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Abstract 

mRNA localization is emerging as a critical cellular mechanism for the 

spatiotemporal regulation of protein expression and serves important roles in oogenesis, 

embryogenesis, cell fate specification, and synapse formation. Of the many cellular 

examples of mRNA localization, mRNA localization to the endoplasmic reticulum (ER) 

operates on the largest scale, and mediates that localization of the ca. 40% of the genome 

that encodes secretory or membrane proteins. For this cohort of mRNAs, localization 

requires translation and utilizes a signal in the protein, termed the signal sequence, to 

direct localization. Signal sequence-encoding mRNAs are localized to the endoplasmic 

reticulum (ER) membrane by either of two mechanisms, a canonical mechanism of 

translation on ER-bound ribosomes (referred to as the signal recognition particle (SRP) 

pathway), or a poorly understood direct ER anchoring mechanism. In this study, I 

identify a family of ER integral membrane proteins that function as RNA-binding 

proteins and play important roles in the direct anchoring of mRNAs to the ER. 

Specifically, I report that one of the ER integral membrane RNA-binding proteins, AEG-

1 (astrocyte elevated gene-1), functions in the direct ER anchoring and translational 

regulation of mRNAs encoding integral membrane proteins. To identify theAEG1 

mRNA interactome, I performed HITS-CLIP (high-throughput sequencing of RNA 

isolated by crosslinking immunoprecipitation) and PAR-CLIP (photoactivatable 
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ribonucleoside-enhanced crosslinking and immunoprecipitation analyses of the AEG-1 

mRNA interactome of human hepatocellular carcinoma cells, which revealed the high 

enrichment for mRNAs encoding endomembrane organelle proteins, most notably 

encoding transmembrane proteins. AEG-1 binding sites were highly enriched in the 

coding sequence and displayed a signature cluster enrichment downstream of encoded 

transmembrane domains. In overexpression and knockdown models, AEG-1 expression 

levels strongly correlated with translational efficiency and protein functions of two 

representative members of its bound transcripts, MDR1 (multidrug resistance protein 1) 

and NPC1 (Niemann-Pick disease, type C1). This research has revealed a molecular 

mechanism for the selective localization of mRNAs to the ER and identifies a novel post-

transcriptional gene regulation function for AEG-1 in membrane protein expression. 
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1. Introduction  

1.1 Intracellular RNA localization  

1.1.1 RNA localization in eukaryotic cells 

RNA localization is a common cellular strategy for restricting mRNA 

distribution and protein synthesis to defined subcellular domains and serves established 

roles in biological processes as diverse as oogenesis, embryogenesis, cell fate 

specification, cell movements, and synapse formation in the central nervous system 

(Martin and Ephrussi, 2009; Palacios and Johnston, 2001). The field owes its beginnings 

to the early observations from the Brodeur lab, demonstrating that β-actin mRNA was 

localized to the vegetal pole during early Ascidian development (Jeffery et al., 1983). 

Later studies revealed important roles for the localization of maternal mRNA in 

embryonic patterning in Xenopus and Drosophila oocytes (Berleth et al., 1988; Frigerio et 

al., 1986; Rebagliati et al., 1985). Subsequent studies shed light on RNA localization in 

somatic cells, notably as a mechanism to spatially restrict the production of cytoskeleton 

proteins in fibroblasts (Lawrence and Singer, 1986) and neurons (Garner et al., 1988). 

Although early studies had only observed RNA localization for specific transcripts, 

recent genome-wide approaches have revealed that a substantial fraction of mRNAs is 

spatially localized in a variety of cell types, including the Drosophila embryos (Lecuyer et 

al., 2009), protruding pseudopodia of mouse fibroblasts (Mili et al., 2008), dendrites 
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(Moccia et al., 2003),  axons (Andreassi et al., 2010), as well as in fungi (Heym and 

Niessing, 2012; Zarnack and Feldbrugge, 2010), plants (Crofts et al., 2005), and 

prokaryotes (Keiler, 2011). These studies suggest that mRNA localization is a prevalent 

biological mechanism operating on a transcriptome scale in a diverse variety of cells. 

 

1.1.2 Molecular mechanisms for subcellular RNA localization 

Several potential RNA localization mechanisms have been identified, and 

include active RNA transport on cytoskeleton systems, generalized RNA degradation 

with localized protection, as well as diffusion and entrapment (Figure 1). Active RNA 

transport is a prevalent RNA localization mechanism, seen in a wide variety of 

experimental models including Xenopus oocytes, Drosophila oocytes and embryos, 

fibroblasts and neurons (Gagnon and Mowry, 2011), which operates via 

cytoskeleton/motor protein-based active transport of translationally-repressed, cis-

localization element-encoding mRNAs (Figure 1C) (Martin and Ephrussi, 2009; Medioni 

et al., 2012). In general, cis-localization element-encoding mRNAs are recognized by 

specific RNA-binding proteins (trans-acting factors), to subsequently form 

ribonucleoprotein  (RNP) complexes with molecular motor proteins. These complexes 

then undergo active transport along the actin cytoskeleton or microtubule network, and 

are eventually anchored at their final subcellular destinations. To achieve a spatially 
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restricted protein synthesis, mRNA translation is typically inactive during mRNA 

transport and resumed when arriving final cellular destinations (Lecuyer et al., 2007).  

Trans-acting factors play important roles in target mRNA recognition, RNP 

assembly, and translation repression. In the molecular mechanism of active transport, 

the initial step is the recognition of cis-encoded localization elements by trans-acting 

factors. In general, cis-localization elements are usually located in the 3’ untranslated 

region (3’UTR) though sometimes found in the coding sequence (CDS) (Chartrand et al., 

1999; Gonzalez et al., 1999). Multiple RNA-binding proteins have been identified as 

trans-acting RNA localization factors in a variety of cells. Zipcode binding protein 

(ZBP1), for example, binds to the cis-encoding element (zipcode) in the 3’ UTR of β-actin 

mRNA and facilitates active transport via microtubule systems (Zhang et al., 2001) . A 

series of trans-acting factors were identified in Xenopus, including Vg1RBP and VgRBPs 

(p33, p36, p40, p60, p69, and p78) (Mowry and Cote, 1999; Yaniv and Yisraeli, 2001). 

These trans-acting factors recognize the cis-localization elements in the 3’ UTR of Vg1 

mRNA (VgLE) and contribute to Vg1 mRNA localization to the vegetal pole of Xenopus 

oocyte (Mowry and Cote, 1999; Yaniv and Yisraeli, 2001).  

RNA asymmetry can also be achieved via a RNA degradation/protection 

mechanism (Figure 1A). By this mechanism, target RNAs are initially randomly 

distributed and subsequently undergo generalized degradation, with the key exception 
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of target RNAs enriched at the appropriate subcellular destinations by a mechanism of 

RNA protection (Figure 1A). The RNA degradation/protection mechanism has been 

demonstrated in Xenopus and Drosophila oocytes, which share highly conserved RNA 

degradation machinery (Bashirullah et al., 1999). However, the detailed molecular 

mechanism of RNA protection from RNA degradation still remains to be discovered.  

mRNA localization by random diffusion and entrapment has been observed in 

Drosophila and Xenopus oocytes, where mRNAs are diffused and entrapped in specific 

compartments (Figure 1B). At late oocyte stages in Drosophila, nanos mRNA is randomly 

distributed through cytoplasmic bulk flow mechanisms, and subsequently immobilized 

at the posterior end, which constrains Nanos protein synthesis to this region of the 

embryo (Forrest and Gavis, 2003). Interestingly, in addition to its role as a cytoskeletal 

component functioning in active RNA transport, actin was found to play an important 

role in the posterior trapping of nanos mRNA (Forrest and Gavis, 2003). Moreover, 

further studies of mRNA localization in the late stage of Drosophila oogenesis suggest 

that many Drosophila mRNAs utilize similar diffusion and entrapment mechanisms 

(Nakamura et al., 1996). Similar mechanisms were observed in early Xenopus oogenesis 

as well, where Xcat2 and Xdazl mRNAs are retained at a densely packed endoplasmic 

reticulum (ER) concentrated in the mitochondrial cloud (Chang et al., 2004). In these 
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cases, local traps (e.g. actin) play important roles in spatial restriction of mRNA 

distribution and, eventually, in the localization of protein synthesis.    

 

 

Figure 1: Mechanisms of subcellular mRNA localization.  

Three mechanisms of subcellular mRNA localization have been characterized in 

eukaryotic cells, RNA degradation/protection mechanism (A), random diffusion and 
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entrapment (B), and active transport along cytoskeleton. Adapted from Development 

(Medioni et al., 2012). 

 

1.2 RNA localization to the ER 

1.2.1 Signal recognition particle pathway 

In addition to the prominently studied RNA localization phenomena, which are 

restricted to specific cell types and/or developmental stages, all eukaryotic cells localize 

topogenic signal-encoding mRNAs to the endoplasmic reticulum (ER), the site of 

secretory and integral membrane protein synthesis (Blobel, 2000a; Palade, 1975; Walter 

and Johnson, 1994a). RNA localization to the ER operates on a remarkably large scale — 

ca. 30% of the human transcriptome is ER localized in HEK293 cells (Reid and Nicchitta, 

2012). In current views, secretory- and integral membrane protein-encoding mRNAs are 

localized to the ER via a co-translational mechanism, where topogenic signals in the 

nascent polypeptide are bound by the signal recognition particle (SRP) and the 

mRNA/ribosome/nascent chain complex is subsequently localized to the ER via 

sequential interactions with the SRP receptor complex and the protein conducting 

channel/translocon complex on the ER membrane (Blobel, 2000b; Cross et al., 2009; 

Rapoport, 2007; Walter and Johnson, 1994b). As a translation- and nascent polypeptide-

dependent RNA localization mechanism, the SRP pathway is distinct from other, 

established models of RNA localization as noted above, where cis-encoded localization 
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signals direct translationally-repressed mRNAs to their appropriate subcellular 

destinations (Blobel, 2000b; Martin and Ephrussi, 2009; Taliaferro et al., 2014; Walter and 

Johnson, 1994b). In contrast, RNA localization to the ER utilizes a co-translational 

mechanism, the SRP pathway, does not require cytoskeletal/motor protein-based active 

transport, and uses localization information encoded in the nascent protein rather than 

the mRNA (Blobel, 2000b; Rapoport et al., 1996; Walter and Johnson, 1994b; Walter and 

Lingappa, 1986; Zimmermann et al., 2011). Additionally, in SRP pathway, RNA 

localization to the ER is an indirect mRNA-ER interaction and a consequence of 

translation on ER-bound ribosomes (Becker et al., 2009; Pfeffer et al., 2015; Voorhees et 

al., 2014). 

 

1.2.2 Ribosome-independent RNA localization  

Recent investigations into the mechanisms of mRNA localization to the ER have 

identified a prominent exception to SRP pathway, where mRNAs encoding resident 

endomembrane organelle proteins (e.g., ER, Golgi, lysosomal proteins) display direct, 

ribosome-independent anchoring to the ER (Chen et al., 2011; Jagannathan et al., 2014; 

Reid and Nicchitta, 2015). In these studies, biochemical disruption of ribosome-ER 

membrane interactions resulted in the selective release of mRNAs encoding secretory 

proteins from the ER; mRNAs encoding endomembrane resident protein, in contrast, 
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retained their ER association in the absence of ribosomes (Chen et al., 2011; Jagannathan 

et al., 2014; Reid and Nicchitta, 2015). Subsequent studies into the mechanism(s) of 

ribosome-independent mRNA anchoring to the ER have revealed a diversity of 

candidate RNA interacting proteins on the ER. In one study, the ribosome receptor 

protein p180 (RRBP1) was identified as a general enhancer of poly(A) mRNA association 

with the ER, and specifically implicated in the ribosome-independent anchoring of 

mRNAs encoding placental alkaline phosphatase and calreticulin (Cui et al., 2012; Cui et 

al., 2013). An unbiased proteomic screen for the ER mRNA interactome identified 

numerous candidate ER resident mRNA-binding proteins, including components of the 

protein translocation machinery, p180, subunits of the N-linked oligosaccharyl 

transferase enzyme complex, reticulons, and other ER resident membrane proteins 

(Jagannathan et al., 2014). Concurrent proteomic screens for the mRNA interactomes of 

HeLa cells, HEK293 cells, and mouse embryonic stem cells (mESCs) revealed an 

unexpected diversity of candidate ER RNA-binding membrane proteins (Baltz et al., 

2012; Castello et al., 2012; Kwon et al., 2013), and also identified components of the ER 

protein translocation machinery, N-linked oligosaccharyl transferase complex, and other 

previously identified ER membrane proteins, as candidate ER RNA-binding proteins. 

Given the previously established diverse biochemical functions for many of these ER 

membrane proteins, putative function in poly(A) mRNA binding was unanticipated.   
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1.3 Non-canonical RNA-binding proteins on the ER membrane 

RNA-binding proteins (RBPs) typically possess canonical RNA-binding domains, 

such as the RNA recognition motif (RRM), the K homology domain (KH), the Pumilio 

homology domain (PUM-HD) or the double stranded RNA-binding domain (dsRBD), 

and frequently such RNA-binding motifs are present as multi-domain/tandem RNA 

interaction sites (Gerstberger et al., 2014; Glisovic et al., 2008; Lunde et al., 2007). The 

candidate ER RNA-binding membrane proteins noted above lack known RNA-binding 

domains and thus, as has been proposed for the newly revealed RNA interactome 

members similarly lacking in canonical RNA-binding motifs, alternative mechanisms of 

protein-RNA recognition and association likely contribute to the landscape of RNA 

regulation in cells (Beckmann et al., 2015; Castello et al., 2012; Castello et al., 2015). Little 

is known, though, regarding the site or mechanism of RNA recognition by any of this 

newly discovered and large class of non-canonical RNA-binding proteins (Baltz et al., 

2012; Castello et al., 2012; Gerstberger et al., 2014; Kwon et al., 2013; Pineiro et al., 2015). 

With the identification of new classes of multifunctional RNA-binding proteins, and 

emerging evidence that many previously identified RNA-binding proteins are 

multifunctional, a role for non-conventional modes of RNA localization to the ER can be 

now be considered (Mangus et al., 2003; Markus and Morris, 2009; Sawicka et al., 2008; 

Turner and Hodson, 2012). 
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Recent study in the Nicchitta laboratory identified a ribosome- and translation-

independent mRNA localization to the ER for mRNAs encoding endomembrane 

resident proteins (mRNAendo) (Jagannathan et al., 2014). In this study, we used a 

sequential detergent fractionation approach to disrupt ribosome-ER membrane 

interactions in tissue culture cells, yielding the selective release of mRNAs encoding 

secretory proteins from the ER. In brief, the cells were digitonin-permeabilized to release 

the cytoplasmic mRNA pool and enable access to the ER compartment. The ribosome-

ER membrane interactions were disrupted by Brij 35 to selectively release the ribosome-

dependent mRNAs (Brij-sensitive fraction, BrS). The residual mRNAs using ribosome-

independent ER-associations were released from the ER by DDM (dodecylmaltoside) 

(Brih-resistant fraction, BrR). Transcriptome-wide mRNA analysis of mRNA 

partitioning between BrS and BrR showed that the mRNAendo were highly enriched in 

the BrR, suggesting that mRNAendo were anchored to the ER in a ribosome-independent 

manner (Jagannathan et al., 2014).  

At the time I started my research in the Nicchitta laboratory, however, little was 

known regarding the molecular mechanisms of mRNA localization and anchoring to the 

ER. Presumably, direct mRNA anchoring to the ER membrane would require RNA-

binding proteins, which are known to serve diverse functions in RNA localization, 

translational regulation, and stability. Indeed, recent studies have identified ribosome 
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receptor RRBP1 (p180), a coiled-coil multidomain ER integral membrane protein, as a 

general ER-poly(A) mRNA-anchoring protein (Cui et al., 2012; Cui et al., 2013). p180 is 

reported to bind mRNAs nonspecifically, however, and so the question of how mRNAs 

undergo selective association with the ER membrane remains largely unanswered.Here I 

report the discovery of a family of ER integral membrane proteins function as RNA-

binding proteins and which play important roles in the direct anchoring of mRNAs to 

the ER. Specifically, AEG-1 (LYRIC, metadherin), an ER integral membrane protein 

previously identified as an oncogene (Emdad et al., 2010; Hu et al., 2009; Lee et al., 2009; 

Yoo et al., 2009b) and as a candidate RNA-binding protein in a number of RNA 

interactome screens, functions as a selective mRNA-binding protein (Baltz et al., 2012; 

Castello et al., 2012; Jagannathan et al., 2014; Kwon et al., 2013). Genome-scale analyses 

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 AEG-1 

serves a specific function in the localization of endomembrane resident protein 

transcripts to the ER. Notably, AEG-1 bound mRNAs are highly enriched in 

endomembrane protein transcripts (p < 10-16), and intriguingly, integral membrane 

protein-encoding mRNAs (p < 10-54). AEG-1 RNA interaction sites are highly enriched in 

coding regions and largely absent from untranslated regions (UTRs). In addition, the 
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translation of AEG-1 interacting transcripts is strongly and positively correlated with 

AEG-1 expression, independent of target transcript levels. These data reveal a novel 

mechanism for the direct anchoring of distinct cohorts of mRNAs to the ER and identify 

a critical role for AEG-1 in both RNA localization and integral membrane protein 

expression.  
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2. Materials and Methods 

This section contains the materials and methods for all research, including UV-

cross-link-based RNA-binding protein identification (Jagannathan et al., 2014), ER 

membrane-associated mRNP identification by proteomics (Jagannathan et al., 2014), the 

identification of non-canonical RNA-binding domain in AEG-1, and the identification 

and validation of AEG-1 bound RNAs by CLIP-Seq (UV-cross-linking and 

immunoprecipitation coupling with RNA-sequencing) (Darnell, 2010; Hafner et al., 2010; 

Konig et al., 2011) and RIP-qPCR (RNA immunoprecipitation and quantitative PCR) 

(Keene et al., 2006).    

 

2.1 Cell lines and antibodies 

AEG-1-14, PC-4 and AEG-1 KD cells were cultured at 37ºC and 5% CO2 in 

Dulbecco’s modified Eagle’s medium (DMEM; Mediatech), supplemented with 10% 

fetal bovine serum (FBS; Gibco) as described (Yoo et al., 2009a). Immunoblotting and 

immunofluorescence staining were conducted by standard protocols using primary 

antibodies against HA (mouse monoclonal; 1:10,000; Thermo Fisher Scientific, #26183) ; 

AEG-1 (chicken polyclonal; 1:5,000) (Kang et al., 2005), PABP (rabbit polyclonal; 1:2,000; 

kind gift of Dr. Jack Keene, DUMC), α-tubulin (mouse monoclonal; 1:500;  Iowa 

Hybridoma), NPC1(rabbit polyclonal; 1:500; Novus Biologicals, #NB400-148). GAPDH 

(mouse monoclonal; 1:10,000; Sigma), Ribophorin I (rabbit polyclonal; 1:2,000; kind gift 
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of Dr. G. Kreibich, New York University). Sec61α, TRAPα, CKAP4, and LRC59 

antibodies were used as described (Jagannathan et al., 2014). 

 

2.2 RNA cross-linking to the endoplasmic reticulum membrane 
proteins 

2.2.1 Pre-condensation of Triton X-114 

Triton X-114 (TX-114) (Sigma-Aldrich) was pre-condensed to remove hydrophilic 

impurities (Mathias et al., 2011). 20 g of TX-114 was dissolved in 980 mL condensation 

buffer containing 150 mM NaCl, 10 mM Tris HCl, pH 7.2, at 4 oC. For phase separation, 

the TX-114 solution was incubated overnight at 30 oC. The supernatant was discarded 

and replaced by same volume of condensation buffer. The phase separation was 

repeated twice. The pre-condensed TX-114 was stored at 4 oC. The concentration of pre-

condensed TX-114 was 11.8% (w/v), as determined by UV absorbance at 274 nm with 

extinction coefficient of 2.51 (mg TX-114/g of solution)-1cm-1. 

 

2.2.2 TX-114 phase partitioning of canine pancreas rough 
microsomes 

The integral membrane protein fraction was prepared by either TX-114 phase 

partitioning or alkaline buffer extraction. The TX-114 phase partitioning protocol was 

modified from (Mathias et al., 2011). First, canine rough microsomes (RM) were 

incubated in a high salt/EDTA supplemented buffer (500mM KOAc, 15mM EDTA, 



 

15 

proteinase inhibitor cocktail (Sigma-Aldrich)) on ice for 30 min. Stripped RM were 

collected by centrifugation through a high salt sucrose cushion (0.5 M sucrose, 500mM 

KOAc, 15mM K-HEPES, pH 7.2, proteinase inhibitor cocktail) in the TLA-2 rotor 

(Beckman Instruments) at 250,000 g at 4 oC for 20 min. The RM pellet was resuspended 

in TX-114 lysis buffer (2% TX-114, 50mM NaCl, 10mM Tris-HCl, pH 7.2, 10mM MgCl2, 

proteinase inhibitor cocktail) on ice for for 30 min with frequent vortexing. The insoluble 

material was discarded by centrifugation at 10,000 g at 4 oC for 10 min. The supernatant 

was collected and incubated at 30 oC for 10 min and centrifugation at 5,000 g for 10 min 

for phase separation. The upper aqueous phase (AP) and lower detergent rich phase 

(DP) were collected and adjusted to a final TX-114 concentration of 2% and the phase 

separation repeated. The proteins in AP and DP were TCA precipitated and analyzed by 

SDS-PAGE and immunoblot.     

 

2.2.3 Alkaline extraction of canine pancreas rough microsomes 

Alkaline extraction of canine pancreas rough microsomes was performed by a 

modification of the methods described in (Nicchitta and Blobel, 1993). First, RM was 

diluted 10-fold in alkali buffer (50 mM CAPS at pH 10.5) and incubated on ice for 30 

min. The diluted RM was collected by centrifugation through a sucrose cushion (0.5M 

sucrose, 50mM KOAc,15mM K-HEPES, pH 7.2, proteinase inhibitor cocktail) in the TLA-

2 rotor at 250,000 g at 4 oC  for 20 min. The RM pellet was resuspended in DDM lysis 
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buffer (1% DDM, 50mM NaCl, 10mM Tris-HCl, pH 7.2, 10mM MgCl2, 10mg/ml 

proteinase inhibitor cocktail) on ice for 30 min with frequent vortexing. The insoluble 

material was discarded by centrifugation at 10,000g at 4oC for 10 min. The supernatant 

was collected, TCA precipitated and assayed by SDS-PAGE and western blot. 

 

2.2.4 RNA-dependent T4 RNA ligase labeling of UV-irradiated rough 
microsomes 

RMs were UV irradiated as described (Jagannathan et al., 2014). For RNA 

digestion, mung bean nuclease was added to a final concentration of 1U/μg RNA and 

incubated at 30 oC for 1 hr. RM were collected by centrifugation through a sucrose 

cushion in the TLA-2 rotor at 250,000 g at 4 oC for 20 min. The RM pellet was 

resuspended in DDM lysis buffer (1% DDM, 50mM NaCl, 10mM Tris-HCl, pH 7.2, 

10mM MgCl2, 10mg/ml proteinase inhibitor cocktail) on ice for 30 min with frequent 

vortexing. For T4 RNA ligase reaction, the RM lysate was adjusted to a final 

concentration of 50 mM Tris-HCl, pH 7.5, 10mM MgCl2, 1mM DTT, 15% DMSO, 1mM 

ATP, 80μCi [5'-32P] cytidine 3',5'-bis(phosphate),1 U/μl T4 RNA ligase (New England 

Biolabs) at 4 oC. The lysate was collected, TCA precipitated and assayed by SDS-PAGE 

and phosphorimaging. 
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2.3 Proteomic analysis of canine rough microsome-associated 
mRNPs 

Canine pancreas rough microsomes were dodecylmaltoside (DDM)-solubilized, 

and the polysome fraction was obtained by sucrose gradient centrifugation. Polysome 

fractions were pooled and concentrated by ultracentrifugation. Polysome pellets were 

then gently resuspended, and a binding control fraction was prepared by digestion of 

one-half of the sample with staphylococcal nuclease. Following the addition of 10 

mM EDTA to all samples, to dissociate the ribosomal subunits and release mRNPs, 

poly(A) mRNPs were selected on Oligo(dT)-Cellulose Type 7 resin (GE Healthcare). 

Following extensive washing in EDTA-supplemented buffers, poly(A) mRNA-

associated proteins were released by the addition of 10 mM ammonium bicarbonate, 

15% dimthylformamide. Eluted proteins were concentrated by TCA precipitation and 

separated on 4–12% Bis-Tris gradient gels (Life Technologies), and in-gel digestion was 

performed as described (Wilm et al., 1996). Approximately one-half of each digest (5 μl) 

was fractionated on a C18 column (Waters) using a gradient of 5–40% acetonitrile with 

0.1% formic acid on a nanoAcquity liquid chromatograph (Waters). Electrospray 

ionization was used to introduce the sample in real-time to a Q-Tof Synapt G1 mass 

spectrometer (Waters), collecting data for each sample in data dependent acquisition 

(DDA) mode. Raw data were processed in Mascot Distiller (version 2.3) and searched in 

Mascot version 2.2 (Matrix Science) against the NCBInr database with mammalian 

taxonomy. Scaffold (version 3.6.2; Proteome Software Inc.) was used to validate MS/MS-
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based peptide and protein identifications. Measured peptide and protein level false 

discovery rate were both determined to be 0.05% using the target-decoy strategy. These 

identified proteins are limited to those proteins that were (1) identified in at least two of 

three independent replicates, (2) absent from the staphylococcal nuclease-treated 

controls, and (3) with high accuracy (p < 0.05, peptide count ≥2). 

 

2.4 UV-cross-linking-based mRNA-binding assay of the ER 
membrane proteins 

RM were UV-irradiated at 254-nm at 3.2 J/cm2 (Stratalinker 24000) on ice. 

Irradiated RM were incubated in salt/EDTA buffer (0.5 M KOAc, 15 mM EDTA, 50 

units/ml RNaseOUT, protease inhibitor mixture) for 30 min on ice, to release bound 

ribosomes, and subsequently collected by ultracentrifugation. The RM pellet was 

resuspended in equilibrium buffer (0.5% LiDS, 0.5 M LiCl, 10 mM Tris-HCl, pH 7.2, 5 

mM DTT, 15 mM EDTA), heated to 65 °C for 5 min, incubated on ice, and cleared by 

centrifugation to remove insoluble materials. mRNA was isolated from the supernatant 

by  Oligo(dT)-Cellulose Type 7 resin (GE Healthcare) chromatography with extensive 

washing in the equilibrium buffer. RNA-associated proteins were subsequently eluted 

by incubating the resin in elution buffer (10 mM Tris-HCl, pH 7.2, 1 mM EDTA, 0.1% 

Triton X-110 with 1:50 (v/v) RNase A/T1 Mix (Thermo Scientific)) at room temperature 

for 30 min. Eluted proteins were concentrated by TCA precipitation, resolved by SDS-

PAGE,  and detected by immunoblot analysis. 
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2.5 UV cross-linking and immunoprecipitation (CLIP) for AEG-1 
and truncation mutants 

Cells were UV-irradiated at 254-nm at 400 mJ/cm2 (Stratalinker 24000) on ice, 

lysed in CLIP lysis buffer (50mM Tris-HCl, pH 7.2, 100 mM NaCl, 1 mM EDTA, pH 8, 

1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS), DNase- and RNase-digested 

(Turbo DNase and RNase I; Thermo Fisher Scientific), and subsequently 

immunoisolated by anti-HA antibody conjugated G protein Dynabeads at 4 °C 

overnight. The beads were washed with high-salt buffer (50mM Tris-HCl, pH 7.2, 1M 

NaCl, 1 mM EDTA, pH 8, 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS) 

and PNK buffer (20mM Tris-HCl, pH 7.2, 10 mM MgCl2, 0.2% Tween-20). Protein-

crosslinked RNA moiety was radioisotope-labeled by addition of 0.5U/μl of 

polynucleotide kinase (New England Biolabs) and 0.5 μCi/μl [r-32P]- ATP in PNK buffer. 

Protein-RNA complexes were eluted by incubation with HA peptide and analyzed by 

immunoblotting and phosphorimaging. 

 

2.6 Sucrose cushion centrifugation and polysome profiling 

Sucrose cushion centrifugation and polysome profiling were performed as 

described (Jagannathan et al., 2014). For the sucrose cushion centrifugation assay, cells 

were treated with 50ug/ml cycloheximide (CHX) at 37 °C for 10 min, washed with ice-

cold PBS, incubated with 50ug/ml CHX/DPBS on ice for 20 min, and lysed in sucrose 
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cushion lysis buffer [200mM KCl, 25 mM KHEPES, pH 7.2, 50 mM EDTA, 1mM DTT, 2% 

n-dodecyl-ß-D-maltoside (DDM), and protease inhibitor cocktail] on ice for 15min. The 

lysates were cleared by centrifugation at 14,000 rpm for 15 min. Supernatants were 

treated with/without RNase Cocktail (Thermo Fisher Scientific) on ice for 30 min and 

loaded on top of sucrose cushion (500 mM sucrose, 200 mM KCl, 25 mM KHEPES, pH 

7.2, 2 mM EDTA, 1mM DTT) for centrifugation at 90,000 rpm, 4 °C, 15min (TLA 100.2). 

Pellets were analyzed by SDS-PAGE and immunoblotting. For polysome profiling, cells 

were harvested as described above. The harvested cells were lysed in polysome lysis 

buffer (200mM KCl, 25 mM KHEPES, pH 7.2, 10 mM MgCl2, 1mM DTT, 2% DDM, 

RNaseOUT, and protease inhibitor cocktail) on ice for 15min. The lysates were 

centrifuged at 14,000 rpm for 15 min to remove cell debris. Polyribosomes were resolved 

on 15–50% sucrose gradients and fractioned as previously described (Stephens and 

Nicchitta, 2007, 2008). The fractions were analyzed by SDS-PAGE and immunoblotting. 

 

2.7 CLIP-Seq protocols 

CLIP-Seq protocols were performed on AEG-1-14 and PC-4 cells as described 

above. In brief, the cells were UV cross-linked at 265nm for HITS-CLIP and 365nm for 

PAR-CLIP and lysed. Protein-RNA complexes were partially RNase I-digested, and 

immunoprecipitated with anti-HA antibody. The RNA moiety was dephosphorylated 

using 0.5 U/μl of calf intestinal alkaline phosphatase (New England Biolabs) in 
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dephosphorylation buffer (50 mM Tris-HCl, pH 8, 100 mM NaCl, 10 mM MgCl2, 1 mM 

DTT) at 37 °C for 25 min and 5'-end radioisotope-labeled using 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. The complexes were subsequently eluted by 2X sample 

buffer at 95 °C for 5 min, resolved by SDS-PAGE, transferred to nitrocellulose 

membranes, and analyzed by phosphorimaging. RNA fragments were extracted by 

proteinase K digestion from the nitrocellulose membranes and purified by 

phenol/chloroform extraction. cDNA libraries were constructed according to the 

manufacturer's instructions (New England Biolabs; E7330). For the libraries, insert 

lengths were checked by Bioanalyzer DNA 1000 Kit (Agilent Technologies). As a quality 

control step, a fraction of the library was transformed into E. coli and clones sequenced 

by Sanger sequencing, to confirm insert size and sequence. Libraries were then 

sequenced on the Illumina HiSeq with 50-nucleotide single-read runs. 

 

2.8 Data analysis for CLIP-Seq 

2.8.1 Establish reference transcriptome and read mapping 

A reference transcriptome was generated based on RNA-Seq data from the 

ENCODE project (GEO GSM958740) using Tophat and Cufflinks (Trapnell et al., 2009; 

Trapnell et al., 2012). CLIP-Seq reads were adaptor removed using Cutadapt (Trapnell et 

al., 2010), mapped to the reference transcriptome using Bowtie with one mismatch 
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tolerance per read.  

 

2.8.2 Cluster identification 

The mapped reads were grouped as clusters, with cluster defined as an 

overlapping set of reads that contains at least six unique reads and at least one 

crosslinking elicited mismatch (any point mutation for HITS-CLIP, T-to-C conversion for 

PAR-CLIP). A cluster score was generated for each cluster according to the numbers of 

unique reads and mutations, which was defined as log2(1000 * (1-D) * M / R), where M is 

the number of point mutations in the cluster and R is the abundance of the RNA. 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. 

 

2.8.3 Cluster analysis 

For cluster positional analysis, total cluster score was summed relative to the 

start and stop codons, as well as transmembrane domains. AEG-1 bound mRNAs were 

defined as mRNAs that were identified in all three CLIP-Seq cluster data sets. Gene 

Ontology analyses were performed with the DAVID tools (Huang et al., 2009a, d). The 

positions of transmembrane domains were predicted using TMHMM (Krogh et al., 

2001).  
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2.9 RNA immunoprecipitation (RIP) and quantitative PCR 

RNA immunoprecipitation was performed to AEG-1-14 and PC-4 cells as 

described (Keene et al., 2006). In brief, the cells were lysed in RIP lysis buffer (100 mM 

KCl, 10 mM KHEPES, pH 7.2, 5 mM MgCl2, 1mM 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) on ice for 10 min and centrifuged at 

14,000 rpm for 15 min to remove cell debris. The supernatants were diluted with NT2 

buffer (150mM NaCl, 1mM MgCl2, 50mM Tris-HCl, pH 7.4, 0.05% IGEPAL CA-630), 

EDTA to 15mM, DTT to 1mM, RNaseOUT and VRC, and then immunoprecipitated at 4 

°C overnight. The samples were washed with ice-cold NT2 buffer supplemented with 

15mM EDTA for five times and subsequently eluted by TRIsure according to the 

manufacturer's instructions (Bioline). The isolated RNA was reverse-transcribed and 

analyzed by quantitative PCR (qPCR). The results were shown as relative fold 

enrichments of the qPCR signals of AEG-1-14 cells over that of PC-4 cells.  
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3. Identification of RNA-binding ER membrane proteins 

3.1 Introduction 

Recently we demonstrated that the subset of mRNAs encoding endomembrane 

resident proteins is anchored on the ER membrane via a ribosome-independent 

mechanism (Chen et al., 2011; Jagannathan et al., 2014). However, little is known 

regarding the molecular mechanism of this ribosome-independent mRNA-ER 

interaction. Given the well-established roles of RNA-binding proteins in RNA 

localization, the potential RNA-binding activity of the ER transmembrane proteins was 

evaluated. In this Chapter,  I report on experiments where UV-cross-linking, a protein-

nucleic acid specific cross-linking approach, was used to study protein - RNA 

interactomes on the ER membrane. Proteomic analysis revealed the identities of the 

candidate mRNA-binding ER membrane proteins. To minimize contaminations from 

RNA-binding proteins which were not on the ER membrane, canine pancreas rough 

microsomes (RM), a very highly enriched source of ER membranes, were used for the 

identification of mRNA-binding ER membrane proteins. 

 

3.2 Identification of RNA-binding ER integral membrane proteins  

UV-crosslinking, a relatively unbiased ‘zero-length’ protein-nucleic acid cross-

linking method, was used to assess the diversity of RNA-binding integral ER membrane 

proteins (Castello et al., 2012; Pashev et al., 1991). As depicted in Figure 2, RM were UV-
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irradiated to generate in vivo cross-link protein-RNA complexes, peripheral proteins 

released by salt/EDTA or alkali extraction (Nicchitta and Blobel, 1993), and the ‘stripped’ 

RM collected by ultracentrifugation. The irradiated, stripped RM was subsequently 

digested with mung bean nuclease to digest RNA, yielding short RNA fragments 

bearing free 3’ OH group in the complexes. In contrast to alkaline buffer extraction, 

which releases both peripheral and lumenal proteins, the salt/EDTA washed RM contain 

substantial quantities of lumenal proteins. To focus the study on integral membrane 

proteins, multiple rounds of Triton X-114 partitioning were conducted on the salt/EDTA 

stripped RM (Bordier, 1981; Mathias et al., 2011), providing two independent methods 

for the ER integral membrane protein enrichment. Subsequently, cross-linked, digested 

RNA fragments in the membrane protein enriched fractions were radioisotope-labeled 

by addition of T4 RNA ligase, ATP and [32P] cytidine 3’-5’ bisphosphate (Kikuchi et al., 

1978).  
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Figure 2: Identification of RNA-binding proteins on the ER membrane.  

Schematic procedure for the identification of the RNA-binding activity of ER integral 

membrane proteins by UV-cross-linking and T4 RNA liagse/[32P]pCp labeling assay. 

Rough microsomes (RM) was UV-irradiated, membrane protein isolated by either 

salt/EDTA wash coupled with Triton-X114 partitioning or alkali wash. Protein-RNA 

complexes were RNA-specific radiolabeled by T4 RNA liagse/[32P]pCp incubation. The 

protein-RNA complexes were detected by phosphoimaging analysis.  

 

The enrichments of ER integral membrane proteins using the Triton X-114 

partitioning and alkali-extraction protocols were revealed by Coomassie Blue staining 

and immunoblot analysis. Coomassie Blue staining was conducted with either 

membrane equivalents, to show the abundance of ribosomal and luminal proteins and 
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small fraction of integral membrane proteins, or protein equivalents, to illustrate the ER 

membrane proteome (Figure 3A&B). The results show that Triton X-114 partitioning and 

alkali-extraction protocols share a similar membrane protein composition (lane DP vs. P; 

Figure  3B). The membrane protein enrichments of the protocols were further validated 

by immunoblot analysis against the ER lumenal proteins (GRP94 and BiP) and the ER 

membrane proteins (ribophorin I, Sec61 α, and TRAP α), showing exceptional 

enrichments of the ER membrane proteins in the membrane fractions (Figure 3C). 

The RNA-binding activity of the ER membrane proteins was evaluated by [32P] 

cytidine 3’-5’ bisphosphate/T4 RNA ligase method (Figure 3D). The RNA moiety in the 

RNA-protein complexes was radioisotope-labeled and the complexes were SDS-PAGE 

separated and phosphorimaged. The labeling reaction was entirely T4 RNA ligase-

dependent (lane 1 vs. 2), showing the lack of non-specific radioisotope-labeled 

background. SDS-PAGE/phosphorimager analysis of the [32P] pCp/T4 RNA ligase-

labeled membrane fractions from the two protocols identified multiple radioisotope-

labeled protein-RNA complexes ranging from 15-70 kD (Figure 4D, lanes 3 and 4), These 

data clearly demonstrate RNA binding activity for a diversity of ER membrane proteins. 

Because the [32P] pCp/T4 RNA ligase-labeling protocol does not distinguish RNA-

binding selectivity for rRNA, tRNA, mRNA, and non-translated RNAs, complementary 

experimental approaches were developed to identify candidate ER integral membrane 

proteins functioning in mRNA binding/anchoring. 
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Figure 3:  UV-cross-linking reveals endoplasmic reticulum membrane proteins 

functioning in RNA-binding.  

 Images of Coomassie Blue-stained SDS-PAGE show the membrane protein enrichments 

obtained by Triton X-114 partitioning (TX-114) or alkali extraction (Alkali), with (A) 

protein derived from identical quantities of rough microsome (membrane equivalents) 

or (B) protein loading with identical quantities of total protein (protein 

equivalents). RM, rough microsome; AP, aqueous phase; DP, detergent-rich phase; S, 

alkali-releasable proteins; P, alkali-resistant fraction. (C)  Immunoblot analysis for the 

aqueous (AP) or detergent-rich phase (DP) of the Triton X-114-extracted RM or the 

soluble (S) and membrane protein (P) fractions of alkali-extracted RM against ER 

lumenal proteins (GRP94 and BiP) and ER membrane proteins (ribophorin I (RPN1), 

Sec61α, and TRAPα). (D) Phosphoimage of radioisotope-labeling via the [32P]pCp/T4 

RNA ligase protocol is ligase-dependent (lane 2) and identifies RNA-binding ER 

membrane proteins common to Triton X-114 (TX-114; lane 3) and alkali-extracted (lane 

4) RM. 
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3.3 Proteomic analyses of candidate ER-mRNA-anchoring 
proteins 

Given the strong evidence for multiple RNA-binding proteins on the ER 

membrane, oligo(dT) chromatography/proteomic analysis was conducted as a 

complementary approach to further identify  mRNA-binding ER membrane proteins 

(Figure 4). First, rough microsome-associated polysomes were isolated by polysome 

profiling and subsequently incubated with 10 mM EDTA to dissociate the ribosomes. 

mRNA was further purified by oligo(dT) chromatography in the presence of 10 mM 

EDTA (Longuet et al., 1979). mRNA-associated proteins were eluted in low salt buffer 

and detected by protein mass spectrometry (Table 1). A nuclease-digested polysome was 

processed in parallel as a negative control for background binding.  
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Figure 4: Proteomic Analyses of Candidate ER-mRNA-anchoring Proteins.  

Schematic procedure for the identification of the mRNA-binding ER membrane proteins 

by native oligo(dT) chromatography and proteiomic analysis. Canine rough microsome 

was lysed in DDM buffer. Polysomes were isolated by sucrose gradient fractionation 

and subsequently dissociated by 10mM EDTA incubation. Poly(A) mRNA was further 

isolated by oligo(dT) chromatography. mRNA-binding proteins were eluted in low salt 

buffer. The protein composition in the eluate was interrogated by protein mass 

spectrometry.  

 

The protein composition of mRNPs was resolved by protein mass spectrometry 

analysis. In total, 170 proteins were identified as potential mRNA-binding proteins, 

including 21 ER integral membrane proteins (Table 1). Notably, even though 10 mM 
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EDTA was used in the purification process to dissociate the ribosomes, 26 ribosomal 

proteins were identified. The results are consistent with a previous study in HeLa cells 

where 18 of the identified ribosomal proteins were characterized as mRNA-binding 

protein, further suggesting direct mRNA interactions for the identified ribosomal 

proteins (Castello et al., 2012). Therefore, this study provides a complementary mRNA-

binding protein identification focusing on the mRNA-binding proteins interacting with 

the ER membrane-localized mRNAs.  

The candidate mRNA-binding ER membrane proteins have a variety of cellular 

functions (Table 1), including putative RNA/ribosome binding (p180), protein 

translocation (Sec61α, Sec61β, Sec63, TRAM1, TRAPα), mRNA targeting to the ER 

(SRPR, SRPRB), ER cytoskeletal binding (CKAP4, KTN1), signal peptide removal 

(SPCS2, SPCS3) and protein glycosylation (RPN1, RPN2, OST48, STT3A). Given the 

well-established functions of the ER membrane proteins, the identification as mRNA-

binding proteins further suggests multifunctional roles of the ER membranes. Of the 

identified mRNA-binding ER integral membrane proteins, many of these proteins were 

independently identified as mRNA-binding proteins in HeLa cells, HEK293 cells, and 

mouse embryonic stem cells (mESC) (Baltz et al., 2012; Castello et al., 2012; Kwon et al., 

2013). These mRNA-binding protein screens further support the potential mRNA-

binding activity of the identified ER membrane proteins. 
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Table 1: Summary of identified mRNA-binding ER integral membrane proteins 

 

3.4 Validation of RNA-binding activity for potential mRNA-
anchoring proteins 

A complementary UV-cross-linking assay was conducted to validate the 

candidate mRNA-binding ER membrane proteins (Baltz et al., 2012; Castello et al., 2012; 

Kwon et al., 2013). First, protein-mRNA complexes on the rough microsomes were UV-

cross-linked, isolated by oligo(dT) chromatography under stringent condition 

(0.5 M LiCl and Li-SDS). mRNA-binding proteins were selectively eluted by RNase 
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digestion and detected by immunoblot analysis (Figure 5). In this study, poly(A)-

binding protein (PABP), a universal mRNA-binding protein, was used as a positive 

control for mRNA-binding activity (Figure 5B). The UV-cross-linking assay validated the 

poly(A) mRNA-binding activity for three of candidate membrane proteins (Sec61α, 

Sec61β, and ribophorin I) (Figure 5B). Notably, although CKAP4 and LRC59 were 

identified as mRNA-binding protein in the previous mRNA interactome screens (Baltz 

et al., 2012; Castello et al., 2012; Kwon et al., 2013), neither of these two proteins were 

detected in this study (Figure 5B). 
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Figure 5: UV-cross-linking analysis validates the mRNA-binding activity of the 

candidate ER membrane proteins.   

(A) Schematic procedure for the validation of the mRNA-binding activity of the 

candidate ER membrane proteins by UV-cross-linking and oligo(dT) chromatography. 

Canine rough microsome was UV-irradiated to cross-link protein-mRNA complexes and 

lysed in LiDS buffer. Complexes were isolated by oligo(dT) chromatography. mRNA-

binding proteins were eluted by addition of RNase A/T1. (B) The protein composition in 

the RNase eluate was interrogated by immunoblot analysis against the ER membrane 

proteins (Sec61α, Sec61β, and ribophorin I (RPN1), CKAP4 and LRC59) and poly(A)-

binding protein (PABP) as an mRNA-binding protein control. 
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4. The RNA-binding activity and selectivity of AEG-1 

4.1 Introduction  

Recent transcriptome-wide analysis revealed a subset of mRNAs directly 

anchored on the endoplasmic reticulum (ER) membrane (Jagannathan et al., 2014). In 

Chapter 3, proteomic analysis identified putative mRNA-binding proteins on the ER 

membrane serving as mRNA anchors (Table 1). Three independent proteomic studies in 

mRNA-binding protein identification have also identified putative mRNA-binding 

integral membrane proteins on the ER in HeLa cells, HEK293 cells, and mouse 

embryonic stem cells (mESC) (Baltz et al., 2012; Castello et al., 2012; Kwon et al., 2013). 

To identify conserved mRNA-binding proteins on the ER membrane, a list of putative 

mRNA-binding ER membrane proteins was summarized in Figure 6 (Baltz et al., 2012; 

Castello et al., 2012; Jagannathan et al., 2014; Kwon et al., 2013). The Venn diagram 

shows that AEG-1 and CKAP4 were identified in all mRNA interactome screens (Figure 

6). CKAP4 is a cytoskeleton-binding protein regulating intramembrane organelle 

morphology (Sandoz and van der Goot, 2015).  AEG-1 was identified as an 

overexpressed oncogene in hepatocellular carcinoma, melanoma, breast cancer and 

malignant glioma, implicated in HIF-1α mediated angiogenesis, metastasis, and 

chemotherapy (Robertson et al., 2015a). AEG-1 has previously been identified as a 

potential RNA-binding protein interacting with multiple RNA-binding proteins and 

ribosomal proteins in a nuclease-sensitive manner (Meng et al., 2013). In this Chapter, 
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we focused on the RNA-binding activity and selectivity of AEG-1, and further identified 

a putative non-canonical RNA-binding domain in AEG-1.  

 

 

Figure 6: RNA interactome screens identified mRNA-binding integral membrane 

proteins on the endoplasmic reticulum.  

Venn diagrams of ER integral membrane mRNA-binding proteins identified in HeLa, 

HEK293 and mouse embryonic stem cells (mESC) (Baltz et al., 2012; Castello et al., 2012; 

Kwon et al., 2013). The mRNA-anchoring proteins identified in canine mRNP in Table 1 

are underlined. n, number of identified ER integral membrane mRNA-binding proteins 

in the indicated cell line.  
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4.2 AEG-1 is a RNA-binding ER membrane protein 

AEG-1 is an ER resident membrane protein (Meng et al., 2012). The subcellular 

localizations of endogenous and epitope-tagged AEG-1 proteins were analyzed using 

immunofluorescence staining study (Figure 7). The immunofluorescence staining 

patterns of both endogenous and epitope-tagged AEG-1 mirrored that of the ER resident 

membrane protein TRAPα, indicating an ER localization for both endogenous and 

epitope-tagged AEG-1 (Figure 7). 

 

Figure 7: Subcellular localization of endogenous and epitope-tagged AEG-1 proteins.  

Immunofluorescence staining analysis of 

AEG-1, and DAPI (nucleus) distributions in AEG-1-14 (Tagged AEG-1) and PC-4 

(control) cells. Scale bar = 10 μm.  

 

AEG-1 has previously been reported to associate with multiple RNA-binding 

proteins, ribosomal proteins, and translation factors (Meng et al., 2012; Yoo et al., 2011). 

Notably, some of these protein-protein interactions are nuclease-sensitive (Meng et al., 
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2012), indicating a DNA/RNA-mediated indirect protein-protein interaction for AEG-1 

and its binding partners. To further confirm these indirect interactions, the interaction of 

AEG-1 and poly(A)-binding protein (PABP), an RNA-binding protein common to all 

poly(A) mRNAs was examined by co-immunoprecipitation and RNase digestion (Figure 

8). Co-immunoprecipitation against HA-epitope tag was performed to isolate epitope-

tagged AEG-1. As shown in Figure 8, PABP was immunoaffinity isolated with epitope-

tagged AEG-1. However, RNase incubation substantially reduced the level of co-isolated 

PABP, indicating a RNA-dependent, indirect interaction between AEG-1 and PABP. 

Since PABP binds to all poly(A) mRNA, the RNase-sensitive interaction indicates that 

AEG-1 may bind poly(A) mRNA to interact with RNA-binding proteins.  

 

Figure 8: Co-immunoprecipitation/RNase digestion of poly(A)-binding protein 

(PABP) with HA-tagged AEG-1.  

AEG-1-14 (Tagged AEG-1) and PC-4 (Control) cells were lysed, immunoprecipitated 

against HA-epitope tag, RNase digested, and subsequently analyzed by immunoblot 

analysis with anti-AEG-1 and anti-PABP antibodies.  
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To further confirm the RNA-binding activity of AEG-1 in living cells, the 

formation of AEG-1 and RNA complexes were examined by UV crosslinking and 

immunoprecipitation (CLIP) (Figure 9). As depicted in Figure 9A, Epitope-tagged AEG-

1-transfected cells were UV-irradiated to covalently cross-link protein-RNA complexes. 

Complexes were RNase digested and immunoaffinity isolated. RNA fragments in the 

complexes were labeled with T4 polynucleotide kinase/[γ-32P] ATP. A no UV irradiation 

sample was used as negative control.  

The phosphoimage results show that the [γ-32P] ATP-labeling reaction was 

strictly UV irradiation-dependent. Notably, the extensive RNase digestion reduced the 

diversity of RNA lengths in protein-RNA complexes, leading to a uniform protein-RNA 

complex in size (Figure 9B)  (Konig et al., 2011). Thus, the radioisotope signal of RNA-

protein complex at approximate 80 kDa is corresponding to the molecular weight of 

AEG-1 protein on the immunoblot (Figure 9B), indicating that AEG-1 binds RNA in 

living cells. 
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Figure 9: AEG-1 binds RNA in living cells.  

(A) Schematic procedure of UV cross-linking and immunoprecipitation (CLIP) assay. 

Epitope-tagged AEG-1 transfected cells were UV254 irradiated, lysed, and RNase 

digested. Epitope-tagged AEG-1 was immunoaffinity isolated. RNA fragments were 

labeled with T4 polynucleotide kinase/[γ-32P] ATP. The AEG-1/RNA complexes were 

subjected to SDS-PAGE and transferred to nitrocellulose membranes.  The protein and 

RNA in the complexes were estimated by immunoblotting and phosphrimaging. (B) 

Left, a representative phosphorimage depicting AEG-1-RNA complex formation by UV 

cross-linking. Right, immunoblot analysis of epitope-tagged AEG-1 for estimating 

sample loading.   

 

 

4.3 AEG-1 binds actively translated mRNA 

Having demonstrated an in vivo RNA-binding activity for AEG-1, further 

biochemical assays were performed to study its RNA selectivity. Given that recent 
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studies have shown that AEG-1 associates with multiple mRNA-binding proteins, 

including ribosomal proteins and translation factors (Meng et al., 2012; Yoo et al., 2011), 

AEG-1 could associate with actively translated mRNA via directly and/or indirectly 

interactions. To study the RNA-binding selectivity of AEG-1 for actively translated 

mRNAs, the formation of AEG-1 and mRNA complexes were examined by RNase 

digestion and ultracentrifugation (Figure 10). As depicted in Figure 10A, mRNA-binding 

proteins were isolated with polysomes in ribosome pellet fraction by ultracentrifugation. 

RNase digestion was used to degrade RNA and dissociate mRNA-binding proteins from 

the polysomes. In Figure 10B, immunoblotting analyses were performed to determine 

the mRNA-binding activity of AEG-1. Poly(A)-binding protein (PABP), a universal 

mRNA-binding protein, and RPL17, a ribosomal protein, were used as controls for 

mRNA binding and ribosome/rRNA binding, respectively.  The results show that AEG-1 

and PABP was recovered in the ribosome pellet fraction in the no RNase digestion 

condition, but the levels of proteins were substantially reduced in the RNase-digested 

samples, indicating that AEG-1 interacts with actively translated mRNA rather than 

ribosome/rRNA (Figure 10B).  
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Figure 10: AEG-1 binds translating mRNA.  

(A) Schematic procedure of RNase digestion/ultracentrifugation assay for studying the 

mRNA-binding activity of AEG-1. Cell lysate was incubated with/without RNase 

digestion and subjected to sucrose cushion ultracentrifugation. The ribosome pellet 

fraction (pellet) was analyzed by immunoblot. (B) Immunoblot analysis of AEG-1, 

poly(A)-binding protein (PABP; mRNA-binding protein marker), and ribosomal protein 

(RPL17; ribosome/ribosome-binding protein marker) in the pellet fraction of the 

ultracentrifugation with/without RNase digestion. 

 

The selective mRNA-binding activity of AEG-1 was further confirmed by sucrose 

density gradient centrifugation/immunoblot analysis (Figure 11). As depicted in Figure 

11A, polyribosomes were extracted and subjected to a sucrose density gradient. In 

Figure 11B, immunoblotting analyses were performed to determine the enrichment of 
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AEG-1 in the fractions. The results show that AEG-1 was enriched in the polyribosome 

fractions (Figure 11B). Ribosomal protein L17 (RPL17) was used as a control for 

ribosome enrichment (Figure 11B).  Taken together, both RNase-sensitive polyribosome 

association and polysome profiling assays identify the ER integral membrane protein, 

AEG-1, as a poly(A) RNA-binding protein that binds actively translated mRNAs. 

 

 

Figure 11: AEG-1 binds translating mRNA in polysome fractions.  

(A) Schematic procedure of polyribosome profiling for studying the mRNA-binding 

activity of AEG-1. Polyribosomes in cell lysate were resolved on 15-50% sucrose 

gradients and fractioned. The fractions were analyzed for AEG-1 and ribosomal protein 

L17 (RPL17) distributions by immunoblot. (B) Immunoblot analysis of AEG-1 and 

RPL17 in sucrose gradient fractions. 

 



 

44 

4.4 Identification of non-canonical RNA-binding domains in 
AEG-1  

Multiple RNA-binding motifs have been widely studied as functional domains 

with specific RNA binding activity. Having demonstrated RNA-binding activity and 

selectivity for AEG-1, RNA-binding domain(s) in AEG-1 was further characterized by 

computational, biochemical, and genetic analyses. Given the membrane protein 

topology of AEG-1 as a Type I transmembrane ER membrane protein (Britt et al., 2004; 

Kang et al., 2005; Sutherland et al., 2004), the RNA-binding domain analyses focused on 

the cytosolic C-terminal domain of AEG-1 (aa70-582). Sequence homology analysis 

shows that AEG-1 lacks any regions of significant homology to canonical RNA-binding 

motifs. Therefore, to identify the RNA-binding domain(s) of AEG-1, I expressed a series 

of AEG-1 truncation mutants (Figure 12A) in cells and examined the RNA-binding 

activity of the mutants by UV-cross-linking and immunoprecipitation (CLIP) and 

ultracentrifugation analysis as described above. The truncation mutants were designed 

based on the RNA-binding residue prediction algorithm, BindN+, as a reference guide 

(Figure 13) (Wang et al., 2010). The protein expression and subcellular localization of the 

mutants were further confirmed by immunofluorescence imaging and immunoblotting. 

As illustrated in Figure 12B, the in vivo RNA-binding activity of the mutants was 

determined by CLIP analysis. The results show that the full-length AEG-1 binds RNA in 

vivo, and the truncation mutants containing the first 350 or 462 amino acid residues of 

AEG-1 (1-350 and 1-462; Figure 12B) possessed the RNA-binding activity (Figure 12B). 
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However, a short AEG-1 truncation mutant (1-138; Figure 12B) lacked the RNA-binding 

activity. These results show that the protein domain between amino acid residues 139 

and 350 is essential for in vivo AEG-1 RNA-binding activity.  

 

Figure 12: Mutagenesis and in vivo RNA-binding analysis reveals a non-canonical 

RNA-binding domain in the cytosolic domain of AEG-1.  

(A) Schematic of AEG-1 truncation mutants. HA-tagged full length (FL) and four C-

terminal truncation mutants were used for functional assays. TM, transmembrane 

domain. (B) The HA-tagged AEG-1 proteins were expressed in HCC cells. As describe in 

Figure X, UV-cross-linking and immunoprecipitation (CLIP) assay was used to estimate 

the RNA-binding activity of the mutants. Left, phosphorimages depicting protein-RNA 

complex formations for FL and truncation mutants. Right, immunoblot analysis of HA-

tagged AEG-1 proteins. 
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Figure 13: Identification of RNA-binding residues in the cytosolic domain of AEG-1 

via BINDN+.  

Putative RNA-binding residues were identified in the cytosolic domain of AEG-1 by a 

RNA-binding residue prediction algorism, BindN+ (Wang et al., 2010). 
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To further validate the mRNA-binding selectivity of the truncation mutants, the 

in vivo RNA-binding selectivity of the truncation mutants was determined by 

ultracentrifugation/RNase digestion analysis as illustrated in Figure 10A. The results 

show that the full-length AEG-1 and two truncation mutants (1-350 and 1-462) 

associated with translating mRNA (Figure 14). In contrast, two short truncation mutants 

(1-69 and 1-138) lacked the association activity (Figure 14). These results show that the 

protein domain between amino acid residues 139 and 350 is essential for in vivo AEG-1 

RNA-binding activity. Taken together, both CLIP and RNase-sensitive polyribosome 

association assays identify an essential protein region (139-350) containing the non-

canonical RNA-binding domain(s) in AEG-1. 
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Figure 14: Mutagenesis and ribosome ultracentrifugation analysis reveals a non-

canonical RNA-binding domain in AEG-1.  

As depicted in Figure X, HA-tagged AEG-1 transfected cells were lysed, incubated 

with/without RNase digestion and subjected to sucrose cushion ultracentrifugation. The 

ribosome pellet fraction was analyzed for AEG-1, poly(A)-binding protein (PABP; 

mRNA-binding protein marker), and ribosomal protein (RPL17; ribosome/ribosome-

binding protein marker) by immunoblot. 

 

Given prior genome sequence data indicating that AEG-1 protein is highly 

conserved in vertebrates (Lee et al., 2013), I hypothesized that the RNA-binding domain 

would also display high conservation. A series of AEG-1 protein sequences, ranging 

from Xenopus to human, were aligned and analyzed by Megalign Pro (Figure 15). The 

primary sequences of N-terminal luminal domain (aa1-48) and transmembrane domain 
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(TMD; aa49-69) were highly conserved, whereas the overall sequence conservation in 

the cytosolic domain (aa70-582) was relatively low (46.3% identity in 587 residues 

between Xenopus and human AEG-1). Notably, multiple positively charged amino acid 

clusters were well-aligned in the cytosolic domain, indicating a potential RNA-binding 

activity for these residues. The sequence of identified RNA-binding domain (aa 139-350) 

is highly positively charged (27 Lys, 9 Arg residues) and the basic residues are both 

highly conserved and clustered between aa157 and aa209 (75.5% identity in 53 residues 

between Xenopus and human AEG-1). Combined, this high degree of sequence 

conservation provides additional support for the conclusion that the cytosolic domain of 

AEG-1 contains a non-canonical RNA-binding domain. 
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Figure 15: Protein 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 truncation mutants used in Figure 12A are indicated.  TMD, transmembrane 

domain. 
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5. Investigation of in vivo mRNA-binding specificity of 
AEG-1  

5.1 Introduction 

Crosslinking immunoprecipitation coupled to deep sequencing (CLIP-Seq) 

approaches have been widely applied to study binding sites of RNA-binding proteins in 

living cells and animal tissues (Hafner et al., 2010; Konig et al., 2010; Ule et al., 2003). 

Multiple CLIP-based variants have been developed to achieve reproducible and reliable 

identifications of RNA-binding sites on a genome-wide scale (Hafner et al., 2010; Konig 

et al., 2010; Ule et al., 2003).  In general, CLIP-Seq approaches share a similar purification 

protocol, including UV-induced protein-RNA cross-linking, protein-RNA complex 

purification by immunoprecipitation, RNA moiety purification by proteinase K 

digestion, reverse transcription, library construction, and high-throughput sequencing. 

During reverse transcription, protein residuals at the cross-link sites cause site-specific 

point mutations, which can be identified by sequencing facilitating the precise 

identification of RNA-binding sites. In this Chapter, to identify RNA targets and binding 

sites for AEG-1, I applied both high-throughput sequencing-CLIP (HITS-CLIP) and 

photoactivatable ribonucleoside-enhanced-CLIP (PAR-CLIP) in living cells. CLIP-Seq 

approaches revealed a unique RNA-binding specificity for AEG-1 targeting mRNAs 

encoding endomembrane resident proteins and transmembrane proteins. Moreover, in 

vivo functional assays show that AEG-1 regulates the protein expression of its bound 

mRNAs. 
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5.2 AEG-1 CLIP-Seq mapping reveals a high enrichment in 
coding sequence interactions 

To study AEG-1 bound mRNA in a genome-wide scale, I performed two CLIP 

variations, high-throughput sequencing-CLIP (HITS-CLIP) and photoactivatable 

ribonucleoside-enhanced-CLIP (PAR-CLIP) in human hepatocellular carcinoma (HCC) 

cells (Darnell, 2010; Hafner et al., 2010). As illustrated in Figure 16, cells expressing HA-

tagged AEG-1 were UV-irradiated to in vivo cross-link AEG-1-RNA complexes at 254-

nm and 365-nm for HITS- and PAR-CLIP, respectively. The complexes were 

subsequently partially RNase-digested, immunoprecipitated, RNA-specific radiolabeled, 

resolved by gel electrophoresis, transferred to nitrocellulose membranes, and detected 

by autoradiography. No UV-irradiation controls were conducted in parallel. The results 

show a UV-irradiation-dependent RNA-protein complex formation in both HITS- and 

PAR-CLIP (Figure 16). The predominant RNA-protein complex signals were at 90-100 

kD, with 10–20 kD larger than AEG-1 protein (80 kDa) (Figure 17A), indicating that 

AEG-1 protein cross-linked to small (35- to 70-nt) RNA fragments (Huppertz et al., 

2014). The small RNA fragments were released from the membranes by proteinase K 

digestion, reverse transcribed to cDNA, library constructed, and subjected to next-

generation sequencing. The DNA concentration and library quality were determined by 

Bioanalyzer (Figure 17B), showing UV-irradiation-dependent cDNA libraries at 150-200 

bp.  
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Figure 16: UV-cross-linking and immunoprecipitation-based AEG-1 RNA interactome 

analyses.  

Schematic experimental procedures of HITS-CLIP and PAR-CLIP for the identification 

of AEG-1-binding sites in living cells. In both procedures, cells were UV-irradiated (at 

254-nm for HITS-CLIP, at 365-nm for PAR-CLIP), lysed, and partially RNase digested. 

Epitope-tagged AEG-1 was immunoprecipitated, resolved by SDS-PAGE and 

subsequently transferred to nitrocellulose membranes. AEG-1 bound RNA fragments 

were released by proteinase K digestion and reverse transcribed to cDNA libraries, PCR 

amplified and high-throughput sequenced. The “U” in the PAR-CLIP procedure are 4-

thiouridine (4SU), used as a photoactivatable ribonucleotide.  
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Figure 17: Experimental quality controls for UV-cross-linking and 

immunoprecipitation-based AEG-1 RNA interactome analyses.  

(A) Autoradiographs of AEG-1-RNA complexes on nitrocellulose membranes for HITS-

CLIP and PAR-CLIP. The red rectangles indicate the regions (~85-110 kD) processed for 

further RNA purification. (B) Bioanalyzer analyses of cDNA libraries for HITS-CLIP and 

PAR-CLIP, indicating amplified libraries at 150-200 bp. 

 

The cDNA libraries were sequenced via Illumina HiSeq platform. cDNA 

sequence reads were processed through a data analysis pipeline (Figure 18). In brief, the 

reads were adaptor-trimmed, mapped to the human genome and HCC transcriptome, 

clustered, and scored according the number of mutations (Figure 18). The analysis 

results were summarized in Table 2. Overall, the CLIP-Seq results generated 

approximately 100 to 120 million reads per sample. The reads were further mapped to 

human genome and transcriptome, generating approximately 4 to 16 million uniquely 

mapped reads in the HITS- and PAR-CLIP results, respectively (Table 2). 
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Figure 18: CLIP-Seq data analysis pipeline.  

Sequence reads were acquired from next generation sequencing. The reads were 

adaptor removed, aligned to human genome and HCC transcriptome, and 

clustered for AEG-1 binding site identification. The results were further applied 

to the identifications of AEG-1 bound mRNA targets, mRNA-binding motif, and 

binding site distribution.  
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Table 2: Summary of read mapping statistics for HITS-CLIP and PAR-CLIP 

Experiment: 
HITS  

no UV-1 

HITS-CLIP 

-1 

HITS  

no UV-2 

HITS-CLIP 

-2 

PAR  

no UV 
PAR-CLIP 

Total reads 14,380,521 119,051,131 31,129,773 111,765,374 1,023,254 101,807,004 

Total 

number of 

processed 

reads 

5,905,137 64,275,654 15,028,063 65,456,270 584,903 61,099,531 

Total 

number of 

uniquely 

mapped 

reads 

124,791 4,112,273 257,084 3,886,390 45,878 15,466,021 

 

Previous studies indicate that the proteinase K digested protein-RNA complexes 

contain small protein residues at the cross-linked sites, resulting in a diagnostic point 

mutation during reverse transcription (Sievers et al., 2012; Zhang and Darnell, 2011). As 

shown in Figure 19, multiple diagnostic point mutations were detected in the sequence 

reads, especially a characteristic T-to-C mutation pattern in the PAR-CLIP results 

(Figure 19C). 
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Figure 19: Mutation plots for CLIP-Seq. 

(A, B) HITS-CLIP replicates and (C) PAR-CLIP. N, any nucleotides; INS, insertion; DEL, 

deletion.   

 

To determine the RNA-binding preference of AEG-1, the sequence reads were 

mapped to human genome and transcriptome. Intriguingly, the sequence analysis 

results show high sequence read enrichments in mRNA (84-93%) in all CLIP-Seq results 

(Figure 20), indicating that the RNA-binding activity of AEG-1 is highly specific to 

mRNA. Notably, the read results from the independent HITS-CLIP duplicates 

demonstrated a highly similar RNA-binding preference. Moreover, the PAR-CLIP 

results show a higher read enrichment in mRNA, further supporting a genome-wide 

mRNA-binding specificity for AEG-1. 
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Figure 20: Mapping of sequence reads to RNA for HITS-CLIP replicates and PAR-

CLIP. 

 

To further identify AEG-1 binding sites, overlapping sequence reads were 

grouped as AEG-1 binding clusters if they contained at least six unique reads and at 

least one mutation for HITS-CLIP or at least one T-to-C conversion for PAR-CLIP 

(Figure 18).  Following these criteria, the two HITS-CLIP experiments generated 15,998 

and 17,484 clusters of 35 and 36 nt median length and the PAR-CLIP experiment 

possessed 99,064 clusters of 55 nt median length (Figure 21).  
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Figure 21: Cluster length distributions for HITS-CLIP replicates and PAR-CLIP. 

 

To identify AEG-1 binding site in mRNA, we further examined the distribution 

of AEG-1 binding clusters. Notably, the results show that the clusters were highly 

enriched in the coding sequence (CDS; 68-88%). In contrast, only a small fraction of the 

clusters were mapped to the untranslated regions (UTR), 3-5% mapped to the 5 UTR and 

6-29% to the 3’ UTR (Figure 22). Intriguingly, AEG-1 binding activity is highly specific to 

the CDS, which demonstrates an mRNA-binding preference distinct from the majority of 

mRNA-binding proteins, which specifically target to the UTRs (Gebauer et al., 2012; 

Szostak and Gebauer, 2013). The unique CDS-binding preference may imply a distinct 

mechanism for AEG-1 to regulate its bound mRNA. 
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Figure 22: Distributions of AEG-1 binding clusters mapping to the 5’ untranslated 

region (5’ UTR), coding sequence (CDS), and 3’ UTR for HITS-CLIP replicates and 

PAR-CLIP. 

 

5.3 AEG-1 RNA interatome is enriched in endomembrane 
organelle protein-and transmembrane protein-encoding mRNAs 

Having determined AEG-1 binding cluster, 1,234 common mRNAs were 

identified in the HITS- and PAR-CLIP results, which are defined as AEG-1 bound 

mRNAs (Figure 23). Notably, a large number of mRNAs were solely identified in the 

PAR-CLIP study, indicating the higher UV-cross-linking efficiency of photoactivatable 

ribonucleotide than that of natural nucleotides (adenosine, uridine, cytosine, guanidine) 

may capture more transient/weak interactions (Friedersdorf and Keene, 2014; Hafner et 

al., 2010). The reproducibility of the AEG-1 bound mRNA identifications from the HITS- 

and PAR-CLIP results was verified in Figure 23B&C. Of the 1,234 common mRNAs, 
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HITS-CLIP replicates shared a high reproducibility (Pearson correlation coefficient = 

0.95; Figure 23B) and HITS-CLIP vs. PAR-CLIP displayed a moderate positive 

correlation (Pearson correlation coefficient = 0.31; Figure 23C).  

 

Figure 23:  AEG-1 mRNA interactome.  

(A) Venn diagrams of AEG-1 bound mRNAs from HITS-CLIP and PAR-CLIP studies. 

The numbers of identified mRNAs are indicated with brackets. Reproducibility of AEG-

1 bound mRNAs, comparing HITS-CLIP duplicates (B) or HITS-CLIP vs. PAR-CLIP 

studies (C).  

 

To further characterize the molecular functions and cellular distributions of the 

protein encoded in AEG-1 bound mRNA, the common mRNAs were analyzed  by the 

Database for Annotation, Visualization and Integrated Discovery (DAVID) 

bioinformatics tools (Huang et al., 2009a, d) (Figure 24). Of the common mRNAs, Gene 
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Ontology (GO) analysis show significantly enriched functional clusters in various 

cellular functions ranging from blood vessel development to protein maturation (Figure 

24A).  Remarkably, GO analysis displays an extremely significant enrichment for 

mRNAs encoding endomembrane organelle proteins (p = 5.3 ×10-17), especially for 

encoding the ER and lysosomal proteins (p = 6.9 × 10-66  and p = 5.9 × 10-16; Figure 24B), 

implying a molecular function of AEG-1 in regulating the ER and lysosome biogenesis 

and/or metabolism. Intriguingly, the results also show an extremely significant 

enrichment in mRNAs encoding transmembrane proteins (p = 1.6 × 10-55; Figure 24B). 
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Figure 24: Gene ontology (GO) analyses of AEG-1 RNA interactome.  

The AEG-1 bound mRNAs were subjected to GO analysis using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID) bioinformatics tools 

(Huang et al., 2009a, d). GO analyses of AEG-1 bound mRNAs reveal significant 

enrichments of GO terms in gene functions (A) and cellular component (B).  
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To further gain insights into the binding preference of AEG-1 for transmembrane 

protein-encoding mRNAs, the distribution of sequence reads for cytosolic, secretory, 

and transmembrane proteins were compared between RNA-Seq and CLIP-Seq results 

(Figure 25). Previous studies have shown that approximately 26% of human protein-

coding genes encode transmembrane proteins (Almen et al., 2009; Fagerberg et al., 2010). 

In the HCC transcriptome, however, only a small fraction of the RNA-Seq reads was 

mapped to transmembrane transcripts (8.9%) (Figure 25). Perhaps most intriguingly, 

more than half of the sequence reads from the HITS-CLIP studies mapped to 

transmembrane protein genes, indicating that a strong RNA-binding preference to 

transmembrane transcripts (Figure 25). In contrast, the results show significant 

depletions of mRNA encoding secretory proteins, suggesting that the strong binding 

preference of AEG-1 does not simply reflect the ER-localized mRNAs (Figure 25).  
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Figure 25: Distributions of sequencing reads mapping to mRNA encoding cytosolic, 

secretory, and transmembrane proteins for HITS-CLIP replicates and PAR-CLIP. 

 

To further investigate the specific binding location of AEG-1 on mRNAs, the 

distribution of AEG-1 binding clusters on AEG-1 bound mRNAs was analyzed (Figure 

26). Given the strong binding preference for the CDS, we first focused on the regions 

flanking the start and stop codons within 300 amino acids. However, the results show 

that these regions contain no over-representations of cluster density (Figure 26A&B), 

suggesting that AEG-1 has no binding preference for the sequences flanking start and 

stop codons. Since AEG-1 has a strong binding preference for mRNA encoding 

transmembrane proteins, we next focused on the regions flanking transmembrane 

domains. Remarkably, the results show significant over-representation of cluster 
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densities at 150-300 nucleotides downstream to transmembrane domain encoding 

sequences (Figure 26C). This specific binding pattern to the CDS of translating mRNAs 

reflects that AEG-1 not only binds to mRNAs but also regulate the translation of 

transmembrane proteins. To further dissect the binding preference flanking 

transmembrane domain encoding sequence, the enrichments of AEG-1 clusters  were 

grouped based on targeting to the first transmembrane domains and secondary 

transmembrane domains (Figure 26D&E). Intriguingly, the results show similar cluster 

densities within first 1,200 nt downstream of first and secondary transmembrane 

domains, suggesting that AEG-1 has no specific binding preference to the order of 

transmembrane domain in mRNA.  
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Figure 26: Distributions of AEG-1 bound clusters on mRNAs.  

Cluster density plots reveal AEG-1 bound cluster distributions (A) flanking the start 

codon, (B) stop codon, (C) transmembrane domains, (D) first transmembrane domain, 

and (E) secondary transmembrane domains for HITS-CLIP (yellow) and PAR-CLIP 

(blue). 0, the first nucleotide of either start codons, stop codons, or transmembrane 

domains.  
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5.4 Validation and analysis of AEG-1 bound mRNAs 

To validate further the interaction between AEG-1 and its bound mRNAs, 

representative AEG-1 bound mRNAs were examined using a complementary 

biochemical approach, RNA-immunoprecipitation and quantitative PCR (RIP-qPCR). 

The RIP-qPCR was performed as described (Keene et al., 2006). A HA-tagged AEG-1 

transfected HCC cell line was used to facilitate protein-RNA complexes purification 

(Figure 27). In brief, the AEG-1-RNA complexes were immunoprecipitated and verified 

by immunoblot analysis against AEG-1 and ribophorin I (RPN1) as a loading and 

negative control (Figure 27A). The immunoprecipitated RNA was reverse transcribed 

and subsequently quantified by qPCR against AEG-1 bound mRNAs. The results show 

significant enrichments of the AEG-1 bound mRNAs (MDR1, ATP1A1, NPC1, NPC2, 

NPC1L1, and HSPA5) over a control transcript, GAPDH (Figure 27B). Taken together, 

both CLIP-Seq and RIP-qPCR approaches have independently identified that the in vivo 

mRNA-binding activity of AEG-1 is specific to mRNAs encoding endomembrane and 

transmembrane proteins.   
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Figure 27: Validation and analysis of AEG-1 mRNA interactome.  

Validation of AEG-1 bound mRNAs by RNA immunoprecipitation and RT-qPCR (RIP-

qPCR) from mock-transfected cells (PC-4) and HA-tagged AEG-1 transfected cells (AEG-

1-14). (A) Immunoblots of RIP-qPCR for AEG-1 and ribophorin I (RPN1), an ER 

membrane protein, as a loading control. (B) RIP-qPCR fold enrichments for AEG-1 

bound mRNAs (MDR1, ATP1A1, NPC1, NPC2, NPC1L1, and HSPA5) from AEG-1-14 

over PC-4 cells. GAPDH was used for normalization.  * p<0.05, ** p<0.01.  

 

 Given the specific mRNA-binding activity of AEG-1, the AEG-1 binding sites 

on the AEG-1 bound mRNAs were illustrated in representative transcripts (Figure 28). 

As shown above, mRNAs encoding transmembrane proteins are highly enriched in the 

AEG-1 bound mRNAs. Here, we show the CLIP-Seq results for two representative AEG-

1 bound mRNAs encoding transmembrane proteins, MDR1 and NPC1. These two 

transcripts were independently identified to interact with AEG-1 by RIP-qPCR analysis 

(Figure 27B). As depicted in Figure 28A&C, in both MDR1 and NPC1, multiple AEG-1 

binding sites were identified, suggesting a complex binding stoichiometry for AEG-1 

and mRNA interactions.  Notably, as shown in Figure 28A&C, most AEG-1 binding sites 

were highly clustered in the CDS, whereas PAR-CLIP identified some binding sites in 
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the 3’UTR.  As noted above, the average clusters lengths of PAR-CLIP are relatively 

longer than that of HITS-CLIP.  

 To further characterize the specific position of AEG-1 binding sites, we focused 

on the AEG-1 binding clusters flanking the start/stop codons and transmembrane 

domains. The results show, in both transcripts, AEG-1 lacked any over-representative 

binding site flanking the start/stop codons (Figure 28A&C). The transmembrane 

domains of MDR1 and NPC1 transcripts were depicted based on protein domain 

database, PROSITE-ProRule (Sigrist et al., 2005), and the transmembrane helix 

prediction algorithm, TMHMM (Figure 28B&D) (Krogh et al., 2001). As noted above, 

multiple AEG-1 binding sites resided within +300 amino acid downstream 

transmembrane domains (Figure 28A&C). 
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Figure 28: AEG-1 binding sites on MDR1 and NPC1 mRNAs.  

Graphical representations of AEG-1 binding sites on MDR1 (A) and NPC1 (C) 

transcripts. Dark red peaks are sequencing read densities at indicated locations on the x-

axis. Light red regions indicate AEG-1 binding sites. Grey regions indicate the coding 

sequences. Green triangles on the top line mark identified mismatches in the HITS-CLIP 

and T-to-C conversions in the PAR-CLIP sequencing results. Graphical representations 

of transmembrane domain distributions in MDR1 (D) and NPC1 (F) indicated by 

PROSITE-ProRule (green boxes) and TMHMM (blue boxes) (Krogh et al., 2001; Sigrist et 

al., 2005). 
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5.5 AEG-1 regulates the protein expression and biological 
function of its bound mRNAs 

Given the CDS-specific binding activity of AEG-1 to actively translated mRNAs, 

I hypothesized that AEG-1 interacts with translating mRNAs and regulates their 

translation. Previous studies have shown that AEG-1 expression positively correlates 

with of multidrug-resistant protein 1 (MDR1) synthesis (Yoo et al., 2010). MDR1 is a 

plasma membrane transmembrane protein functioning in xenobiotic compound efflux 

with broad substrate specificity (Figure 29). The protein expression of MDR1 has been 

found to be significantly up-regulated in multiple cancers, resulting in the development 

of resistance to anticancer drugs (Yoo et al., 2010). As noted above, the CLIP-Seq and 

RIP-qPCR studies have demonstrated MDR1 as an AEG-1 bound mRNA, revealing a 

detailed map of AEG-1 binding sites on MDR1 mRNA (Figure 27&28). To gain further 

insights into the molecular function of AEG-1 in the regulation of MDR1 expression and 

function, MDR1 expression at the mRNA and protein levels were examined by RT-PCR, 

immunoblot, and immunofluorescence analyses (Figure 30). The RT-PCR results indicate 

that the expressions of MDR1 mRNA were not significantly altered by AEG-1 expression 

level between AEG-1 overexpression and mock-transfected control cells (Figure 30A). 

Intriguingly, elevated AEG-1 expression caused a highly increased MDR1 protein level 

in AEG-1 overexpression cells (Figure 30B&C), suggesting a translational regulation that 

AEG-1 regulates MDR1 expression at protein level but not at mRNA level. Moreover, 
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AEG-1 overexpression cells showed higher chemoresistance against anti-cancer drugs 

than that of control cells (Figure 31).  

 

 

Figure 29: Biological function of MDR1 protein in multidrug-resistant cells. 
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Figure 30: AEG-1 upregulates the protein expression of MDR1.  

(A) RT-PCR analyses for MDR1 and GAPDH mRNAs in AEG-1 overexpression (OE) 

cells. WT, wild-type cells. (B) Immunoblot analyses for the protein expression levels of 

AEG-1, MDR1, and α-tubulin. (C) Immunofluorescence analyses for MDR1 protein and 

DAPI (nucleus). Scale bar = 10 μm. 
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Figure 31: AEG-1 upregulates chemoresistance against anti-cancer drugs.  

Cell viability assays for AEG-1 overexpression cells (OE) and wild-type cells (WT) 

treated with anti-cancer drugs, doxorubicin (A) and cisplatin (B), at indicated 

concentrations.   

 

In recent study of an AEG-1 knockout (KO) mouse model, AEG-1 expression was 

linked to cholesterol homeostasis, with loss of expression resulting in decreased body 

weight and fat, which presumably via regulating the protein expression of intestinal 

cholesterol transporter NPC1L1 (Niemann-Pick C1-Like 1) and decreasing cholesterol 

absorption (Robertson et al., 2015b). Remarkably, the GO analysis for the CLIP-Seq 
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results identified a significant enrichment for genes functioning in cholesterol 

homeostasis (p = 1.8x10-7; Figure 24A), including the cholesterol transporters Niemann-

Pick C1 (NPC1) and NPC1L1. Given the mouse phenotype and significant GO 

enrichment, I hypothesized that AEG-1 not only binds mRNA encoding cholesterol 

homeostasis proteins, but also regulates their protein expression and biological function. 

In this study, I focused on a lysosomal cholesterol transporter, NPC1. The cellular 

mRNA and protein expression levels of NPC1 were examined by RT-PCR, immunoblot, 

and immunofluorescence analyses. The RT-PCR results indicate that the expressions of 

NPC1 mRNA were not significantly altered by AEG-1 knockdown (KD) (Figure 32A). 

Remarkably, AEG-1 knockdown caused a reduced NPC1 protein level (Figure 32B&C), 

suggesting a translational regulation that AEG-1 regulates NPC1 expression at protein 

level but not at mRNA level.  Notably, mutagenesis and knockout studies have shown 

that lack of functional NPC1 protein leads to cholesterol accumulation in lysosomes, 

resulting in a lysosomal storage disease, Niemann-Pick type C disease (Carstea et al., 

1997; Neufeld et al., 1999; Reid et al., 2004; Xie et al., 1999). To gain further insights into 

AEG-1 function in cholesterol homeostasis, free cholesterol accumulation was 

demonstrated by filipin staining. In Figure 32D, filipin staining revealed a highly up-

regulated cholesterol accumulation in AEG-1 KD cells, consistent with lysosomal 

cholesterol accumulation pattern in NPC1 deficient and knockout cells. Taken together, 

in both MDR1 and NPC1 studies, these results suggest a translational regulatory 
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function for AEG-1 to regulate the protein expression and function of its bound 

transcripts.  

 

 

Figure 32: AEG-1 knockdown decreases the protein expression of NPC1 and causes 

cholesterol accumulation.  

(A) RT-PCR analyses for NPC1 and GAPDH mRNAs in AEG-1 knockdown (KD) cells. 

(B) Immunoblot analyses for the protein expression levels of AEG-1, NPC1, and α-

tubulin in AEG-1 KD cells. WT, wild-type cells. (C) Immunofluorescence analyses for 

the protein expression levels of LAMP1 and NPC1 expression in AEG-1 KD cells. Scale 

bar = 10 μm. (D) Fluorescence images of filipin staining for cholesterol accumulation in 

AEG-1 KD cells. Scale bar = 10 μm. 
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6. Discussion 

6.1 Identification of the mRNA-binding function of AEG-1  

Here I report that select endoplasmic reticulum (ER) membrane proteins play 

important roles as RNA-binding proteins functioning in mRNA anchoring to the ER 

membrane. Recent proteomic studies also identified multiple ER membrane proteins as 

mRNA-binding proteins (Baltz et al., 2012; Castello et al., 2012; Jagannathan et al., 2014; 

Kwon et al., 2013). To further characterize the mRNA-binding function of the ER 

membrane proteins, I focused on AEG-1, an ER integral membrane protein previously 

identified as an oncogene and whose expression is strongly correlated with high 

metastatic potential and chemoresistance,  (Emdad et al., 2010; Hu et al., 2009; Lee et al., 

2009; Yoo et al., 2009b). AEG-1 was recently identified as a candidate mRNA-binding 

protein in a number of recent RNA interactome screens (Baltz et al., 2012; Castello et al., 

2012; Jagannathan et al., 2014; Kwon et al., 2013). In this study, we performed 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) and 

discovered a novel function for AEG-1 in the membrane localization and translational 

regulation of resident endomembrane organelle protein-encoding mRNAs (e.g., nuclear 

envelope, ER, Golgi, lysosome, plasma membrane). Notably, AEG-1 bound RNAs were 

highly enriched in endomembrane protein transcripts, and intriguingly, integral 
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membrane protein-encoding mRNAs. AEG-1 RNA interaction sites were highly 

enriched in coding regions (CDS) and largely absent from untranslated regions (UTRs). 

In addition, the translation of AEG-1 bound mRNA was strongly and positively 

correlated with AEG-1 expression, independent of target transcript levels, suggesting 

that AEG-1 promotes translation, although the precise molecular mechanism for such 

positive regulation remains to be determined.  

 

6.2 Emerging studies of non-canonical RNA-binding proteins 

RNA-binding proteins (RBPs) play important roles in a wide variety of post-

transcriptional regulations, including splicing, polyadenylation, transport, translation, 

RNA stabilization, and RNA degradation. Recent proteomic studies have identified a 

substantial fraction of the human proteome encodes RBP (approximately 7.5% of protein 

coding genes), including, notably, 700 RBPs bind mRNA (Baltz et al., 2012; Castello et 

al., 2012; Gerstberger et al., 2014; Kwon et al., 2013). In general, based on the structure of 

RNA-binding unit, RBPs can be classified into two groups: canonical and non-canonical 

RBPs. Canonical RBPs possess established RNA-binding motifs such as RNA-

recognition motif (RRM), hnRNP K homology (KH) domain, double-stranded RNA-

binding domain (dsRBD), and zinc finger (ZF). Canonical RBPs usually have a strong 

binding preference for the UTRs of mRNAs rather than CDS. In contrast, most non-

canonical RBPs generally lack established RNA-binding motifs and were characterized 
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as multifunctional proteins (moonlighting proteins). Recent mRNA interactome studies 

have expanded the horizon of RBPs by identifying a large fraction of non-canonical RBP 

in HeLa, HEK293, and mouse embryonic stem cells (Baltz et al., 2012; Castello et al., 

2012; Kwon et al., 2013). Notably, many “housekeeping” proteins were identified as 

mRNA-binding proteins, including metabolic enzymes functioning in glycolysis, the 

tricarboxylic acid (TCA) cycle, lipid metabolism, and deoxynucleotide biosynthesis 

(Castello et al., 2012). Intriguingly, glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH), a “housekeeping” gene has been widely use as controls in many research, 

was identified as a RBP to regulate translation of its bound transcript in lymphocytes, 

which involves in T cell activation (Chang et al., 2013). Although recent mRNA 

intractome studies provide a broadening view of RNA-binding protein identity and 

functionality, the precise RNA-binding mechanism and function of the non-canonical 

RBP remains to be determined. 

In contrast to many canonical RBPs, AEG-1 binding sites are almost wholly 

located in the CDS of its mRNA interactome. Intriguingly, the positive correlation 

observed between AEG-1 expression and target mRNA translation suggests that such 

interactions promote translation, either directly or indirectly. At first glance, however, it 

is not intuitively apparent how RBP interactions within a CDS might directly promote 

translation. Noting that the combined HITS-CLIP and PAR-CLIP datasets did not reveal 

a strong consensus binding motif; we suggest that AEG-1 affects localization and 
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translational regulation by a common mechanism of low affinity, high avidity 

interactions within the CDS. By such mechanism, a highly stable, avidity-based 

localization/anchoring function could be achieved and a high density of low affinity 

binding sites may constrain the secondary structural dynamics of the target mRNAs and 

thereby favor a largely unstructured CDS that would serve as a more optimal 

translational landscape for the elongating ribosome. Though such a detailed mechanism 

is plausible, and indeed there is extensive evidence for the broad utilization and 

mechanistic rationale for such interactions throughout biology (Leulliot and Varani, 

2001; Van Roey and Davey, 2015; Varadi et al., 2015; Williamson, 2000), the selectivity 

and enrichment for endomembrane protein-encoding mRNAs implies the recognition of 

common features of this cohort of mRNAs not readily discernible at the primary 

sequence level. 

 

6.3 Intrinsic disorder domain in RNA-binding proteins 

 Compounding this complexity, RBPs are noteworthy for their high, conserved 

enrichment in intrinsically disordered domains, and as a consequence a diversity of 

potential induced fit interactions with RNA substrates (Jarvelin et al., 2016; Leulliot and 

Varani, 2001; Varadi et al., 2015; Williamson, 2000). Notably, in recent identification of 

human mRNA-binding proteins (mRBPs), 20% of identified mRBPs are highly 

disordered (contain disorder amino acid residues > 80%), which enrich disorder-
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favoring amino acids [glycine (G), serine (S), and proline (P)], basic amino acids 

[arginine (R) and lysine (K)], acidic amino acids [aspartic acid (D) and glutamic acid (E)] 

and tyrosine (Y) (Castello et al., 2012). RS- and RG-repeats were reported in many RBPs, 

which play important roles in direct RNA interaction and RNA-binding regulation 

functioning in splicing, nuclear RNA export and translation repression (Chen and 

Joseph, 2015; Golovanov et al., 2006; Xiang et al., 2013). A newly emerging type of 

disorder domain in RNA-binding proteins contains K and/or R enriched basic patches 

(Castello et al., 2012), which may form non-specific electrostatic interactions with the 

negatively charged sugar-phosphate backbone of RNA. For example, the arginine rich 

motif in HIV Rev protein is intrinsically disordered, whereas the motif folds into an α-

helix upon binding to RNA (Battiste et al., 1996; Casu et al., 2013; Tan et al., 1993; Tan 

and Frankel, 1994; Wilkinson et al., 2004).  

In this regard, the cytosolic domain of AEG-1 has an abundance of intrinsically 

disordered domains and positively charged patches (Figure 33). We analyzed the 

distribution and abundance of intrinsically disordered domains in AEG-1 using 

FoldIndex algorithm (Prilusky et al., 2005). The results show that the cytosolic domain 

(aa70-582) of AEG-1 is intrinsically disordered. Moreover, the cytosolic domain contains 

a signature amino acid composition of disordered mRBPs with disorder-favoring amino 

acids (G, S, P), basic amino acids (R, K), acidic amino acids (D,E) and Y (Figure 15), 

suggesting the function of AEG-1 as a disordered non-canonical mRBP.  In Figure 12 and 
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14, deletion analyses highlight the domain between aa139 and aa350, which includes a 

prominent sequence of high disorder and K-enriched patches (Figure 13), displays in 

vivo RNA-binding activity. The abundance of K-enriched patched in the mRNA-binding 

domain suggests a potential RNA-binding mechanism for AEG-1, which may interact 

with negatively charged RNA backbone.  

 

 

Figure 33: AEG-1 has an abundance of intrinsically disordered domains. 

Primary sequences of human AEG-1 (NP_848927) was analyzed by FoldIndex (Prilusky 

et al., 2005). TMD, transmembrane domain.  

 

6.4 mRNA-binding specificity of AEG-1  

The location of mRBP binding sites mirrors RBP molecular function, such as 

mRNA processing, transport, degradation and translation. Translation initiation factors 
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bind to the 5’ UTR, regulating translation initiation and translation efficiency (Araujo et 

al., 2012; Wilkie et al., 2003); splicing factors recognize and process the intron-exon 

junctions at single-nucleotide resolution (Gerstberger et al., 2014; Glisovic et al., 2008); 

and many mRBPs bind sites in the 3’ UTR functioning as regulatory signals for mRNA 

stability, transport, and degradation (Dreyfuss et al., 2002; Gerstberger et al., 2014; 

Glisovic et al., 2008).  Based on the HITS-CLIP and PAR-CLIP analyses, AEG-1 showed a 

high sequence read enrichment in the downstream region of encoded transmembrane 

domains in the CDS (Figure 22). It is interesting to consider that such enhanced 

interactions may be functionally linked to protein biogenesis, perhaps in enabling 

translational stalling and thereby enlarging the temporal windows for the integration of 

transmembrane domains.  

Here we also note that studies of the mechanism of transmembrane domain 

integration have demonstrated that both the primary and secondary structural 

characteristics of transmembrane domains within the ribosome exit tunnel can serve as a 

signal regulating the topogenic assembly/insertion of upstream transmembrane domains 

in the translocon (Daniel et al., 2008; Do et al., 1996). The findings reported here may 

represent an additional molecular component of this ordered protein synthesis, 

signaling and translocation process (Cross et al., 2009; Mandon et al., 2013; Shao and 

Hegde, 2011; Skach, 2009). Alternatively, such cluster read enrichments may be a 

consequence of the binding interactions between SRP and the nascent transmembrane 
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domains, though how such long range interactions might influence AEG-1/mRNA 

interactions awaits further experimental study.   
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7. Summary and perspective 

7.1 Summary 

Prior work in the lab demonstrated that a subset of mRNAs encoding resident 

endomembrane organelle proteins (mRNAendo) undergoes a SRP- and ribosome-

independent localization to the ER. This work sought to further elucidate this process, 

including the identification of mRNA-anchoring proteins on the ER, characterizing the 

mRNA-binding specificity of AEG-1, and revealing a translational regulation of AEG-1 

bound mRNAs.  

Since we observed a SRP- and ribosome-independent mRNA localization to the 

ER, which is specific for mRNAendo, we proposed that some ER membrane proteins may 

play important roles in mRNA anchoring to the ER. First, in canine rough microsome, 

we demonstrated that numerous ER membrane proteins have RNA-binding activity. 

The ER membrane proteins were further identified by native oligo(dT) pulldown and 

mass spectrometry.  

In order to focus on one of the best potential candidates, I compared the putative 

mRNA-binding ER membrane proteins with three proteomic screens of mRNA-binding 

proteins in HEK293, HeLa, and mouse embryonic stem cells, thus I focused on AEG-1, 

an mRNA-binding ER membrane protein candidate which was identified in all the 

screens. First, I demonstrated that AEG-1 binds to translating mRNA in living cells. 

Since AEG-1 contains no known RNA-binding motifs, I further identified a novel RNA-
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binding domain in the cytosolic domain of AEG-1, which is highly disordered and 

highly positively charged. 

CLIP-Seq approaches were used to study the RNA-binding specificity of AEG-1. 

I found that the RNA-binding activity of AEG-1 is specific to the mRNA encoding 

endomembrane transmembrane proteins. Intriguingly, AEG-1 exclusively targets to the 

coding sequence (CDS).  Further AEG-1 binding site analyses revealed that AEG-1 has 

specific binding sites within +300 amino acid downstream transmembrane domains. I 

addressed the hypothesis that AEG-1 binding may interact with translating ribosomes 

on its bound mRNAs and simultaneously regulate their translation. I showed that AEG-

1 regulates not only the protein expressions of its bound mRNAs (MDR1 and NPC1) but 

their cellular functions. AEG-1 is therefore an mRNA-binding protein functioning in 

mRNA-anchoring to the ER and translation regulation.  

 

7.2 Future directions  

7.2.1 The molecular mechanism of mRNA-AEG-1 interaction  

RNA-binding proteins (RBPs) contain various canonical RNA-binding domains, 

such as the RNA recognition motif (RRM), the K homology domain (KH), the Pumilio 

homology domain (PUM-HD) and the double stranded RNA-binding domain (dsRBD) 

(Lunde et al., 2007), which serve as functional units to modulate RNA-protein 

interaction. Notably, the candidate ER membrane mRNA-binding proteins noted above 
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(Figure 6), however, contain no known RNA-binding domains. Moreover, based on the 

prediction of FoldIndex algorithm (Prilusky et al., 2005), many of these candidate RBPs 

are predicted to be highly disordered in their cytosolic domains where interact with 

RNAs. Little is known regarding the molecular mechanism of RNA recognition by any 

of this newly discovered non-canonical RNA-binding proteins (Baltz et al., 2012; Castello 

et al., 2012; Gerstberger et al., 2014; Kwon et al., 2013; Pineiro et al., 2015).  

In this study, I identified important roles of AEG-1 in mRNA binding and 

translation regulation whereas the RNA-binding domain of AEG-1 lacks any known 

RNA-binding motifs. Intriguingly, the RNA-binding domain is highly positively 

charged and disordered, which may provide clues for further investigation on the 

mechanism of RNA-AEG-1 interaction. First, the basic poly-lysine patches in the RNA-

binding domain may provide non-specific electrostatic interactions with the negatively 

charged sugar-phosphate backbone of RNA. Given the structure flexibility of disordered 

RNA-binding domain, the RNA-AEG-1 interaction may provide a driving force in stable 

protein structure formation, as known as induced fit, which is a prevalent mechanism of 

RNA-protein interaction (Williamson, 2000). Future work will be required to determine 

the protein structures of apoprotein and RNA-bound protein and to more clearly define 

the mechanism of RNA-AEG-1 interaction. 
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7.2.2 Global post-translational regulation of AEG-1 

Post-translational modification is a prevalent mechanism for regulating protein 

functions. Protein phosphorylation is the most common post-translational modification 

in eukaryotic cells. Multiple phosphorylation sites have been identified in the cytosolic 

domain of AEG-1. Recent phosphoproteomic study revealed that AEG-1 is 

phosphorylated on Ser 298 by the beta subunit of IκB kinase (IKKβ), which regulates 

NF-κB-dependent gene expression and cell proliferation as well as correlates with the 

survival of ovarian carcinoma patients (Krishnan et al., 2015).  

With the identifications of phosphorylation in RNA-binding proteins and 

emerging evidence that phosphorylation regulates protein-RNA interactions (Thapar, 

2015), a role for post-translational regulation of mRNA anchoring to the ER can be now 

be considered. I found that the status of global protein phosphorylation in cell lysate 

regulates the association of AEG-1 with ribosomes, suggesting that phosphorylation 

regulates the RNA-binding activity of AEG-1 (data not shown). However, further 

alanine mutagenesis screening of putative phosphorylation sites in AEG-1 showed no 

significant effect on the RNA-mediated interactions with ribosomes  (data not shown)  

or associated proteins (Meng et al., 2012). Future work will be required to determine the 

phosphorylation sites functioning in RNA-binding regulatin in either AEG-1 or its 

binding partners and to more clearly evaluate the regulatory function of 
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phosphorylation in the activity and specificity of RNA binding as well as protein 

translation regulation. 

 

7.2.3 Census of mRNA-anchoring ER membrane proteins 

Recently, proteomic screens for the mRNA-binding proteins revealed an 

unexpected diversity of candidate mRNA-binding proteins (RBPs) on the ER (Figure 6). 

These studies suggest a complex model for mRNA anchoring to the ER, where multiple 

ER membrane proteins can serve as mRNA anchors to modulate ER-mRNA interaction. 

Systematic investigations into the candidate RBPs will gain further insights into the 

complex, dynamic mechanism of mRNA localization. 

The candidate RBPs are non-canonical RBPs which contain no known RNA-

binding motifs. Moreover, sequence alignment analysis reveals that the RBPs show no 

protein sequence homology in the cytosolic domains. These results suggest that the 

RBPs may have distinct mRNA partners. In this study, we used transcriptome-wide 

CLIP-Seq approaches to identify the AEG-1 bound mRNAs, enriching mRNAs encoding 

endomembrane organelle proteins and membrane proteins. To understand the 

transcriptome-wide mRNA-binding specificity, similar approaches can be applied to the 

candidate RBPs. Defining how the RBPs regulate mRNA anchoring and/or translation 

represent an intriguing new direction of research into the newly emerged non-canonical 

RBPs governing transcriptome-wide mRNA localization.  
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7.3 Conclusion Remarks 

In summary, I report that multiple ER membrane proteins serve as RNA-binding 

proteins functioning in the selective localization and anchoring of mRNA encoding 

endomembrane resident proteins to the ER membrane. Many of these ER membrane 

proteins have been identified as mRNA-binding proteins in human and murine cell 

lines. Furthermore, we report that one of the identified RNA-binding ER membrane 

protein, AEG-1, is a non-canonical RNA-binding protein functioning in the selective 

localization and anchoring of mRNA encoding endomembrane transmembrane proteins 

to the ER. AEG-1 is a Type I transmembrane protein with a highly positively charged 

and largely disordered cytoplasmic domain that contains non-canonical RNA-binding 

domain(s).  
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