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ABSTRACT

Astrocyte elevated gene-1 (AEG-1), an oncogene whose overexpression promotes tumor cell proliferation, angiogenesis, invasion,
and enhanced chemoresistance, is thought to function primarily as a scaffolding protein, regulating PI3K/Akt and Wnt/β-catenin
signaling pathways. Here we report that AEG-1 is an endoplasmic reticulum (ER) resident integral membrane RNA-binding protein
(RBP). Examination of the AEG-1 RNA interactome by HITS-CLIP and PAR-CLIP methodologies revealed a high enrichment for
endomembrane organelle-encoding transcripts, most prominently those encoding ER resident proteins, and within this cohort,
for integral membrane protein-encoding RNAs. Cluster mapping of the AEG-1/RNA interaction sites demonstrated a
normalized rank order interaction of coding sequence >5′′′′′ untranslated region, with 3′′′′′ untranslated region interactions
only weakly represented. Intriguingly, AEG-1/membrane protein mRNA interaction sites clustered downstream from encoded
transmembrane domains, suggestive of a role in membrane protein biogenesis. Secretory and cytosolic protein-encoding
mRNAs were also represented in the AEG-1 RNA interactome, with the latter category notably enriched in genes functioning
in mRNA localization, translational regulation, and RNA quality control. Bioinformatic analyses of RNA-binding motifs and
predicted secondary structure characteristics indicate that AEG-1 lacks established RNA-binding sites though shares the
property of high intrinsic disorder commonly seen in RBPs. These data implicate AEG-1 in the localization and regulation of
secretory and membrane protein-encoding mRNAs and provide a framework for understanding AEG-1 function in health and
disease.
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INTRODUCTION

RNA-binding proteins (RBPs) serve diverse and often pleio-
tropic roles in the post-transcriptional regulation of gene ex-
pression. In addition to prominent nuclear functions in
transcription, splicing and mRNA export, RBPs function in
the cytosol to regulate RNA localization, translation, and
stability (Keene 2007; Glisovic et al. 2008; Halbeisen et al.
2008). Although the primary biological principles of RBP
function in RNA localization, translation and turnover are
now established, little is known regarding the subcellular
distributions and potential compartment-specific functions
of RBPs.

Studies into the mechanism(s) of RNA localization to the
endoplasmic reticulum (ER), combined with recent land-

mark surveys of protein–mRNA interactomes, have provided
intriguing evidence for an RBP function in mRNA localiza-
tion to the ER (Chen et al. 2011; Baltz et al. 2012; Castello
et al. 2012, 2016a; Kwon et al. 2013; Jagannathan et al.
2014a; Reid and Nicchitta 2015). In regard to the former,
biochemical studies of mRNA–ER interactions, conducted
in the classical pancreas rough microsome model as well as
tissue culture cells, have demonstrated that organelle resident
protein-encoding mRNAs are bound to the ER via a direct,
i.e., ribosome-independent, mechanism (Chen et al. 2011;
Jagannathan et al. 2014a; Reid and Nicchitta 2015).
Secretory protein-encoding mRNAs, in contrast, are largely
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ER-associated via their translation on ER-bound ribosomes
and are efficiently released in high salt/EDTA buffers, a find-
ing consistent with current models of signal recognition par-
ticle (SRP) pathway-mediated RNA localization to the ER
(Blobel and Dobberstein 1975a,b; Shields 1979; Chen et al.
2011; Jagannathan et al. 2014a; Reid and Nicchitta 2015).
These findings point to a mRNA selective direct membrane
anchoring interaction, presumably mediated by integral
membrane RNA-binding protein(s), and which might func-
tion to efficiently constrain translation of the associated
mRNAs to the ER membrane.
The biochemical and RNA interactome studies noted

above identified an unexpected diversity of candidate ER
membrane RBPs. Although RBP functions for this cohort
of RBPs are largely unvalidated, one candidate, the ribosome
receptor protein p180 (RRBP1), was previously identified as a
general enhancer of poly(A) mRNA association with the ER
and specifically implicated in the ribosome-independent an-
choring of placental alkaline phosphatase- and calreticulin-
encoding mRNAs to the ER (Cui et al. 2012, 2013). A direct
proteomic polyribosome interactor screen identified numer-
ous candidate ER resident RNA-binding proteins, including
p180, components of the protein translocation machinery,
subunits of the N-linked oligosaccharyl transferase enzyme
complex, reticulons, as well as other ER resident membrane
proteins (Jagannathan et al. 2014a). Similarly, proteomic
screens for the mRNA interactomes of HeLa, HEK293, and
mouse embryonic stem cells (mESCs) identified a diversity
of candidate ER RNA-binding membrane proteins (Baltz
et al. 2012; Castello et al. 2012; Kwon et al. 2013), also includ-
ing components of the ER protein translocation machinery,
the N-linked oligosaccharyl transferase complex, and other
previously identified ER membrane proteins, as candidate
ER RNA-binding proteins. Given the previously established
biochemical functions for many of these resident ER proteins
in protein translocation and secretory/membrane protein
biogenesis, candidate functions for these proteins in RNA
binding to the ER membrane were not anticipated.
RNA-binding proteins (RBPs) typically possess canonical

RNA-binding domains, such as the RNA recognition motif
(RRM), the K homology domain (KH), the Pumilio homol-
ogy domain (PUM-HD), or the double-stranded RNA-bind-
ing domain (dsRBD), and frequently such RNA-binding
motifs are present as multidomain/tandem RNA interaction
sites (Lunde et al. 2007; Glisovic et al. 2008; Gerstberger et al.
2014). The candidate ER RNA-binding membrane proteins
noted above lack known RNA-binding domains and thus,
as proposed for other RBPs lacking canonical RNA-binding
motifs, alternative mechanisms of protein–RNA recognition
likely contribute to potential functions in mRNA localiza-
tion, anchoring, and/or translational regulation on the ER
(Castello et al. 2012, 2015; Beckmann et al. 2015). Little is
known regarding the mechanism(s) of RNA recognition by
any of this newly discovered class of noncanonical RNA-
binding proteins, though a recent proteomic analysis of

RNA–protein interaction sites, captured via UV crosslinking,
represents a substantial advance toward answering this fun-
damental question (Baltz et al. 2012; Castello et al. 2012,
2016a,b; Gerstberger et al. 2013; Kwon et al. 2013). Viewed
from the perspective of emerging evidence that many previ-
ously identified RNA-binding proteins are multifunctional, a
role for nonconventional modes of RNA localization and an-
choring to the ER membrane can now be reasonably consid-
ered (Mangus et al. 2003; Sawicka et al. 2008; Markus and
Morris 2009; Turner and Hodson 2012).
Here we report that AEG-1 (LYRIC, metadherin), an ER

resident integral membrane protein previously identified as
an oncoprotein (Emdad et al. 2009; Hu et al. 2009; Yoo et
al. 2011a) and identified in recent RNA interactome screens,
functions as a selective ER mRNA-binding protein (Chen
et al. 2011; Baltz et al. 2012; Castello et al. 2012, 2016a;
Kwon et al. 2013; Jagannathan et al. 2014a; Reid and
Nicchitta 2015). Genome-scale analysis of the AEG-1 RNA
interactome by HITS-CLIP (high-throughput sequencing
of RNA isolated by crosslinking immunoprecipitation) and
PAR-CLIP (photoactivatable ribonucleoside-enhanced
crosslinking and immunoprecipitation) revealed that the
AEG-1 RNA interactome is enriched in organelle protein-en-
coding transcripts. AEG-1-RNA interaction sites were en-
riched in coding regions, present to a lesser degree in the 5′

untranslated region (UTR), and largely absent from the 3′

UTR. In summary, these data identify AEG-1 as an ER resi-
dent RNA binding protein whose interactome is enriched
for organelle resident protein-encoding mRNAs, most nota-
bly those encoding membrane proteins. In addition to mem-
brane protein-encoding mRNAs, we also report that AEG-1
binds a subset of secretory protein- and cytosolic protein-en-
coding mRNAs, suggestive of a broad role for AEG-1 in the
coordinate regulation of translation on the ER. These data
provide a useful framework for examining how AEG-1 up-
regulation in the 8q22 genomic gain characteristic of aggres-
sive cancers contributes to enhanced proliferation, metasta-
sis, angiogenesis, and chemoresistance phenotypes.

RESULTS

Identification of high confidence candidate
endoplasmic reticulum (ER) RNA-binding proteins

Recent poly(A) RNA interactome screens have identified
numerous candidate ER integral membrane RNA-binding
proteins (RBPs) including, unexpectedly, components of
the protein translocation machinery (e.g., Sec61α, Sec61β,
Sec63), the N-linked protein glycosylation machinery (e.g.,
ribophorin I) and ER-associated microtubule-binding pro-
teins (e.g., CKAP4) (Baltz et al. 2012; Castello et al. 2012,
2016a; Kwon et al. 2013). At present, validation of RBP func-
tion for these candidate proteins is lacking, and the larger
question of RBP function in mRNA localization, translation
and/or stability on the ER has only recently come under
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investigation. Recent studies have implicated RBP(s) in
the membrane association of mRNAs, both with respect to
specific cohorts of mRNAs (Chen et al. 2011; Jagannathan
et al. 2014a), and more broadly in the localization and associ-
ation of poly(A) RNA to the ER (Cui et al. 2012, 2013).
Complementing the global poly(A)RNA interactome screens,
a recent proteomic interactor screen for ER poly(A) RNA-as-

sociated RBPs also revealed a diversity of candidate RBPs,
including proteins with previously established functions in
ER-associated processes, such as ribosome binding, protein
translocation, and/or secretory/membrane protein process-
ing (Fig. 1A; Jagannathan et al. 2014a).
The Venn diagram depicted in Figure 1B depicts the com-

mon ER RBP candidates identified in the ER poly(A) RNA

FIGURE 1. RNA interactome screens identify candidate endoplasmic reticulum RNA-binding proteins (RBPs). (A) Proteomic interactor screens
identify 170 poly(A) RNA-binding proteins (mRNPs) in canine pancreas rough microsomes and 21 candidate ER integral membrane mRNPs
(Jagannathan et al. 2014a). A tabulated listing of 14 of the 21 candidates is provided. (B) Venn diagrams of ER-associated integral membrane
mRNA-binding proteins identified in HeLa cells, HEK293 cells, and mouse embryonic stem cells (mESC) (Baltz et al. 2012; Castello et al. 2012;
Kwon et al. 2013). The candidate mRBPs identified in the canine rough microsome screen in A are underlined. (C) Schematic of experimental pro-
tocol for identifying candidate RNA-binding activity in living cells by UV cross-linking and immunoprecipitation (CLIP). A representative phosphor-
image depicting GFP-Sec61β and GFP-AEG-1 RNA complexes’ formation by UV cross-linking is depicted. The empty vector transfection condition is
included to depict background labeling.
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interactor screen of Jagannathan et al. (2014a), and three
poly(A) RNA interactomes, conducted in HeLa, HEK293,
or mouse embryonic stem cells (mESC), with AEG-1 and
CKAP4 as the two candidate ER membrane RBPs common
to the four studies (Baltz et al. 2012; Castello et al. 2012;
Kwon et al. 2013; Jagannathan et al. 2014a). AEG-1 was pre-
viously reported to function as a scaffolding protein, interact-
ing with PLZF, NF-κB, RXR, and the RNA-binding protein
SND1 (Sarkar et al. 2008; Thirkettle et al. 2009; Yoo et al.
2011b; Meng et al. 2013; Srivastava et al. 2014) and demon-
strated to associate with RBPs and ribosomal proteins in a
nuclease-sensitive manner (Meng et al.
2013), a finding consistent with a direct
or indirect mRNA binding function.
CKAP4 is a microtubule binding protein
functioning in the regulation of ER mor-
phology and has also been implicated in
the regulation of mRNA localization to
the ER (Cui et al. 2012; Sandoz and van
der Goot 2015). In this report, we focus
on AEG-1.
To distinguish between a direct vs.

indirect RNA-binding function for
AEG-1, CLIP (crosslinking followed by
immunoprecipitation) experiments were
performed in tissue cell cultures transfect-
ed with constructs encoding FLAG epi-
tope-tagged, cytosolic domains of AEG-1
or Sec61β, the latter of which was identi-
fied in three of the four RNA interactome
screens noted here (Fig. 1A,B). In these
experiments, tissue culture cells were
UV-irradiated to introduce covalent
protein-RNA cross-links, detergent-lysed,
and cross-linked complexes isolated un-
der stringent conditions. Following diges-
tion with RNase I, the RNA moiety was
radiolabeled with T4 polynucleotide ki-
nase/[γ-32P]ATP (Fig. 1C). Mock trans-
fection and (−) UV irradiation control
conditions were included, to assess
immunoprecipitation background and
direct protein radiolabeling via protein
kinase contaminants, respectively. As
shown, prominent radiolabeled products
were recovered in both the Sec61β and
AEG-1 anti-FLAG immunoprecipitates,
and in the transfected but notmock trans-
fected samples (Fig. 1C). For both candi-
date RBPs, PNK labeling was largely UV
irradiation-dependent, consistent with
an RNA-binding function. Note that
the extensive RNase digestion preceding
PNK labeling eliminates the heterogeneity
of RNA lengths in protein–RNA com-

plexes to yield uniform protein–RNA complex mobility in
SDS–PAGE (Konig et al. 2010). As previously reported,
AEG-1 displays a lower than predicted mobility, a conse-
quence of its highly basic pI (Lee et al. 2013).
To determine if AEG-1 binds actively translating (i.e., ri-

bosome-associated) mRNAs, cells were detergent-solubilized
and the polyribosome fraction assayed for associated AEG-1
(Fig. 2). In one set of experiments, we sought to distinguish
between mRNA-associated vs. ribosome-associated AEG-1.
To this end, detergent extracts were treated with ribonucle-
ase, subjected to ultracentrifugation, and AEG-1 levels in

FIGURE 2. AEG-1 associates with actively translating mRNAs. (A) Schematic of experimental
protocol for examining AEG-1 RNA-binding activity by ultracentrifugation analysis. Cell lysates
were ultracentrifuged subsequent to RNase or control digestion. The polysome fraction (ribo-
some pellet) was analyzed by immunoblot. (B) Immunoblot analysis of AEG-1, poly(A)-binding
protein (PABP), and ribosomal protein (RPL17) in the pellet fraction with/without RNase diges-
tion. (C) Schematic of experimental protocol for the analysis of mRNA-binding activity of AEG-1
by polyribosome profiling. (D) Immunoblot analysis of AEG-1 and ribosomal protein (RPL17) in
sucrose density gradient fractions. (E) Mobility of AEG-1 in sucrose density gradient velocity sed-
imentation in control (−EDTA) or after polyribosome disassembly (+EDTA). Immunoblot anal-
ysis of the lysosomal membrane protein NPC1 is illustrated as a membrane protein control.
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the ribosome pellet fractions determined by immunoblot
(Fig. 2A,B). As shown in Figure 2B, in control samples
lacking ribonuclease, AEG-1 was largely recovered in the
ribosome pellet, which we confirmed by immunoblot
analysis for RPL17 and poly(A)-binding protein (PABP).
Following ribonuclease digestion, only background levels
of AEG-1 and PABP were recovered in the ribosome pellet,
indicating that AEG-1 stably interacts with mRNAs, but
not ribosomes. To further examine this conclusion, sucrose
density gradient sedimentation analyses were performed
(Fig. 2C–E), and demonstrated that
AEG-1 is present in the polysome frac-
tion (Fig. 2D), with EDTA-elicited poly-
some resulting in a shift in AEG-1
migration to slower migrating fractions
(Fig. 2E). As a further control, we also
examined the distribution of NPC1, a
lysosomal membrane protein. As a lyso-
somal membrane protein, NPC1 would
not be expected to migrate with poly-
somes, which was confirmed by immu-
noblot analysis of the gradient fractions
in the control and EDTA-treatment con-
ditions (Fig. 2E). Combined, the data
in Figures 1 and 2 identify AEG-1 as a
poly(A) RNA-binding protein that can
bind actively translating mRNAs.

AEG-1 RNA-binding activity maps
to the central disordered region

Poly(A) RNA interactome screens have
identified over 1000 mRNA-binding
proteins (RBPs), of which approximately
300 are common to the mammalian
cell-derived data sets referenced above
(Baltz et al. 2012; Castello et al. 2012;
Kwon et al. 2013; Gerstberger et al.
2014). Approximately two-thirds of
the candidate RBPs contain established
RNA-binding motifs, e.g., RRM, DEAD,
KH, zinc finger domain, frequently in
self-tandem repeats or in combination
(Gerstberger et al. 2014). AEG-1, howev-
er, lacks established RNA-binding
domain motifs, and BLASTP searches
against the cytosolic domain of the
protein (aa70–582) did not reveal ho-
mologies with any proteins other than
AEG-1 species variants (data not shown).
To further validate a direct RNA-binding
function for AEG-1, we first performed
CLIP experiments on the native, endoge-
nous AEG-1. As shown in Figure 3A, and
similar to that depicted above for the

FLAG-tagged AEG-1 cytosolic domain (Fig. 1C), UV-depen-
dent RNA–protein crosslinks were readily identified with en-
dogenous AEG-1. Having confirmed an apparent RNA-
binding function for the native protein, we used HA-tagged
AEG-1 constructs to map RNA-binding sites, using a nested
deletion approach. AEG-1 is a Type I single transmembrane
protein with a positively charged cytosolic domain (Britt et al.
2004; Sutherland et al. 2004; Kang et al. 2005). We prepared
epitope-tagged C-terminal deletion mutants, guided by
the RNA-binding prediction algorithm BindN+, AEG-1

FIGURE 3. Mutagenic domain mapping of AEG-1–RNA interaction. (A) Endogenous AEG-1
can be crosslinked to RNA in living cells. Cells were UV-irradiated and processed as described
in the legend to Figure 1, using antibodies directed against native AEG-1. Depicted is a phosphor-
image of the radiolabeled anti-AEG-1 immunoprecipitates and paired immunoblots in control
(−UV) and experimental (+UV) conditions. (B) Schematic illustration of AEG-1 deletion mu-
tants. HA-tagged full length (FL) and four C-terminal deletion mutants are shown. (TM)
Transmembrane domain. (C) Immunoblot analysis of HA-tagged AEG-1 mutants, poly(A)-
binding protein (PABP), and ribosomal protein (RPL17) in pellet fractions derived from ultra-
centrifugation analyses with/without RNase digestion. (D) Phosphorimager images depicting ra-
diolabeled protein–RNA complex formation of AEG-1mutants +/−UV crosslinking (left panels).
Immunoblot analysis of HA-tagged AEG-1 truncation mutants +/− UV crosslinking, demon-
strating recovery of HA-tagged AEG-1 forms in both fractions. (E) Immunofluorescence micro-
graphs of full length (AEG-1) and truncation mutants illustrating ER localization of C-terminal
truncated forms. Scale bar, 25 µm.

Hsu et al.

692 RNA, Vol. 24, No. 5



RNA-peptide crosslink sites as reported in a recent global
proteomic screen for RNA interaction sites (Castello et al.
2016b), and algorithmic analyses of AEG-1 structural disor-
der (Fig. 4; Wang et al. 2010). Individual members of the
truncation series of epitope-tagged C-terminal deletion mu-
tants (Fig. 3B) were expressed by transient transfection, ER
localization confirmed by immunofluorescence imaging
(Fig. 3E), and RNA-binding activity assessed by the polysome
association/centrifugation assay described above (Figs. 2,
3D). We first confirmed that tagged, full-length AEG-1
bound to translating mRNAs and that its recovery in the
polysome pellet was abolished by RNase-treatment (Fig.
3C, FL). Deletion mutants containing the first 350 or 462
amino acids of AEG-1 (AEG-1 [aa1–350] and AEG-1 [aa1–
462]) retained RNA-binding activity and localized to the
ER. Depicted in Figure 3E are representative micrographs de-
picting the ER localization of HA-tagged full length AEG-1
and AEG-1 (aa1–350), where the individual channels are de-
picted in gray scale and the merged channels in color, where
white represents colocalization of AEG-1/AEG-1 (aa1–350)
and the ER marker TRAPα. Two AEG-1 deletion mutants
(AEG-1 [aa1–69] and AEG-1 [aa1–138]) were expressed
but did not associate with translating mRNAs (Fig. 3C). To
further substantiate the RNA-binding activity of the deletion
mutants, we performed companion CLIP analyses (Fig. 3D).
As shown, AEG-1 (aa1–350) and AEG-1 (aa1–462) formed
protein–RNA complexes upon UV irradiation, whereas
AEG-1 (aa1–138) lacked detectable RNA-binding activity.
Though lacking primary sequence and RNA-binding domain
homology with established RBPs, AEG-1 does share with
other RBPs the structural property of high intrinsic disorder
with these deletion mutant studies mapping the (a) AEG-1-
RNA-binding region to the central disordered region (Fig.
4; Varadi et al. 2015; Järvelin et al. 2016). A more precise
functional mapping of the AEG-1 RNA-binding domain(s)
is currently in progress.

AEG-1 CLIP-seq mapping reveals a high enrichment
in coding sequence interactions

Genome-wide CLIP-seq experimental approaches have been
recently applied to the study of RBP interactomes in living
cells (Ule et al. 2003; Hafner et al. 2010; Konig et al. 2010).
By these methods, bound RNA identities and single-
nucleotide resolution mapping of target RNA interaction se-
quences can be obtained (Ule et al. 2003; Hafner et al. 2010;
Konig et al. 2010). To identify the AEG-1 RNA interactome,
we used two variations of this technique, high-throughput
sequencing-CLIP (HITS-CLIP) and photoactivatable ribonu-
cleoside-enhanced-CLIP (PAR-CLIP) (Darnell 2010; Hafner
et al. 2010). The experimental approach is illustrated in
Figure 5A. Cells expressing HA epitope-tagged AEG-1, were
cultured in the absence (HITS-CLIP) or presence (PAR-
CLIP) of 4SU and UV-irradiated to cross-link AEG-1-RNA
complexes in vivo. The complexes were then partially

RNase-digested, purified by immunoprecipitation, covalently
associated RNA radiolabeled, resolved by gel electrophoresis,
and transferred to nitrocellulose membranes. A representa-
tive autoradiograph of a transferred membrane is depicted
in Figure 5B and shows prominent UV irradiation-depen-
dent radiolabeled complexes at 90–100 kDa. These complex-
es have a molecular weight 10–20 kDa larger than that of
AEG-1 protein (80 kDa), corresponding to AEG-1 protein
cross-linked to small RNA fragments (Huppertz et al.
2014). The RNA fragments were released from the nitrocel-
lulose membranes by proteinase K digestion, reverse tran-
scribed for cDNA library construction (Fig. 5C), and both
control (−UV irradiation) and experimental (+UV irradia-
tion) cDNA libraries deep sequenced. As previously reported,
proteinase K digestion leaves a small amino acid/peptide
residue at the cross-linked site, resulting in a diagnostic point
mutation during reverse transcription (Zhang and Darnell
2011; Sievers et al. 2012). One hundred to 120 million reads,
with approximately 4 (HITS-CLIP) to 16 (PAR-CLIP) mil-
lion reads uniquely mapped to the human transcriptome
were obtained. Overall, sequence read distributions were
highly enriched in mRNAs: 84%–93% mapped to mRNA,
3%–7% to snRNA, 3%–6% to snoRNA, 1%–2% to tRNA,
and 1% to miRNA (Fig. 5D).
Groups of overlapping reads were considered AEG-1-

binding clusters if they contained at least six unique reads
and at least one mismatch for HITS-CLIP or at least one
T-to-C conversion for PAR-CLIP. By these criteria, we ob-
tained 15,998 and 17,484 clusters of 35 and 36 nt median
length from the HITS-CLIP experiments and 99,064 clusters
of 55 nt median length from the PAR-CLIP experiments (Fig.
5E). Of these clusters, 3%–5%mapped to the 5′ untranslated
region (UTR), 68%–88% to the coding sequence (CDS), and
6%–29% to the 3′ UTR (Fig. 5F). Length-normalized cluster
distributions were also calculated and revealed a similar dis-
tribution, with a region rank order of CDS >5′ UTR >>3′

UTR (HITS-CLIP = 26%, 5′ UTR, 67%, CDS, 6%, 3′ UTR;
PAR-CLIP = 16%, 5′ UTR, 60%, CDS, 24%, 3′ UTR). The
prominent cluster read enrichment in the CDS reveals
an RNA-binding preference distinct from canonical UTR-
targeting RNA-binding proteins (Gebauer et al. 2012;
Szostak and Gebauer 2013).

The AEG-1 RNA interactome is enriched
in transmembrane protein-encoding mRNAs

The AEG-1-bound clusters distributed over the 1234 mRNAs
common to the two HITS-CLIP and single PAR-CLIP data
sets were defined as AEG-1 bound mRNAs (Fig. 6A). In ad-
dition to a high shared mRNA composition, the HITS-CLIP
replicates displayed a high cluster score reproducibility
(Pearson correlation coefficient = 0.947) (Fig. 6B). The cor-
relation between the HITS-CLIP and PAR-CLIP data sets
was less robust. The approximately fourfold higher cluster
depth in the PAR-CLIP data set however, compromises a
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FIGURE 4. AEG-1 primary amino acid sequence alignment, predicted RNA interaction sites, and candidate RNA interaction sites determined by
proteomic mapping. Sequence alignment of AEG-1 homologs. Amino acid sequences of AEG-1 of human (NP_848927), bovine
(NP_001039503), mouse (NP_080278), rat (NP_596889), and Xenopus tropicalis (NP_989164) were aligned by MegAlign Pro. A consensus sequence
is shown as the uppermost sequence. The human AEG-1 C-terminal deletionmutants depicted in Figure 3B are indicated. Also indicated are candidate
RNA-binding regions from the BindN(+) algorithm (blue bars), the location of a high-confidence RNA-binding region (peptide) identified in a pro-
teomic screen for RNA-binding domains in HeLa cells (red bar) (Castello et al. 2016a), and two lower confidence RNA-binding regions (yellow bar).
(TMD) Transmembrane domain.
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sound statistical comparison (Fig. 6A,B). This data set was
further analyzed for topology (integral membrane, secretory,
or cytosolic), predicted subcellular localization, and enriched
gene ontology (GO) terms (Huang et al. 2009a,b). Depicted
in Figure 6C are the summary subcellular localization data,
demonstrating that the majority (51%) of the clusters map
to organelle resident protein-encoding mRNAs, with the
remaining fraction to secretory (20%) and, intriguingly, cy-
tosolic protein-encoding mRNAs (29%). The most abundant
categories are proteins resident to the ER and the plasma

membrane, with lysosome, Golgi appara-
tus, mitochondrial, and nuclear envelope
mRNAs also represented, with ER
enrichment being the most significant
(P = 3.7 × 10−67) (Fig. 6C,D). In this
mRNA cohort, GO analysis also
demonstrated significant enrichments
for mRNAs encoding lysosomal proteins
(P = 4.8 × 10−17) (Fig. 6D). Intriguingly,
the AEG-1 mRNA interactome displayed
a very significant enrichment in trans-
membrane protein mRNAs (P = 3.5 ×
10−57) (Fig. 6D). This cluster enrichment
was evident in both the HITS-CLIP and
PAR-CLIP data sets and was distinct
from RNA-seq read distributions, indi-
cating that the TMD downstream cluster
enrichments were independent of library
bias or related artifacts. This enrichment
is further highlighted in comparisons
of the RNA read distributions in the
RNA-seq and the CLIP-seq data sets.
Whereas genes encoding transmembrane
proteins comprise approximately 26% of
the human protein-coding genes (Almén
et al. 2009; Fagerberg et al. 2010), only
a small fraction of the RNA-seq reads
map to transmembrane proteins mRNA
(8.9%), indicating that expression levels
of this gene superfamily are relatively
low. Yet, more than 50% of the cluster
values from the HITS-CLIP studies
mapped to transmembrane protein
mRNAs (data not shown).

Further examination of the endo-
membrane resident protein GO catego-
ries scoring as highly significant
identified numerous categories linked
to ER function, membrane biogenesis,
and ER proteostatic stress response
pathways (Fig. 6E). Also of interest, the
AEG-1 cluster data sets included signifi-
cant enrichments in cytosolic protein
gene subsets, specifically the SRP path-
way, nonsense-mediated decay (NMD),

translational initiation, and poly(A) RNA binding (Fig.
6E). With recent studies having demonstrated that
miRNA-mediated translational silencing occurs on the ER,
that NMD is functionally linked to ER stress regulation
and may occur on ER/nuclear envelope-associated ribo-
somes, and that ER-bound ribosomes participate in de
novo translation initiation, these data suggest functional
links between AEG-1 and ER-localized synthesis of cytosolic
proteins, and in particular those linking to mRNA export,
localization, quality control, and translation (Sakaki et al.

FIGURE 5. CLIP-based AEG-1 RNA interactome analysis. (A) Schematic of experimental pro-
tocols for the identification of AEG-1-binding sites by HITS-CLIP and PAR-CLIP. (B) A repre-
sentative autoradiogram of radiolabeled AEG-1-RNA complex formation obtained in the HITS-
CLIP protocol. The red rectangles indicate the regions (∼85–110 kD) used for proteinase K diges-
tion and RNA fragment purification. (C) A representative Bioanalyzer analysis for HITS-CLIP
libraries. The libraries were further purified by PAGE electrophoresis and gel extraction. (D)
Distributions of mapped RNA deep sequencing reads for the HITS-CLIP (HITS-CLIP-1 and
HITS-CLIP-2) and one PAR-CLIP studies. (E) Cluster length distributions for the CLIP studies.
(F) Non-normalized distributions of mapped clusters in the 5′ untranslated region (5′ UTR),
coding sequence (CDS), and 3′ untranslated region (3′ UTR).
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2012; Li et al. 2013; Popp and Maquat 2013; Stalder et al.
2013; Jagannathan et al. 2014a; Barman and Bhattacharyya
2015). These data corroborate recent reports that ER-bound
ribosomes contribute significantly to cytosolic protein syn-
thesis, and suggest a mechanism by which such noncanon-
ical localization and translation of cytosolic protein-
encoding RNAs could be mediated (Lerner et al. 2003;

Pyhtila et al. 2008; Reid and Nicchitta
2012, 2015; Jagannathan et al. 2014b).
We used RNA-immunoprecipitation

and qPCR (RIP-qPCR) as a complemen-
tary biochemical approach to validate
AEG-1-mRNA interactions identified in
the CLIP experiments. Here, HA-tagged
AEG-1 and its bound mRNAs were
immunoprecipitated from AEG-1-14
cells and the associated mRNAs interro-
gated by qPCR for mRNAs identified in
the CLIP-seq study (Fig. 7A,B). Mock-
transfected cells (PC-4) were used as
negative controls. The RIP-qPCR data re-
veal significant enrichments of the AEG-
1 bound mRNAs, MDR1, ATP1A1,
HSPA5, NPC1, NPC2, and NPC1L1,
confirming the specific association of
AEG-1 with mRNAs encoding integral
membrane and cytosolic proteins (Fig.
7B). Also illustrated are the cluster score
enrichments from the two HITS-CLIP
data sets, the single PAR-CLIP data set,
and the control data sets, where it is
evident that the overall rank order of en-
richment seen in the RIP-qPCR data is
evident in the cluster score enrichments.
It was not possible to compare the fold-
enrichment rank order for the two
approaches because the majority of the
genes assayed were absent from the
controls. In the one case (ATP1A1)
where CLIP clusters were identified in
the controls, the fold-enrichment is sim-
ilar to that seen by RIP-qPCR. These data
further strengthen the validity of the
primary finding in this study, that AEG-
1 is an integral ER RNA binding protein
whose interactome is enriched for trans-
membrane-encoding organelle resident
protein mRNAs.
The location (UTR vs. CDS) of RBP-

binding sites mirrors RBP function, be
it mRNA processing, transport, degrada-
tion and/or translation. Thus, translation
initiation factors bind to the 5′ UTR, reg-
ulating translation initiation and transla-
tion efficiency (Wilkie et al. 2003; Araujo

et al. 2012); splicing factors recognize the intron-exon junc-
tions (Glisovic et al. 2008; Gerstberger et al. 2014); and many
mRBPs bind sites in the 3′ UTR functioning as regulatory
signals for mRNA stability, transport, and degradation
(Dreyfuss et al. 2002; Glisovic et al. 2008; Gerstberger et al.
2014). To gain insight into the possible molecular conse-
quences of the AEG-1 mRNA interaction, we further

FIGURE 6. The AEG-1 RNA interactome is highly enriched in resident endomembrane protein-
and transmembrane domain-encoding transcripts. (A) Venn diagram depicting common and
unique mRNAs identified in the HITS-CLIP and PAR-CLIP studies. (B) Reproducibility of
AEG-1 bound mRNAs, comparing HITS-CLIP duplicate libraries and HITS-CLIP vs. PAR-
CLIP. (C) Subcellular locales of AEG-1 HITS-CLIP genes, depicting endomembrane organelle,
cytosolic and secreted protein-encoding genes on the left. The composition of the category “endo-
membrane” is depicted on the right, including plasma membrane, endoplasmic reticulum, lyso-
some, Golgi apparatus, mitochondrion, and nuclear envelope. (D) Gene ontology analysis of
AEG-1 associated mRNAs. The mRNAs were subjected to gene ontology analysis using DAVID
(Huang et al. 2009a,b). Endomembrane organelle distributions of proteins encoded in the
AEG-1 bound mRNAs are illustrated. (E) GO category enrichments of the AEG-1 RNA interac-
tome in the categories “endomembrane proteins” and “cytosolic proteins.”
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analyzed intratranscript distributions of AEG-1 clusters in
the integral membrane protein cohort, which is the most en-
riched in the data sets. Since AEG-1 cluster sites enrich in the
CDS of actively translated mRNAs (Fig. 5F), we speculated
that AEG-1 regulates translation initiation and/or termina-
tion by interacting with sequences flanking translation
start/stop sites. We examined AEG-1 clusters within 200 nt
flanking the start and stop codons; no significant over-repre-
sentations of cluster density at either position were, however,
observed (Fig. 8A–D). In contrast, we observed a significant
over-representation of AEG-1 clusters downstream from
encoded transmembrane domains, with total read densities
increasing near encoded transmembrane domains and peak-
ing from 100 to 250 codons downstream (Fig. 8E). This
cluster enrichment was evident in both the HITS-CLIP and
PAR-CLIP data sets and was distinct from RNA-seq read
distributions, indicating that the TMD downstream cluster
enrichments were independent of library bias or related arti-
facts. We also examined AEG-1 clusters proximal to the
transmembrane domains of Type I membrane proteins as
well as the transmembrane domains occurring subsequent
to the first encoded transmembrane domain and found
very similar read cluster distribution patterns, where AEG-
1 binds proximal to transmembrane domains regardless of
their processive order in the mRNA (Fig. 8E–G). Since
AEG-1 interactions are enriched in the CDS of translating
mRNAs, this transmembrane domain proximal association
pattern suggests that AEG-1 may regulate the translation of
transmembrane proteins, perhaps in a manner coupled
to membrane insertion of transmembrane domains and/or
topological assembly.

In summary, the data included here
demonstrate that AEG-1 functions in
the association of select cohorts of
mRNAs to the ER membrane. In the
case of integral membrane protein
mRNAs, the cluster enrichment down-
stream from encoded transmembrane
domains suggests that AEG-1 may
contribute to the dynamic regulation of
transmembrane domain insertion, inte-
gration, and/or topological orientation.
In the case of cytosolic protein-encoding
mRNAs, interactions with AEG-1 may
serve to localize translation to the ER
and/or nuclear envelope membrane.
More informed insights into AEG-1
function as an ER RNA anchoring pro-
tein await further study. In this regard,
it should be noted that AEG-1 knockout
mice are viable and thus AEG-1 is likely a
member of the family of ER RNA-bind-
ing proteins that contribute redundant
functionality to the localization and
translational regulation of mRNAs on

the ER (Fig. 1C; Lee et al. 2013; Robertson et al. 2015).

DISCUSSION

Here we report that AEG-1, an oncogene linked to the up-
regulated proliferation, metastasis, angiogenesis, and chemo-
resistance phenotypes of aggressive cancers, is an ER resident
RNA binding protein. In vivo genome-scale mapping of
AEG-1/RNA interaction sites by HITS-CLIP and PAR-CLIP
methods provided complementary experimental evidence
that the RNA interactome of AEG-1 is highly enriched for
organelle resident protein mRNAs, and in particular those
encoding transmembrane proteins. Intriguingly, AEG-1/
RNA-binding interactions are enriched in the coding se-
quence and although a clear consensusmotif was not evident,
a signature read cluster enrichment downstream from encod-
ed transmembrane domains was identified. Also of signifi-
cant interest, the AEG-1 interactome includes a cohort of
cytosolic protein-encoding mRNAs, suggesting that AEG-1
contributes broadly to ER-localized mRNA translation.
RNA-binding proteins (RBPs) comprise a substantial frac-

tion of the human proteome (approximately 7.5% of protein
coding genes), with current estimates numbering close to
1000 RBPs binding the mRNA transcriptome (Baltz et al.
2012; Castello et al. 2012, 2016a; Kwon et al. 2013) Generally
speaking, RBPs can be binned into two broad groups: canon-
ical RBPs, which contain established RNA-binding motifs
such as RRM, KH, dsRBD, and zinc finger, and whose bind-
ing sites are enriched in the untranslated regions (UTRs) of
mRNAs, and noncanonical RBPs, generally multifunctional
proteins which lack established RNA-binding motifs, and

FIGURE 7. Orthogonal validation and analysis of AEG-1 mRNA interactome. (A) Validation of
CLIP results by RNA immunoprecipitation and RT-qPCR (RIP-qPCR) on RNA isolated from
mock-transfected cells (PC-4) and HA-tagged AEG-1 transfected cells (AEG-1-14).
Immunoblots of RIP-qPCR for AEG-1 and ribophorin I (RPN1). (B) RIP-qPCR fold enrich-
ments for MDR1, ATP1A1, NPC1, NPC2, NPC1L1, HSPA5 mRNAs from AEG-1-14 over PC-
4 cells. GAPDH mRNA was used for normalization. (∗) P < 0.05, (∗∗) P < 0.01. Included also
are the cluster score enrichments for the indicated genes for the HITS-CLIP, PAR-CLIP, and con-
trol data sets, demonstrating generally similar rank order enrichments.
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whose binding enrichments remain largely unknown. The
latter category has recently gained considerable interest, in
large part because of the diversity of candidate RNA-binding
proteins revealed in recent large-scale RNA interactome stud-
ies (Baltz et al. 2012; Castello et al. 2012; Kwon et al. 2013).
Particularly surprising has been the identification of house-
keeping proteins, such as glycolytic enzymes, as RNA-bind-
ing proteins (Castello et al. 2012). The intriguing
ramification of this broadening view of RNA-binding protein
identity and functionality is the opportunity for higher order
spatial organization of RNA localization and translation, and
thus additional mechanisms for the coordinate regulation of

related genes (Keene 2007; Kishore et al. 2010; Gebauer et al.
2012).
In contrast to many canonical RBPs, which display bioin-

formatically discernible and experimentally defined target
recognition motifs, primarily UTR-enriched, AEG-1 binding
sites are almost wholly located in the CDS of its mRNA inter-
actome. This coding sequence enrichment likely precludes a
distinct nucleotide level AEG-1 interaction motif, as that
would also yield a primary amino acid sequence motif, which
is not evident. Consistent with this view, analyses of the com-
bined HITS-CLIP and PAR-CLIP cluster data sets did not
reveal a consensus motif (data not shown). In the absence

FIGURE 8. Normalized distributions of AEG-1 clusters in transmembrane protein mRNAs. Plots depicting cluster distributions flanking the start
codon (A,B) and stop codon (C,D) of mRNAs encoding cytosolic, transmembrane, or secretory proteins, in the HITS-CLIP (A,C) and PAR-CLIP
(C,D) experiments. (E,F) Plots depicting cluster distributions flanking encoded transmembrane domains (E), the transmembrane domains of
Type I membrane proteins (F), or relative to subsequent transmembrane domains (G), for the HITS-CLIP and PAR-CLIP data sets. Cluster enrich-
ment data are plotted as cluster density where 0 indicates the first nucleotide of start codons, stop codons, or transmembrane domain-encoding
regions.
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of discrete interaction sequences, we suggest that AEG-1
affects ER localization via low affinity (sequence diverse),
high avidity interactions within the CDS. Such an avidity-
based mechanism would be expected to yield stable mem-
brane association. We speculate that an abundance of low
affinity CDS-binding sites may help constrain the secondary
structural space of the target mRNAs, thereby favoring a
largely unstructured CDS that would serve as a more optimal
translation substrate. Though there is extensive evidence for
the broad utilization of low affinity, high avidity RNA–pro-
tein interactions (Williamson 2000; Leulliot and Varani
2001; Van Roey and Davey 2015; Varadi et al. 2015), the
selectivity and enrichment for organelle protein-encoding
mRNAs does imply the recognition of common features
of this cohort of mRNAs, which we have yet to identify.
Compounding this challenge, RBPs are noteworthy for their
abundance of intrinsically disordered domains, as well as a
diversity of potential induced fit interactions with RNA sub-
strates (Williamson 2000; Leulliot and Varani 2001; Varadi
et al. 2015; Järvelin et al. 2016). AEG-1 is marked by an exten-
sive abundance of intrinsically disordered domains. Primary
sequence analysis of intrinsically disordered domains in AEG-
1, using the DISOPRED algorithm (Ward et al. 2004a,b), in-
dicates that almost the entirety of the cytoplasmic domain of
AEG-1 is of low complexity/highly disordered. The challenge
ahead is to identify mechanistic and structural links between
the intrinsically disordered AEG-1 cytoplasmic domain and
its selective association with organelle resident membrane
protein-encoding mRNAs. Deletion analyses (Fig. 4) high-
light the region aa138–aa350, which includes a prominent re-
gion of low complexity/high disorder andwhich displays RNA
binding activity in the cell, as a focus area for future study.
AEG-1 is highly conserved in vertebrates (Fig. 4; Lee et al.

2013), and so we hypothesized that the protein region(s)
functioning in RNA binding would also be highly conserved.
As illustrated in Figure 4, the region aa139 to aa350 is highly
positively charged (27 Lys, 9 Arg residues) and the basic ami-
no acid residues are both highly conserved and clustered in
the region aa157 to aa209. Intriguingly, the primary sequence
in this region is highly conserved from Xenopus to human
(75.5% identity in 53 residues) although the overall sequence
homology between Xenopus and human AEG-1 is signifi-
cantly lower (46.3% identity in 587 residues). Also of high
interest, a high-confidence RNA interaction site was identi-
fied in the region aa188–198, in a recent RNA interactome/
binding site proteomic screen (Castello et al. 2016b). Such
regionally high sequence conservation is consistent with an
important cellular function for the central domain of the
protein, which we propose to be RNA binding. These find-
ings are also consistent with proposals regarding the role
of disordered domains in RNA binding, in particular the
view that such interactions may enable multiple binding
interactions without the need for the constraints imposed
by discrete, defined sequence motifs, both in coding and
structural terms (Järvelin et al. 2016).

An important clue to a specificity in AEG-1/RNA interac-
tions was revealed in the HITS-CLIP and PAR-CLIP data
sets, where a signature high read cluster enrichment was
identified in the region surrounding and downstream from
encoded transmembrane domains (Fig. 8). Such enhanced
interactions may be functionally linked to protein biogenesis,
perhaps by enabling translational stalling, and thereby con-
tributing to the coupling of protein synthesis and folding.
We note that studies of transmembrane domain integration
have demonstrated that both the primary and secondary
structural characteristics of transmembrane domains within
the ribosomal exit tunnel can serve as a signal regulating
the assembly/insertion of upstream transmembrane domains
in the translocon (Do et al. 1996; Daniel et al. 2008). The
findings reported heremay represent an additional molecular
component of this ordered protein synthesis, signaling and
translocation process (Cross and High 2009; Skach 2009;
Shao and Hegde 2011; Mandon et al. 2013). Alternatively,
such cluster read enrichments may be a consequence of the
binding interactions between SRP and the nascent trans-
membrane domains, though how such long range interac-
tions might influence AEG-1/mRNA interactions remains
to be determined.
A particularly intriguing element of the data sets presented

here is the identification of cytosolic protein-encoding
mRNAs in the AEG-1 RNA interactome. GO analysis of
this mRNA cohort revealed significant enrichments for genes
functioning in translation, translational regulation, and RNA
localization to the ER (Fig. 6C,E). These data corroborate
prior studies reporting the localization and translation of
cytoplasmic protein mRNAs on ER-bound ribosomes and
provide further evidence for the emerging view that ER-local-
ized translation contributes broadly to cellular proteome
expression (Lerner et al. 2003; Pyhtila et al. 2008; Reid
and Nicchitta 2012, 2015; Jagannathan et al. 2014b). These
data, and specifically the GO analysis findings, link to recent
studies demonstrating de novo translation initiation on the
ER (Jagannathan et al. 2014b), as well as reports demonstrat-
ing that translational regulatory processes presumed to occur
in the cytosol compartment are, at least in part, ER-localized
(Sakaki et al. 2012; Li et al. 2013; Stalder et al. 2013; Barman
and Bhattacharyya 2015). The functional significance of such
noncanonical mRNA localization warrants further study,
because such data reopen investigations into the mechanisms
governing mRNA partitioning between the cytosol and the
ER, and the contributions of ER-localized translation to
post-transcriptional gene regulation.
In summary, we report that AEG-1, a resident ER

membrane protein with a positively charged and largely dis-
ordered cytoplasmic domain, is an RNA-binding protein
functioning in the selective localization and anchoring of
mRNAs to the ER. This selective RNA binding/anchoring
functionality expands the mechanisms used by eukaryotic
cells to selectively localize translation to the ER and by virtue
of the direct binding mechanism, serves to “imprint” the ER
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membrane with the information necessary for the synthesis
of resident organelle proteins. From existing global RNA
interactome studies, as well as prior reports, we speculate
that AEG-1 is one of many ER membrane proteins that con-
tribute to the ER-mRNA transcriptome and its composite
regulation (Chen et al. 2011; Cui et al. 2012; Jagannathan
et al. 2014a; Reid and Nicchitta 2015). Defining how these
composite mRNA localization processes regulate proteome
expression and secretory pathway functionality represents
an intriguing new direction of research into the primary or-
ganizational principles governing eukaryotic cell structure
and function.

MATERIALS AND METHODS

Cell lines and antibodies

AEG-1-14 and PC-4 cells were cultured as previously described
(Yoo et al. 2009). AEG-1-14 cells are HepG3 cells stably transfected
with a C-terminal HA-tag AEG-1 [pcDNA3.1/Hygro(+)] and
express tagged AEG-1 at levels approximately 2.5-fold higher then
parental lines (PC-4 cells). PC-4 cells are HepG3 cells stably trans-
fected with empty vector pcDNA3.1/Hygro(+). Primary antibodies
used were anti-AEG-1 (1:5000; chicken polyclonal) (Kang et al.
2005), anti-PABP (1:2000; rabbit polyclonal; kind gift of Dr. Jack
Keene, DUMC), anti-α-tubulin (1:500; mouse monoclonal
12G10; obtained from the Developmental Studies Hybridoma
Bank, created by the NICHD of the NIH and maintained at The
University of Iowa, Department of Biology, Iowa City, IA), anti-
HA (1:10,000; mouse monoclonal; Thermo Fisher Scientific;
26183); FLAG (1:1000; rabbit polyclonal, AbboMax).

UV cross-linking and immunoprecipitation (CLIP)

AEG-1-14 cells were irradiated with 254 nm UV light at 400 mJ/cm2

(Stratagene Stratalinker) on ice, lysed with CLIP lysis buffer (50 mM
Tris-HCl, pH 7.2, 100 mM NaCl, 1 mM EDTA, pH 8, 1% IGEPAL
CA-630, 0.5% sodium deoxycholate, 0.1% SDS), nuclease-digested
(Turbo DNase and RNase I; Thermo Fisher Scientific), and immu-
noprecipitated with anti-HA antibody and G protein Dynabeads at
4°C overnight. The beads were washed with high-salt buffer (50 mM
Tris-HCl, pH 7.2, 1 M NaCl, 1 mM EDTA, pH 8, 1% IGEPAL
CA-630, 0.5% sodium deoxycholate, 0.1% SDS), polynucleotide ki-
nase (PNK) buffer (20 mM Tris-HCl, pH 7.2, 10 mMMgCl2, 0.2%
Tween-20), and subsequently incubated with 0.5 U/µL of polynucle-
otide kinase (New England Biolabs) and 0.5 µCi/µL [γ-32P]ATP, in
PNK buffer, to radiolabel RNA. The samples were eluted with HA
peptide and analyzed by SDS–PAGE and phosphorimaging.

Sucrose cushion and density gradient polyribosome
profiling

Cells grown to 80%–90% confluence were treated with 50 µg/mL cy-
cloheximide (CHX) at 37°C for 10 min, washed with ice-cold DPBS,
incubated with 50 µg/mL CHX/DPBS at 4°C for 20 min, and lysed
by adding sucrose cushion lysis buffer (200 mM KCl, 25 mM

KHEPES, pH 7.2, 50 mM EDTA, 1 mM DTT, 2% n-dodecyl-β-D-

maltoside [DDM], and protease inhibitor cocktail) on ice for
15 min. The lysates were centrifuged at 14,000 rpm for 15 min to
remove cell debris. The supernatants were incubated with either
RNaseOUT or RNase Cocktail (4 U/mL of RNase A and 80 U/mL
of RNase T1; Thermo Fisher Scientific) on ice for 30 min. The
samples were loaded onto a sucrose cushion (500 mM sucrose,
200 mM KCl, 25 mM KHEPES, pH 7.2, 2 mM EDTA, 1 mM
DTT). Ribosomes were collected by centrifugation at 90,000 rpm
at 4°C for 15 min (TLA 100.2). Ribosome pellets were resuspended
in SDS sample buffer and analyzed by SDS–PAGE and immunoblot
analysis. For polysome profiling, cells were treated with CHX as
above, washed in ice-cold DPBS, and lysed by addition of polysome
lysis buffer (200 mM KCl, 25 mM KHEPES, pH 7.2, 10 mMMgCl2,
1 mMDTT, 2% DDM, RNaseOUT, and protease inhibitor cocktail)
on ice for 15 min. Cell lysates were centrifuged at 14,000 rpm for
15 min to remove cell debris. Polyribosomes were resolved on
15%–50% sucrose gradients and fractionated as described previous-
ly (Stephens and Nicchitta 2007, 2008). The fractions were TCA pre-
cipitated, resuspended in SDS sample buffer, and analyzed by SDS–
PAGE and immunoblotting.

Immunofluorescence microscopy

AEG-1-14 and PC-4 cell monolayers were fixed in 10% formalin for
10 minutes at room temperature. After permeabilization in 0.1%
Triton X-100/PBS and blocking with 1% bovine serum albumin
in PBS, the cells were incubated in a primary antibody solution
for 1 h, extensively washed and subsequently incubated in secondary
antibody solution for 45 min. Cell monolayers were again washed
and the nuclei stained using DAPI. Coverslips were then mounted
and imaged on a Deltavision Elite deconvolution microscope, using
the 60×/1.42 oil PLAPON60XO WD 150 micron DIC ∞/0.17/
FN26.5, UIS2, BFP1 objective. Light micrographs were uniformly
size and contrast adjusted in Adobe Photoshop CS6.

CLIP-seq protocols

Cells were grown overnight with (PAR-CLIP), or without (HITS-
CLIP), 100 µM 4-thiouridine. AEG-1-14 and PC-4 cells were UV
cross-linked, nuclease-digested, and immunoprecipitated as de-
scribed above. For RNA dephosphorylaton, samples were incubated
with 0.5 U/µL of calf intestinal alkaline phosphatase (New England
Biolabs) in dephosphorylation buffer (50 mM Tris-HCl, pH 8, 100
mM NaCl, 10 mM MgCl2, 1 mM DTT) at 37°C for 25 min. For
5′-end radioisotope-labeling, the samples were incubated with
0.5 U/µL of polynucleotide kinase (New England Biolabs) and
0.5 µCi/µL [γ-32P]ATP in PNK buffer supplemented with 1 mM
DTT. Protein-RNA complexes were eluted by 2× sample buffer
at 95°C for 5 min, separated by SDS–PAGE, transferred to nitrocel-
lulose membranes, and analyzed by phosphorimaging. RNA
fragments were extracted from the nitrocellulose membranes by
proteinase K digestion and purified by phenol/chloroform extrac-
tion. cDNA library construction was performed according to the
manufacturer’s instructions (New England Biolabs; E7330). cDNA
libraries were analyzed by the Bioanalyzer DNA 1000 Kit (Agilent
Technologies), Sanger sequencing, and Illumina HiSeq for 50-
nucleotide single-end read runs.
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Data analysis

Read mapping

A transcriptome was generated using RNA-seq data from HepG2
cells from the ENCODE project (GEO GSM958740). Tophat
and Cufflinks were used to establish transcript abundance, and
the most abundant isoform from each gene was selected for
further analysis. PAR-CLIP and HITS-CLIP reads were trimmed
using Cutadapt, then mapped to the reference transcriptome using
Bowtie, allowing for one mismatch and one assigned location
per read.

Cluster identification

Clusters were defined as an overlapping set of reads that contained at
least one mismatch (T→C for PAR-CLIP, any mutation for HITS-
CLIP) and contained at least six unique read starts or stops. A score
for each cluster was also defined that favored clusters that had
many unique reads and many mutations. The score was defined as
log2[1000

∗(1–D)∗M/R], where M is the number of mutations in
the cluster and R is the abundance of the RNA from RNA-seq. D
represents the breadth of read distribution, defined as (1/N)N, where
N is the number of unique read starts or stops in the cluster. Clusters
with scores of less than 0 were discarded.

Cluster analysis

For cluster positional analysis, total cluster score was summed rela-
tive to each landmark. For coding sequence starts and stops, cluster
scores were summed relative to the Refseq annotations. For TM
domain analysis, the cluster scores were summed relative to the first
nucleotide of the first codon of a predicted point TM domain.
TM domains and signal sequences were identified algorithmical-

ly, using TMHMM and SignalP, respectively (Krogh et al. 2001). For
analysis of the distribution of RNAs and clusters between different
cohorts of mRNAs, cytosolic mRNAs were defined as lacking both
TM domains and signal sequences, secretory mRNAs encoded a
signal sequence but lacked a TM domain, and TM protein
mRNAs encoded a TM domain with or without a signal sequence.
Gene Ontology analyses were performed with the DAVID tools
(Huang et al. 2009a,b).

RNA immunoprecipitation (RIP) and quantitative PCR

RIP was performed as described with minor modifications (Keene
et al. 2006). PC-4 and AEG-1-14 cells were washed and harvested
in ice-cold PBS and lysed in RIP lysis buffer (100 mM KCl,
10 mM KHEPES, pH 7.2, 5 mM MgCl2, 1 mM DTT, 400 µM
VRC, 1 mM PMSF, 10 mM NaF, 2 mM sodium orthovanadate,
2 mM β-glycerophosphate, 0.5% IGEPAL CA-630, RNaseOUT,
and protease inhibitor cocktail). The lysates were incubated on ice
for 10 min and centrifuged at 14,000 rpm for 15 min to clear cell
debris. The supernatants were supplemented with NT2 buffer
(150 mM NaCl, 1 mM MgCl2, 50 mM Tris-HCl, pH 7.4, 0.05%
IGEPAL CA-630), EDTA to 15 mM, DTT to 1 mM, RNaseOUT
and VRC, and then immunoprecipitated with anti-HA antibody
prebound Dynabeads Protein G beads (Thermo Fisher Scientific)
at 4°C overnight. The samples were washed five times with NT2
buffer supplemented with 15 mM EDTA. RNA was eluted with

TRIsure (Bioline) according to the manufacturer’s instructions.
The isolated RNA from RIP was analyzed by quantitative PCR.
The results were shown as the relative fold enrichment of AEG-1-
14 cell line over the PC-4 control signal.

DATA DEPOSITION

The sequencing data discussed in this publication have been depos-
ited in NCBI’s Gene Expression Omnibus (Hsu et al. 2018) and
are accessible through GEO Series accession number GSE110260
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE110260).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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