signaling), HuR (sc-
5261, Santa Cruz Biotech), HSP90 (sc-13119), and GAPDH
(sc-32233) were followed by incubations with appropriate sec-
ondary antibodies conjugated with HRP (GE Healthcare). Sig-
nals were developed using Enhanced Chemiluminescence
(ECL).

RNA isolation, RNase R digestion, sequencing, RIP analysis,
and circRNA microarrays

Total RNA from HeLa cells was isolated using TRIzol (15596–
026, Thermo Fisher Scientific) following the manufacturer’s
protocol. One mg total RNA was either left untreated (mock)
or treated with 10 units of RNase R (RNR07250, Epicentre) in
the presence of 1£ RNase R buffer, 20 units of RiboLock RNase
Inhibitor (Thermo Scientific), and incubated for 30 min at
37�C. The digested RNA was isolated using acid phenol-chloro-
form (5:1) and ethanol precipitation. Reverse transcription
(RT) was performed following the manufacturer’s protocol
using Maxima Reverse Transcriptase (EP0741, Thermo Fisher
Scientific), and 150 ng of random hexamers (11034731001,
Roche). The reaction mixtures were incubated for 10 min at
25�C followed by 30 min at 50�C and 5 min at 85�C to inacti-
vate the RT enzyme. For qPCR analysis, 0.1 ml of cDNA was
used with 250 nM of gene-specific primers (Table S2) and
KAPA SYBR� FAST qPCR Kits (ABI Prism) (KK4605, KAPA
Biosystems). RT-qPCR analysis was performed on Applied Bio-
systems 7300, 7900 and QuantStudio 5 Real-Time PCR System
(Thermo Fisher Scientific) with a cycle setup consisting of
3 min at 95�C and 40 cycles of 5 sec at 95�C plus 20 sec at
60�C. The relative expression levels were calculated after
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normalization to GAPDH mRNA using 2¡DDCt method. RT-
qPCR product for hsa_circ_0031288 was size-separated in ethi-
dium bromide-stained 2% agarose gels and visualized on an
ultraviolet transilluminator.

Forward and reverse primers (Table S2) were used to
sequence individually the amplified PCR products (MCLAB,
USA). Divergent primers were designed using the CircInterac-
tome tool.22 RT-qPCR products were visualized on agarose gels
and select products were sequenced (MCLAB, USA). Endoge-
nous circRNAs associated with HuR were identified by RIP
analysis as described34 extracted using TRIzol, and identified
using microarrays (Arraystar).

Polysome analysis

Polysome profiling was performed as previously described.17

Briefly, 72 h after transfection with Ctrl siRNA, HuR siRNA,
pcDNA3 or pcDNA3_circ_0031288, HeLa cells were incubated
with cycloheximide (Calbiochem; 100 mg/ml, 15 min) and lysed
in PEB (polysome extraction buffer). After the lysate was sepa-
rated through 10% to 50% sucrose gradients, 12 fractions were
collected for further analysis. The distribution of GAPDH and
PABPN1 mRNAs was quantified by RT-qPCR analysis and
plotted as a percentage of the specific mRNA in each fraction
relative to the total amount of that mRNA in the gradient.

HuR RIP analysis and identification of HuR binding sites on
CircPABPN1

The association of HuR with endogenous circular RNAs in
HeLa cells was analyzed by RIP analysis (immunoprecipitation
(IP) of ribonucleoprotein (RNP) complexes), as described.34

Briefly, cytoplasmic lysates of HeLa cells were prepared in poly-
some extraction buffer (PEB; 20 mM Tris-HCl at pH 7.5,
100 mM KCl, 5 mM MgCl2 and 0.5% NP-40) containing prote-
ase and RNase inhibitors. The supernatants were incubated
with protein A sepharose beads coated with HuR antibody (sc-
5261, Santa Cruz Biotech.) or control IgG (Santa Cruz Biotech.)
antibodies for 2 h at 4�C. After three washes with ice-cold NT2
buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM
MgCl2, 0.05% NP-40), bound RNA was extracted from the
beads using TRIzol and subjected to circRNA microarray anal-
ysis (Arraystar).

The CircInteractome tool22 was used to find HuR target
circRNAs based on their sequence match with the HuR CLIP
tags from previous publications1,2,19 (Table S3). HuR PAR-
CLIP tags from mild MNase-treated samples19 were down-
loaded from GEO (GSM714639 and GSM714640) and UCSC
(hg19) browser tracks were created from the raw sequenced
tags (Fig. S1C).

Biotin pulldown assay

For antisense oligo pulldown of hsa_circ_0031288/circPABPN1,
HeLa cells were lysed in PEB buffer containing protease inhibi-
tors (Roche) and RNase inhibitor (Thermo Fisher). Lysates
were incubated with 100 pmol of biotinylated oligomer
TCGTTTTGGGATCACCTGTAGACGCGACCC complemen-
tary to the junction sequence of hsa_circ_0031288 in 1£ TENT

buffer (10 mM Tris-HCl at pH 8.0, 1 mM EDTA at pH 8.0,
250 mM NaCl, 0.5% [v/v] Triton X-100) and protease and
RNase inhibitors for 1 h at 25�C with rotation. Biotinylated
oligomer GCTGGTAGAGGGAGCAGATG was used in con-
trol pulldown reactions. Streptavidin-coupled Dynabeads
(50 ml; 11206D, Invitrogen) were added and incubated for
30 min at room temperature with rotation, and then complexes
were isolated after three washes with ice-cold 1X TENT buffer.
RNA was isolated using TRIzol, and HuR was detected in the
pulldown by Western blot analysis.17
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