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Abstract 
RNA localization provides the blueprint for compartmentalized protein 

synthesis in eukaryotic cells. Current paradigms indicate that RNAs encoding secretory 

and membrane proteins are recruited to the endoplasmic reticulum (ER), via positive 

selection of a ‘signal peptide’ tag encoded in the protein. Thus RNA sorting to the ER 

follows protein sorting and the RNA is considered a passive player. However, RNAs 

have been shown to access the ER independent of the signal peptide and display a wide 

range of affinities to the ER that does not correlate with signal peptide strength. How 

and why mRNAs localize to the ER to varying extents and whether such localization 

serves a purpose besides protein sorting is poorly understood. To establish the cause 

and consequence of RNA binding to the ER membrane, I pose three primary questions: 

1. How are mRNAs targeted to the ER? 2. Once targeted, how are mRNAs anchored to 

the ER membrane? 3. Are ER localized mRNAs subject to transcript-specific regulation?  

I address mRNA targeting to the ER by comparing the partitioning profiles of 

cytosolic/nuclear protein-encoding mRNA population (mRNACyto) to that of mRNAs 

encoding a signal peptide (mRNAER). I show that, at a population level, mRNACyto 

display a mean ER enrichment that is proportional to the amount of ER-bound 

ribosomes. Thus, I propose that targeting of mRNACyto to the ER is stochastic and over 

time, the specific interactions engaged by an individual mRNACyto with the ER 

determines its steady state partitioning profile between the cytoplasm and the ER.  

To address the modes of direct binding of mRNA to the ER, I examined the 

association of various RNA populations with the ER after disrupting membrane-bound 

ribosome’s interaction with its ER receptor. mRNACyto and most of mRNAs encoding 

secretory proteins (mRNACargo) are released upon disruption of ribosome-receptor 
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interactions, indicating no direct mRNA-ER interactions.  However, the population of 

mRNAs that encode resident proteins of the endomembrane organelles such as the ER, 

lysosome, endosome and the Golgi apparatus (mRNARes) maintain their association with 

the ER despite the disruption of ribosome-receptor interactions. These results indicate 

direct binding of mRNARes to the ER, further suggesting that the function of the encoded 

proteins dictates the mode of association of corresponding mRNA with the ER.  

To uncover the mode of mRNARes binding directly to ER, I performed differential 

proteomic analysis of cytosolic and membrane bound RNA-protein complexes, which 

revealed a network of RNA binding proteins that interact uniquely with the ER-

anchored mRNAs. The anchoring of endomembrane resident protein-encoding RNAs to 

the ER through these RNA binding proteins may reflect an imprinting of the ER with the 

information necessary for the continued biogenesis of the endomembrane organelle 

system even in situations where translation-dependent ER targeting of an mRNA is 

compromised.  

Finally, I address whether ER-bound mRNAs can be regulated differentially by 

comparing the fates of two signal peptide-encoding RNAs, B2M and GRP94, during the 

unfolded protein response (UPR). I show that in response to ER stress, GRP94 mRNA, 

but not B2M, relocates to stress-induced RNA granules, thus escaping an RNA decay 

program that operates at the ER membrane during the UPR. Hence, I propose that the 

mode of RNA association to the ER is subject to regulation and influences the fate of 

RNAs during cellular stress. Thus, by demonstrating diverse modes of mRNA 

localization to the ER and differential regulation of ER bound mRNAs during cellular 

stress, my work has helped establish an emerging role for the ER as a post-

transcriptional gene regulatory platform. 
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Chapter 1. Introduction 

A. Overview  

 In all eukaryotic cells, the information for making proteins is stored in the form 

of DNA within the nucleus, whereas protein synthesis takes place in the cytoplasm. 

Messenger RNA (mRNA) molecules serve the vital purpose of transferring the genetic 

information from the nucleus where it is encoded, to the cytoplasm, where it can be 

translated. Once thought of as passive carriers of information, we now know that 

mRNAs are active players in regulating gene expression. RNA molecules can be 

alternatively spliced to produce distinct proteins, edited to change the properties of the 

encoded protein, stabilized or decayed to modulate protein levels, and localized to 

specific regions of the cell to supply proteins with spatiotemporal precision. These 

processes together contribute to what is termed post-transcriptional regulation (Moore, 

2005).  

 About 30-40% of the cellular mRNA transcriptome become tethered to the 

endoplasmic reticulum (ER) membrane soon after their export to the cytoplasm, where 

they undergo translation via membrane-bound ribosomes (Stevens and Arkin, 2000). 

These mRNAs encode several important classes of proteins including resident 

endomembrane organelle proteins, ion channels, surface receptors and other membrane 

proteins, secreted growth factors, antibodies, hormones and neuropeptides. Evidence 

suggests that membrane-bound ribosomes and RNAs are regulated differently 

compared to their cytosolic counterparts (Stephens and Nicchitta, 2008; Unsworth et al., 

2010). Yet, most of our understanding of post-transcriptional regulation derives from 

ensemble studies that make no distinction between RNAs in the bulk cytoplasm and 

RNAs that are attached to cellular membranes. Moreover, RNAs encoding cytosolic and 

nuclear proteins are well represented on ER-bound ribosomes (Diehn et al., 2006; Diehn 
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et al., 2000b; Lerner et al., 2003) though our current understanding of how RNAs target 

to the ER neither predicts nor explains this observation. Hence, understanding how 

RNAs become selected for translation on ER-bound ribosomes and how membrane 

anchoring affects their post-transcriptional regulation may hold important clues to 

understanding eukaryotic cell biology.  

 In the following sections, I briefly review post-transcriptional gene regulatory 

processes (Fig. 1) to provide the context for understanding how free- and membrane-

bound RNAs may be differentially regulated. I describe the current paradigm for how 

RNAs are targeted to the ER (Fig. 2, 3) and discuss evidence that suggests alternative 

routes for RNA localization to the ER. I then discuss known post-transcriptional 

regulatory processes that operate at the ER membrane during homeostasis and ER stress 

(Fig. 4). I finally discuss the rapidly evolving role for the ER as a master regulator of 

various cellular processes (Fig. 5).   

B. The life of mRNA  

Synthesis, processing and nucleocytoplasmic transport 

 mRNAs are transcribed in the nucleus by RNA polymerase II as pre-mRNA 

molecules. Pre-mRNAs are spliced by a ribonucleoprotein complex, termed the 

spliceosome, which remove introns that interrupt the final protein coding information 

present as discontinuous modules called exons (Fig. 1). Concurrent with splicing, a set of 

proteins called the exon junction complex (EJC) are deposited at the exon-exon junctions 

(Reichert et al., 2002). The mature mRNA that is generated via splicing is also capped at 

the 5’ end with 7-methylguanosine (m7GpppN) and given a 3’ polyA tail to ensure 

stability (Hocine et al., 2010). Several RNA binding proteins (RBPs) present in the 

nucleus bind to the mRNA either during or after transcription (often in a sequence 
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and/or structure-specific manner) to control various aspects of the RNA’s post-

transcriptional regulation (Glisovic et al., 2008). Mature mRNAs that are correctly 

processed and decorated with RBPs are exported via nuclear pore complexes (NPCs) to 

the cytoplasm through an active process that involves Mex67 and other export factors 

(Terry et al., 2007).  

 

Figure 1: Post-transcriptional gene regulation. 

Gene 
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RNA quality control, translation and decay  

 Newly exported mRNAs are subject to strict surveillance that prevents synthesis 

of defective proteins. RNA Surveillance is thought to occur during the first round of 

translation of an mRNA called the pioneer round of translation (Maquat et al., 2010). As 

a ribosome scans through the newly exported mRNA, EJCs are removed. However, 

when an mRNA contains a premature termination codon (PTC) upstream of an EJC, 

translation terminates prematurely and the EJC is never removed. The sustained 

presence of EJC in a cytoplasmic mRNA triggers nonsense-mediated decay (NMD) 

(Maquat, 2005). NMD can also decay RNAs that are free of PTCs if they contain an 

upstream open reading frame (uORF) or an intron in their 3’ untranslated region (UTR) 

(Mendell et al., 2004). RNAs that survive NMD undergo several rounds of translation in 

the cytoplasm at a frequency that depends on the rate-limiting steps in the translation of 

a given mRNA (Gingold and Pilpel, 2011). The eventual decay of an mRNA depends on 

several factors and can be modulated by microRNAs, siRNAs and RBPs that bind and 

recruit decay machinery such as decapping factors, deadenylation complexes and endo- 

and exo-nucleases (Garneau et al., 2007).   

Regulation during cell stress  

RNAs come under the control of a distinct set of regulatory processes whenever 

the cell is threatened by extreme stresses such as heat shock, viral infection or hypoxia 

(Anderson and Kedersha, 2002). Under such circumstances, translation initiation 

becomes rate limiting due to global phosphorylation of the initiation factor, eIF2α. As a 

result, translationally repressed mRNAs accumulate in RNA granules called stress 

granules, a process mediated by RBPs such as TIA1 and TIAR (Gilks et al., 2004). Stress 

granules are considered to be dynamic triage centers where RNAs can be stored, 

returned to active translation or transferred to P-bodies, which are centers of RNA decay 
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(Buchan and Parker, 2009). Upon removal of cell stress, eIF2α is dephosphorylated, 

stress granules are disassembled and RNAs resume active translation (Buchan and 

Parker, 2009).  

RNA transport and localized translation 

A special case of post-transcriptional regulation involves transport of certain 

mRNAs to distal sites for localized translation (Besse and Ephrussi, 2008). mRNAs are 

typically transported in a translationally silent state and resume translation once they 

reach their cellular destination. This phenomenon is especially prevalent during early 

embryonic development (Lecuyer et al., 2007) and is well characterized in the 

Drosophila system (extensively reviewed in (Lasko, 2012)). Prominent examples of post-

embryonic RNA localization include β-actin mRNA localization to the leading edge of 

migrating fibroblasts (Lawrence and Singer, 1986) and localized translation of CAMK2A 

mRNA in neuronal dendrites (Blichenberg et al., 2001). The largest post-embryonic 

RNA-localization program by far, however, is the sorting of membrane and secretory 

protein-encoding RNAs (ca. 30-40% of all transcripts) to the ER. Little is known about 

surveillance, stability and stress-dependent regulation of localized mRNAs.  

C. How do mRNAs access the ER? 

RNA targeting to the ER as a result of protein sorting 

Current models indicate that mRNA translation is strictly and compartmentally 

segregated, with mRNAs encoding cytosolic proteins being translated on free ribosomes 

and mRNAs encoding secretory and membrane proteins on membrane-bound ribosome 

(Lingappa and Blobel, 1980). This compartmentalization is thought to be achieved by the 

signal recognition particle (SRP) pathway (Walter and Johnson, 1994). In the SRP 

pathway, the translation of all mRNAs begins on cytosolic free ribosomes. Those 
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mRNAs encoding an N-terminal signal peptide (present only in secretory and 

membrane proteins) are recognized in the cytosol by the SRP, a process which stalls 

translation momentarily (Walter and Blobel, 1981a). The ribosome-mRNA-SRP complex 

is then targeted to the ER via an SRP receptor present on the ER membrane (Walter and 

Blobel, 1981b). At the ER membrane, translation resumes and the protein is co-

translationally translocated into the ER lumen. At the termination of protein synthesis, 

the ER-bound ribosomes dissociate and the subunits return to the cytosolic pool (Fig. 2) 

(Lingappa and Blobel, 1980; Walter and Johnson, 1994).  

 

Figure 2: Signal recognition particle (SRP) pathway. 

Thus, proteins that lack a signal peptide complete their synthesis on free, 

cytosolic ribosomes and are sorted into various organelles such as mitochondria, 

chloroplast (in plants), peroxisomes or the nucleus through specific targeting peptides or 

remain in the cytoplasm if they lack a targeting peptide (Fig. 3). Proteins that are 

translocated into the ER lumen are folded with assistance from ER chaperones and 

modified via N-glycosylation, and GPI anchoring and disulphide bond formation. 

Nascent proteins in the ER are packaged into vesicles and transported to the Golgi 

apparatus for further modification and maturation. Mature proteins in the Golgi 
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apparatus are sorted into various endomembrane compartments or secreted through a 

series of vesicle-mediated transport events (van Vliet et al., 2003). Protein traffic through 

the secretory pathway occurs both via bulk flow and through concentrative transport 

mediated by receptors that identify peptide or carbohydrate tags in the mature proteins 

(Dancourt and Barlowe, 2010). For example, several soluble lysosomal proteins are 

modified with a mannose-6-phosphate (M6P) that is recognized by M6P-receptor 

proteins, thus ensuring their sorting into the endosomal/lysosomal system.   

 

Figure 3: Protein sorting and the secretory pathway. 

Gene 
Transcription 

Mature mRNA 
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In summary, SRP-mediated protein sorting is both the cause and consequence of 

RNA partitioning between the cytosol and the ER (Fig. 3).  

Evidence for SRP-independent RNA targeting to the ER 

As depicted in Fig. 2, a primary prediction of the SRP pathway is that mRNA 

localization to the ER requires the presence of a translated signal sequence. Also 

postulated in this model is that mRNA molecules are bound to the ER membrane 

indirectly, via their functional association with membrane-bound ribosomes. If the SRP 

pathway is the only mechanism for the entry of secreted and membrane proteins in to 

the secretory pathway, compromising the SRP pathway should be lethal, due to 

improper localization of membrane ion channels and other important proteins. 

However, genetic ablation of components of the SRP pathway in yeast does not affect 

the viability of the organism (Mutka and Walter, 2001). Instead, disabling the SRP 

pathway is functionally compensated by an expansion of ER. Thus, the cells are able to 

adapt to the absence of the SRP pathway by activating or expanding compensatory 

pathways (Mutka and Walter, 2001). In trypanosomes, even though the depletion of 

SRP54 (the signal peptide binding protein) by RNA interference is lethal, the processing 

of signal peptide containing proteins is unaffected. Instead, the proteins eventually 

mislocalize due to other sorting issues that arise downstream (Liu et al., 2002). In HeLa 

cells, RNAi knockdown of SRP54 does not have any effect on the growth or viability of 

the cells (Ren et al., 2004). In the absence of the SRP pathway, intrinsic ER localization 

signals in signal peptide-encoding RNAs could provide a way to ensure RNA delivery 

to the ER surface and facilitate continued protein synthesis on membrane-bound 

ribosomes.  

Prior to the discovery of the SRP pathway, investigations into the mechanism of 

mRNA binding to the ER concluded that mRNAs were ER-associated through direct, 
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ribosome-independent interactions (Cardelli et al., 1976; Lande et al., 1975). This 

conclusion was based on two primary observations; i) mRNAs retained their ER 

association after treatment with puromycin, which elicits nascent chain release and 

ribosome disassembly, and ii) mRNA-ER interactions were maintained following 

inhibition of the initiation stage of protein synthesis with the antibiotic Verrucarin A and 

subsequent polyribosome breakdown (Cundliffe et al., 1974). Studies of mRNA-ER 

interactions in tissue-derived microsomes also concluded that mRNAs were bound 

through direct, ribosome-independent mechanisms. These initial findings were 

subsequently challenged and the question of mRNA-dependent regulation of polysome-

ER interactions has remained controversial (Cardelli et al., 1976; Harrison et al., 1974; 

Kruppa and Sabatini, 1977; Lodish and Froshauer, 1977).  

Since the advent of genomic tools, large-scale studies on subcellular RNA 

partitioning have identified specific subsets of mRNAs encoding cytoplasmic and 

nucleoplasmic proteins as consistently enriched on the ER even though they do not 

encode a signal peptide (Diehn et al., 2006; Diehn et al., 2000b; Lerner et al., 2003; 

Mueckler and Pitot, 1981). This observation is in line with early evidence (Mueckler and 

Pitot, 1981) that RNAs can bind to the ER directly and independent of the SRP pathway. 

Direct evidence for SRP-independent targeting of mRNAs to the ER was provided by 

Pyhtila and colleagues who found that an ER chaperone-encoding mRNA, GRP94, could 

efficiently localize to the ER even after inhibition of translation or the deletion of signal 

sequence, though the encoded ER chaperone can no longer translocate into the ER 

lumen (Pyhtila et al., 2008). The same study also demonstrated that SRP54 knockdown 

does not effect the partitioning of the canonically ER-localized mRNAs such as GRP94, 

CALR, BiP and TRAP-α as well as a non-canonically ER-localized cytosolic mRNA, 

Hsp90 (Pyhtila et al., 2008). Thus, even though protein translocation into the ER requires 
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a hydrophobic signal peptide, RNA sorting to the ER can occur independently of 

translation. The mechanism by which RNAs are targeted to the ER in an SRP-

independent manner is currently unknown and is investigated in this dissertation. 

D. The curious case of membrane-bound mRNAs 

Though the primary function of the ER is to enable protein sorting into the 

secretory pathway, strong experimental evidence suggests that cytosolic proteins can 

also be synthesized by ER-bound ribosomes. The precise nature of the interaction 

between cytosolic RNAs and the ER membrane as well as the physiological consequence 

of such non-canonical binding is currently unknown. Moreover, mounting evidence for 

post-transcriptional regulatory processes that discriminate cytosolic and ER-localized 

mRNAs suggest that RNA localization to the ER could potentially be regulated, with 

consequences not only for the encoded protein, but also for the encoding RNA.   

Evidence for differential regulation of ER-bound mRNAs  

The RNA sequence that encodes the signal peptide (the signal sequence coding 

region; SSCR) was recently shown to facilitate nucleocytoplasmic export of RNAs that 

lack introns (Palazzo et al., 2007). Intronless RNAs, due to their lack of EJC, are poor 

substrates for export and tend to be degraded within the nucleus. However, attaching an 

SSCR to an intronless RNA allows the RNA to be exported efficiently by a process 

termed ALREX, for alternative mRNA nuclear export, the mechanistic details of which 

are currently unknown. Thus, the SSCR, besides coding for the signal peptide and 

facilitating protein sorting, also influences mRNA transport and metabolism (Fig. 4 A).  

Structural studies on membrane-bound ribosomes demonstrate that they assume 

a distinct conformation compared to free ribosomes (Pfeffer et al., 2012). When cytosolic 

polyribosomes and membrane-bound polyribosomes were compared for their 
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translation output by the rate of [S35]-labeled methionine and lysine incorporation, the 

membrane bound ribosomes displayed higher translation efficiency (Fig. 4 B). This was 

attributed to better coupling of aminoacyl tRNA turnover and protein synthesis at the 

ER membrane compared to bulk cytoplasm (Stephens and Nicchitta, 2008). Moreover, a 

recent study that performed ribosome footprinting on cytosolic and membrane-bound 

mRNAs found that membrane-bound ribosomes showed a higher processivity 

compared to their cytosolic counterparts (Reid and Nicchitta, 2012).  

Studies that compared the translation status of mRNAs during various cellular 

stresses including viral infection, ER stress and oxidative stress (Lerner and Nicchitta, 

2006; Stephens et al., 2005; Unsworth et al., 2010), have reported sustained translation of 

certain ER-bound mRNA despite a shut down of cytosolic translation (Fig. 4 C). 

Unsworth et al., also showed that during oxidative stress the translationally active, ER-

localized mRNAs also escaped sequestration by stress granules, unlike cytosolic mRNAs 

(Fig. 4 D).   

Finally, there is also evidence that post-transcriptional regulation of cytosolic and 

ER-bound mRNAs diverges during ER stress response. When unfolded and/or 

malfolded proteins accumulate in the ER lumen, a ubiquitous, highly conserved stress 

response pathway, called the unfolded protein response (UPR), is activated (Walter and 

Ron, 2011). A key regulator of the UPR is a b-ZIP transcription factor, X-box binding 

protein-1 (XBP-1). Under ER-stress, XBP-1 mRNA undergoes non-canonical splicing at 

the ER membrane through an ER membrane endonuclease, IRE1 (Uemura et al., 2009). 

Spliced XBP1 encodes a functional transcription factor that induces the expression of 

several ER stress-response genes (Fig. 4 E). Curiously, IRE1 endonuclease also facilitates 

an RNA decay program that specifically targets ER-bound RNAs, in an effort to reduce 

the folding load on the ER (Hollien et al., 2009). How the ER sustains the translation of 
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stress-induced mRNAs, while also carrying out an ER-wide, indiscriminate RNA decay 

program is currently under debate (Walter and Ron, 2011).  

 

Figure 4: Differential regulation of free- and membrane-bound RNAs. 

(A) Signal sequence coding region (SSCR) can facilitate nucleocytoplasmic export of 
intronless RNAs. (B) Cytosolic mRNAs on the ER are translated more efficiently 
compared to their cytosolic counterparts . (C) ER-bound mRNAs are sustain 
translation during oxidative stress when cytosolic transcripts are repressed. (D) ER-
bound mRNAs escape stress granule sequestration during oxidative stress.  (E) 
During ER stress, activated IRE1 facilitates non-canonical splicing of XBP1 mRNA to 
enable synthesis of a functional transcription factor. (F) Activated IRE1 also enables 
decay of ER-localized mRNA to reduce the folding load on the ER.  
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Thus, RNAs that are bound to the ER membrane are subject to extensive post-

transcriptional regulation that is often distinct compared to cytosolic mRNAs both 

during homeostasis and cell stress (Fig. 4). Understanding how various RNAs achieve 

their characteristic distribution between the cytosol and the ER and whether RNA 

distribution can be modulated in specific scenarios could be vital to our understanding 

of the regulatory processes that act upon those mRNAs.  

E. The ER as a dynamic regulator of biological processes 

The ER is not a static structure; it moves on microtubule tracts (Waterman-Storer 

and Salmon, 1998) and interacts with other components of the cell (Friedman and 

Voeltz, 2011). It has been shown that certain cytoplasmic RNAs can even hitchhike on 

the ER and transported to specific cellular locations (Cohen, 2005). In yeast, Ash1 mRNA 

travels on the ER and gets sorted into the daughter cell by an ER-dependent process 

(Schmid et al., 2006). A similar mechanism is responsible for Vg1 mRNA transport to the 

vegetal pole in Xenopus embryo (Deshler et al., 1997). The ER also possesses various 

sub-domains and dedicated organellar interfaces in order to supply lipids to other 

cellular membranes and to maintain calcium homeostasis (Lynes and Simmen, 2011). 

Thus, the ER plays a dynamic role in regulating various biological processes that are 

central to cellular function (Fig. 5).  

ER sub-domains and contacts with other organelles 

ER possesses several structurally and functionally specialized domains that 

enable its myriad functions (Friedman and Voeltz, 2011; Lavoie and Paiement, 2008; 

Lynes and Simmen, 2011). The nuclear envelope (NE), rough ER (RER) and smooth ER 

(SER) were the first recognized ER subdomains, each performing a distinct function 

(Sitia and Meldolesi, 1992).   



 

  14 

 

Figure 5: ER as a dynamic regulator of biological processes. 

(A) ER-exit sites denote subdomains of ER where vescicles loaded with newly 
synthesized proteins leave to fuse with Golgi apparatus. (B)  Mitochondrial associated 
membranes (MAMs) are sites of intimate ER-mitochondrial contact (C, E) Site of ER 
contact with lipid droplets and plasma membrane, respectively. (D) Pre-peroxisomal 
ER membrane is an ER subdomain that supplies membrane proteins during 
peroxisome biogenesis (F, G) ER has been proposed to be the site of pioneer round of 
translation and NMD (H) ER-bound mRNAs, ASH1 and VEGF, can be directionally 
transported through ER-microtubule interactions. 
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The nuclear envelope is physically continuous with the ER, separates nucleus 

and the cytoplasm and has a unique protein composition. RER is the site of 

membrane/secretory protein synthesis while SER regulates calcium homeostasis and 

lipid synthesis. The ER exit sites where vesicles containing newly synthesized proteins 

leave the ER to fuse with Golgi have been recognized as unique sub-domains of the ER, 

called the transitional ER, with distinct protein compositions. 

The ER also forms intimate contacts with a variety of membranous organelles. 

The ER-mitochondria contacts, besides being sites of lipid transfer, also facilitate 

mitochondrial fission (Rowland and Voeltz, 2012).  ER is also known to be the site of 

synthesis of certain peroxisomal membrane proteins and it has been postulated that the 

ER has a pre-peroxisomal compartment that supplies lipids and membrane proteins 

during peroxisomal biogenesis (Tam et al., 2005). Lipid droplets (Ozeki et al., 2005) and 

plasma membrane (Manford et al., 2012) are also known to interface with the ER at 

specialized sites. Even though the various sub-domains are vital to ER function, 

surprisingly little is known about how ER sub-domains are established and maintained.  

The ER as an RNA surveillance platform 

As shown in Fig. 4, ER-bound mRNAs are regulated differently compared to free 

mRNA. But two recent reports suggest a new role for the ER in the regulation of all 

cellular mRNAs. In one study, defects in components of nonsense mediated decay 

(NMD) pathway, smg-1, smg-4 and smg-6, were found trigger ER stress in C. elegans 

(Sakaki et al., 2012). While the precise relationship between NMD and ER stress is yet to 

be understood, the NMD regulators UPF3B and SMG-6, were found to constitutively co-

localize with the ER in HeLa cells, indicating that the ER could be the site of NMD. 

Another study that investigated the spatiotemporal aspects of NMD discovered that it 

occurs in close proximity to the nuclear envelope (Trcek et al., 2013). When the 
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localization of a mutant β-Globin mRNA containing a premature termination codon 

(PTC) was tracked by single molecule imaging, 60% of the defective mRNA was found 

to decay within a short distance of the nuclear envelope. Mutant mRNAs that escaped 

this decay zone appeared to have the half-life of wild type RNAs without PTC. In other 

words, NMD is limited to the perinuclear space, suggesting that the pioneer round of 

translation and the associated surveillance may occur on or near the nuclear envelope. 

These results, taken together with the ER localization of NMD components, strongly 

suggest that the ER and/or the nuclear envelope may be the location of NMD and 

identify the ER as an important post-transcriptional regulatory site.   

  

F. Overview of Results 

In the following sections, I investigate how mRNAs target to the ER, what 

interactions anchor them to the ER membrane and whether ER-localized mRNAs can be 

differentially regulated.  

In chapter 3, I describe the development of subcellular fractionation as a tool to 

study mRNA targeting to the ER. I test various factors that affect that partitioning of 

mRNAs between subcellular compartments and integrate the findings to develop a 

method that accurately reports on the intracellular location of an mRNA. Using the 

method developed, I then investigate mRNA partitioning between the cytosol and the 

ER in human and mouse cell lines using subgenomic qPCR arrays. I demonstrate that 

the observed partitioning profile of mRNAs encoding cytosolic and nuclear proteins are 

incompatible with the current paradigm that all translation begins in the cytoplasm and 

that RNAs are targeted to the ER solely via positive selection by the SRP. I propose an 

alternative model where mRNAs, upon export from the nucleus, target to the ER via 

stochastic interactions with membrane-bound ribosomes. Over time, a transcript-specific 
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steady state distribution could be achieved that depends on the specific interactions that 

an mRNA engages in with ER-associated proteins. Thus, cytosolic protein-encoding 

mRNAs are not excluded from the ER per se. Instead, any signal peptide-encoding 

mRNAs that begin to translate on free ribosomes are recruited to the ER membrane by 

the SRP pathway. This results in the unusual enrichment of signal-peptide encoding 

mRNAs on the ER but also a moderate but significant representation of other mRNAs on 

the ER. This uncoupling of RNA and protein targeting to the ER represents an important 

change in the paradigm that allows us to reconcile past observations of membrane-

bound cytosolic mRNAs as well as the modest effect of disabling the SRP pathway on 

RNA partitioning.  

In chapter 4, I examine the modes of binding of various classes of ER-associated 

mRNAs. Through in vitro studies in microsomes and also in a semi-intact HeLa cells, I 

demonstrate that membrane-bound mRNAs engage in interactions of varying strengths 

that are biochemically distinguishable. Using genomic tools, I demonstrate that cytosolic 

mRNAs show the weakest interaction with the ER; mRNAs encoding resident proteins 

of the endomembrane organelles display the strongest interaction with the ER, while 

mRNAs encoding client or cargo proteins of the ER display intermediate strength in 

their interaction with the ER. I hypothesize that this is a result of the nature of their 

anchoring on the ER: while cytoplasmic mRNAs are tethered to the ER only via the 

translating ribosomes, cargo proteins that are in the process of translocation would offer 

additional resistance to release by ribosomal dissociation alone. The resident proteins 

potentially engage in additional interactions including, but not limited to, direct RNA 

anchoring to the ER that renders them recalcitrant to release via high salt and detergent. 

To understand the nature of these interactions, we analyzed the proteome of cytosolic 

and membrane-bound polysomes. This study represents the first attempt at mapping the 



 

  18 

diversity in the mRNA-RBP interactome of free- versus membrane-bound mRNAs and 

provides a starting point for future investigations into the contributions of various RBPs 

in the ER-mRNA interactions.  

In Chapter 5, I demonstrate that ER-bound mRNAs can be subject to distinct 

regulatory processes during unfolded protein response. While B2M mRNA retains its 

association with the ER, GRP94 mRNA relocates to cytoplasmic stress granules during 

ER stress. The divergent behavior of these two signal peptide-encoding, ER-localized 

mRNAs exemplifies the extensive post-transcriptional regulatory processes that occur 

on the ER membrane that can influence mRNA fates in a transcript-specific manner.  

In summary, this work: 1) presents a rigorous, genome-scale analysis of mRNA 

targeting to the ER; 2) identifies the distinct modes of mRNA-ER interactions and 

potential factors that may mediate such interactions and 3) demonstrates differential 

regulation of ER-associated mRNAs during ER stress.  
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Chapter 2: Materials and Methods 
 

Reagents: Molecular biology reagents were acquired from New England Biolabs, Roche, 

Fermentas, Life Technologies, Pierce and Bio-Rad. Radioactive reagents were obtained 

from Perkin Elmer. All other reagents were obtained from Sigma-Aldrich unless otherwise 

indicated. To reduce/eliminate RNAse contamination, all buffers and solutions were 

treated with 0.1% (v/v) diethyl pyrocarbonate (DEPC) overnight at 37°C and then 

autoclaved for 15 minutes to remove unreacted DEPC. Buffers containing free amine 

groups (TRIS, HEPES, etc) and solutions/buffers that cannot be autoclaved (sucrose, 

MOPS, etc) were made up using molecular biology grade, RNAse-free reagents and 

DEPC-treated water.  

 

Cell Culture, metabolic labeling and UPR induction. HeLa cells were maintained at 

37ºC and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM; Mediatech), 

supplemented with 10% fetal bovine serum (FBS; Gibco). For studies on protein 

synthesis rates, cells were typically labeled for 10 minutes in methionine- and cysteine-

free media containing 100µCi/ml of [35S] Met/Cys. Cells were treated with 1mM DTT 

for 2 hours to induce ER stress.  

 

Reporter plasmids and transient and stable transfections. The luciferase 3’ UTR 

reporter constructs were obtained from Switchgear Inc. and subcloning was performed 

by standard molecular biology techniques, when required.  Transient transfections were 

performed using FuGene-HD reagent (Roche). Stable cell lines were generated using the 

Flp-In TRex system (Invitrogen).  
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Detergent extraction. Detergent fractionations were performed on ice with cells at 75-

90% confluency. Cells were incubated on ice for 20 min in PBS/MgCl2 and 50 µg/ml 

cycloheximide (Sigma), to depolymerize microtubules, while stabilizing polyribosomes. 

Cell monolayers were extracted for 10 minutes with a digitonin-containing 

permeabilization buffer (0.015% digitonin (Calbiochem) in 110mM KCl, 25mM K-HEPES 

at pH 7.4, 1mM MgCl2, 0.1mM EGTA, 40U/ml RNAseOUT (Invitrogen) and 1 mM 

DTT). The resulting cytosol fraction was recovered and the cells were rinsed in a buffer 

of identical composition containing 0.004% digitonin. The wash fraction was combined 

with the cytosolic extract. The digitonin-extracted cells were then treated with the 

indicated detergents at 10-fold critical micelle concentration (CMC) in a buffer consisting 

of 500mM Tris-HCl, pH 7.0, 1mM MgCl2, 40 U/ml RNAseOUT and 2 mM DTT. Lastly, 

cells were lysed by addition of 2% dodecylmaltoside (DDM) in 200mM KCl, 25mM K-

HEPES at pH 7.4, 10mM MgCl2, 40 U/ml RNAseOUT and 2 mM DTT for 10 minutes 

(Jagannathan et al., 2010; Stephens et al., 2008).  

 

Rough microsome preparation. Rough microsomes (RM) were prepared from J558 cells, 

as follows. Cells were collected, resuspended in hypotonic media, and homogenized; the 

homogenate was supplemented with a broad spectrum RNAse inhibitor (aurin 

tricarboxylic acid), a post-nuclear fraction was obtained by centrifugation, and the RM 

were subsequently purified by equilibrium density-gradient centrifugation, using a 

membrane flotation protocol (Stephens et al., 2005, 2008). 

 

Polysome profiling. Polyribosome profiling experiments were performed as described 

previously (Jagannathan et al., 2010; Stephens et al., 2005; Stephens and Nicchitta, 2007).  

Briefly, cell extracts were overlaid on 15-50% linear sucrose gradient and centrifuged at 
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45,000xg for 90 min at 4ºC. The gradient was then fractionated using an automated 

gradient fractionator (Teledyne/ISCO) and the absorbance at 254nm recorded.   

 

RNA extraction and quality assessment. Three biological replicates for each of the 

samples were generated and identical quantities of Alien RNA (Alien qRT-PCR inhibitor 

alert; Strategene) were added to all samples in order to allow normalization of the qPCR 

data across all samples. RNA was extracted by the standard acid guanidinium 

thiocyanate (GT)-phenol-chloroform extraction procedure (Chomczynski and Sacchi, 

2006), using GlycoBlue (Ambion) as a carrier to ensure quantitative precipitation of the 

RNA. The samples were then treated with Turbo DNAse (Ambion) and RNA recovered 

using RNeasy® mini kit (Qiagen) or by re-extraction in GT: phenol. RNA samples were 

quantified by UV spectrometry (Nanodrop). In the case of StellArray™ or Microarray 

analysis, quality was also assessed by Agilent 2100 Bioanalyzer with the RNA 6000 

Nano Labchip® kit. Only those samples with an RNA integrity number (RIN) in the 

range of 9.0 – 10 were used for subsequent analysis. In case of the samples prepared 

from salt/EDTA extraction of J558 microsomes, the ratio of the rRNA populations were 

highly skewed and the RIN scores were irrelevant and/or misleading. Hence, in 

addition to assessing RNA quality using the Agilent 2100 Bioanalyzer, we also perform 

agarose gel electrophoresis and Northern blotting for a few representative mRNA 

species (GRP94, BiP, Lambda-LC and 18s rRNA) for all samples to confirm RNA 

integrity.  

 

Northern blotting. At least 8µg of RNA was loaded per lane in a denaturing 

formaldehyde agarose gel and elecrophoresed in 1X MOPS buffer at constant voltage. 

RNA was transferred onto nylon membranes and UV cross-linked to prevent 
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degradation. Antisense oligonucleotides labeled with [γ-32P] ATP were used to probe 

the membrane.  

 

Quantitative reverse transcriptase (RT)-PCR. Cell-equivalent amounts of RNA were 

used to synthesize cDNA using M-MLV reverse transcriptase (Promega) and random 

hexamers as primers (Roche). Quantitative RT-PCR was performed on a 7900HT 

Sequence Detection System (Applied Biosystems) using Power SYBR® green PCR 

mastermix (Applied Biosystems) and primers shown in Table 1.   

Table 1: List of qRT-PCR Primers 

Gene Forward Primer Reverse Primer 

GRP94 CTGGAAATGAGGAACTAACAGTCA TCTTCTCTGGTCATTCCTACACC 

BiP  CAACCAACTGTTACAATCAAGGTC CAAAGGTGACTTCAATCTGTGG 

CALR CGCTGCCGGAGGGTCGTTTT GGGAAGTCCACCCGTCTCCGT 

B2M TTCTGGCCTGGAGGCTATC TCAGGAAATTTGACTTTCCATTC 

THPO TGCTGTGGACTTTAGCTTGG CTGCTCCCAGAATGTCCTGT 

VEGFA CCTTGCTGCTCTACCTCCAC CCACTTCGTGATGATTCTGC 

18SrRNA CACGGGAAACCTCACCCGGC CGGGTGGCTGAACGCCACTT 

tRNA GTCAGGATGGCCGAGTGGTCTAAG CCACGCCTCCATACGGAGAACCAGA
AGACCC 

    

The data were analyzed by the ddCt method using the Alien RNA as a 

normalizer. Except for 18S rRNA, all primers were designed to be intron-spanning using 

the Primer3-based ProbeFinder software (Roche). At least three biological replicates of 

all RNA samples were independently processed for every experimental condition and 
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the qRT-PCR data plotted represent the mean and standard error from the replicate 

experiments.  

 

StellArray qPCR array and Data analysis. To assess RNA partitioning at a subgenomic 

level, StellArray qPCR Array® (Lonza) consisting of pre-deposited primers for 96 genes 

were used. RNA extracted from three biological replicates (in the case of cytosol versus 

membrane samples) or two technical replicates (independent cDNA synthesis products) 

each of two biological replicates of rough microsome-pellet and -supernatant samples 

(generated by salt/EDTA treatment) were reverse transcribed as described earlier. The 

qPCR reactions were performed using the cycling conditions recommended by the 

StellArray manual. Threshold cycle was manually set to the same value for all the qPCR 

arrays and the data were analyzed either by the ddCt method or by Global Pattern 

Recognition (GPR)® program (Bar Harbor technology). The GPR program selects a 

normalizer gene from a set of invariant genes in the dataset, thus eliminating the need 

for identifying a normalizer gene a priori. Hence, we used this method to analyze the 

data from rough microsome pellet and supernatant samples, where a normalizer gene is 

hard to identify.     

 

cDNA Microarray and Data analysis. Cells were fractionated to generate cytosol, Brij-

sensitive (BrS) and Brij-resistant (BrR) fractions as described previously. Total RNA 

extracted from samples generated in two independent cell fractionation replicates were 

analyzed using the Agilent 2100 Bioanalyzer (Agilent Technologies) and perfect RIN 

(RNA Integrity Number) scores of 10.0 were obtained. Equal amounts of the RNA 

samples were then processed using the Whole Transcriptome amplification kit 

(Ambion). Equal amounts of cDNA were then hybridized to GeneChip Human Gene 1.0 
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ST Arrays (Affymetrix) according to the manufacturer’s instructions. The data were 

processed using the Genomics Suite™ software (Partek Inc.). Log2-transformed, 

unnormalized intensity values were exported after background correction by GC-RMA 

and probe summarization by Tukey’s biweight median method. Using the original RNA 

amounts in the BrS and BrR samples and the relative yields of cDNA, the intensity data 

were normalized to reflect the original, relative ratio of RNA quantities. The minimum 

intensity cut-off value was set at the lower quartile of the dataset in order to remove 

low-expressing genes from further analyses. The intensity values for genes represented 

by multiple probe sets were averaged, only carrying forward those genes for which the 

standard deviation of the intensity values were <30% of the mean intensity values. The 

distribution of the fraction of a given RNA in the BrR compartment (gene intensity in 

BrR divided by the sum of gene intensities in BrR and BrS) was calculated separately for 

the two replicate datasets and plotted. We observed identical trends for all gene 

categories in the two biological replicates and Figure 1 C-I represents data from one of 

the two replicates. Histograms and cumulative density functions were generated using 

GraphPad Prism 5.0 (GraphPad Software, Inc.). JMP Pro 9 software (SAS Institute Inc.) 

was used to fit normal distributions to the data set and also to generate the scatter plots.  

 

Gene categorization. Genes were categorized into cytosolic/nuclear (cytosolic, 

nucleoplasmic and mitochondrial proteins), endomembrane-resident (ER, lysosome, 

Golgi, endosomal or nuclear envelope membrane-resident) or secretory pathway cargo 

(secretory and membrane proteins) based on the Subcellular Location GO categories 

assigned by Uniprot. The assignments were then manually verified using the following 

sequence features: Signal Peptide (predicted by SignalP), transmembrane domain 

(predicted by TMHMM) and mitochondrial transit peptide (predicted using TargetP) 
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and entries with ambiguous assignments were removed from further analyses. 

Membrane proteins with a C-terminal anchor were removed from both endomembrane 

resident and cargo categories since their targeting to the ER is post-translational.  

 

Protein extraction, SDS-PAGE and immunoblotting. Proteins in cell extracts were 

concentrated by TCA precipitation. The protein pellets were resuspended in a sample 

buffer containing 0.5M Tris base and 5% SDS. [S35]-Met/Cys-labeled samples were 

quantified by scintillation counting. Protein concentrations were determined by BCA 

assay (Pierce).  Either cell-equivalent or equal amounts of protein samples were 

analyzed by reducing SDS-PAGE. Immunoblotting was conducted by standard 

protocols using antibodies against GAPDH, HnRNPA1, RTN4, p180, ribophorin I, 

GRP94, TRAPα and Sec61α.  

 

Electron microscopy. HeLa monolayers were rinsed twice in serum-free media and 

fixed with 3% glutaraldehyde in 0.15M Karlsson and Schultz sodium phosphate buffer 

(pH 7.4, 320 mosmols) for one hour. After three five-minute washes in phosphate buffer, 

the cells were post-fixed in 1% osmium tetroxide and 1.25% potassium ferrocyanide for 

30 minutes. The cells were then washed with deionized water and stained en bloc with 

2% aqueous uranyl acetate for 20 minutes. Finally, the cells were dehydrated through a 

graded series of ethanol (30%, 50%, 75%, 90% and 100%), infiltrated and embedded in 

PolyBed 812 epoxy resin mixture (Polysciences, Inc.) and polymerized overnight at 

60¬ºC with BEEM capsules inverted over the region containing the cells. After 

polymerization, the cylinders were processed to generate ultrathin sections using a 

Microm HM550 cryostat microtome (Thermo Scientific) and imaged on a JEM-1400 
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transmission electron microscope (JEOL Inc.) equipped with an SC1000 ORIUS™ CCD 

camera (Gatan Inc.).  

 

Immunofluorescence microscopy. HeLa cell monolayers were fixed in 10% formalin for 

10 minutes at room temperature. After blocking with 1% bovine serum albumin (BSA) in 

PBS, the cells were incubated in a primary antibody solution for 1 hour, extensively 

washed and incubated in secondary antibody solution for 45 min. Cell monolayers were 

again washed and the nuclei stained using DAPI. The cells were then mounted in a 

mounting solution containing 0.4% glucose in PBS, supplemented with glucose oxidase 

and catalase and imaged on a Deltavision deconvolution microscope.  

 

Single molecule RNA fluorescence in situ hybridization. Single RNA molecules were 

visualized using Stellaris FISH probes (Cell Search Technologies) as per the 

manufacturer’s instructions. All reagents were made up in DEPC-treated deionized 

water and standard precautions were taken to prevent RNA degradation. Briefly, HeLa 

cell monolayers were fixed in 10% formalin in PBS for 10 minutes at room temperature. 

After three 5-minute washes in PBS, the cells were permeabilized overnight in cold 70% 

ethanol. The cells were equilibrated in 2X saline-sodium citrate (SSC) buffer and 

hybridized with fluorescently labeled oligonucleotide probe mixture for 4-12 hours at 

37ºC. Excess probes were washed by two 30-minute incubations in 2X SSC containing 

10% formamide at 37ºC. The cells were then washed in 2X SSC containing DAPI and 

equilibrated in GLOX buffer (0.4% glucose in 2X SSC and 1mM Tris HCl, pH 7.4) before 

mounting in GLOX buffer supplemented with glucose oxidase and catalase. For co-

staining protein and RNA, cells were first blocked in RNAse-free UltraPure BSA 

(Ambion) and proteins immunolabeled with fluorescent antibodies under RNAse-free 
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conditions. The cells were then fixed a second time in ice-cold methanol for 5 min and 

then smRNA-FISH was performed as described above.  

 

Lipid imaging. HeLa cell monolayers were labeled with the ER tracker blue-white DPX 

(Invitrogen) at 0.25µM for 30 minutes at 37ºC. Excess dye was removed by incubating 

the cells in label-free pre-conditioned media for 30 minutes at 37ºC. The cells were then 

transferred to ice and fixed immediately or after various steps of fractionation, as 

indicated, and processed for imaging. Ceramide imaging was performed using BODIPY 

FL C5-ceramide (Invitrogen), as per manufacturer’s instructions. Briefly, the cells were 

rinsed in ice-cold culture media and chilled labeling media containing 0.5µM BODIPY 

FL C5-ceramide was added. Cells were incubated on ice in the CO2 incubator for 15 min, 

rinsed extensively in ice-cold media and incubated at 37ºC for five minutes to allow the 

ceramide to traffic to the ER and the Golgi apparatus. At the end of the uptake period, 

the cells were transferred to ice for fractionation and processed for imaging. During 

lipid-RNA co-staining, cells were first labeled with fluorescent lipids, permeabilized 

with digitonin and Brij35, as indicated, fixed and then smRNA-FISH was performed as 

described.  

 

Fluorescence imaging and analysis. All imaging was performed on a Deltavision 

deconvolution microscope (Applied Precision) equipped with 100x NA 1.4 oil 

immersion objective (UPlanSApo 100XO; Olympus) and a high-resolution CCD camera 

(CoolSNAP HQ2; Photometrics). Images were acquired as Z-stacks (at 0.2µm intervals) 

at identical exposure conditions across the samples for a given protein, RNA or lipid 

molecule. The data were deconvolved using the SoftWoRx program (Applied Precision) 

and processed further on ImageJ/FIJI software and Adobe Photoshop (Adobe Systems) 
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to render maximum intensity projections (as required), merge channels and pseudo 

color the images. Only linear changes were done to the brightness/contrast values of the 

images, as required, and such changes were applied uniformly across all images in a 

given experiment. For smRNA-FISH data, the brightness/contrast was adjusted to 

ensure optimal visibility of the RNA molecules, while not altering the number of 

molecules in a given sample. The number of RNA molecules per cell was measured 

using the spot-counting module of the Imaris 7.3 software (Bitplane) with automated 

thresholding. The mean number of RNA spots/cell was calculated for 10-45 cells in each 

sample and plotted using GraphPad Prism, with the error bars representing standard 

error of mean. The final figures were assembled on Adobe Illustrator (Adobe Systems).  

 

Statistical analysis. Mean and standard error values were calculated in Microsoft Excel 

and all graphs were plotted using GraphPad Prism. Pearson’s correlation coefficient was 

calculated using JMP Pro 9 (SAS Institutes, Inc.) and Student’s t-test were performed 

using GraphPad Prism. Kolmogorov-Smirnoff (KS)-test was performed using the R 

statistical package.  
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Chapter 3: Investigation of mRNA targeting to the ER via 
subcellular fractionation 

A. Introduction 

Combining electron microscopy (EM) and cellular fractionation procedures to 

study subcellular architecture in the 1950s marked the beginning of a new era in the 

field of cell biology (Porter et al., 1945). Rough and smooth ER were identified and led to 

the discovery of ribosomes (Palade, 1955, 1956). Palade and colleagues combined 

radioautography with EM and demonstrated that the ER is the site of synthesis and 

processing of secretory proteins (Caro and Palade, 1964). Blobel’s group discovered that 

secreted protein chains were proteolytically processed very early in translocation to 

remove an N-terminal hydrophobic peptide (Blobel and Dobberstein, 1975a). A series of 

elegant, in vitro biochemical studies that examined co-translational translocation of 

highly expressed secretory proteins such as preprolactin and immunoglobulin chains in 

purified, ER-derived rough microsomes led to the formulation of the signal recognition 

particle (SRP) pathway (Walter and Blobel, 1981a, b; Walter et al., 1981). In vitro systems 

demonstrated that mRNA/ribosome/nascent chains could be targeted from the 

“cytosol” (reticulocyte lysate) to the ER (rough microsomes) (Blobel and Dobberstein, 

1975b). Thus, SRP pathway-mediated protein sorting to the ER became established as 

the sole cause and consequence of RNA targeting to the ER. While the role of SRP in 

protein sorting has stood the test of time, several lines of evidence challenge its role as 

the exclusive determinant of RNA sorting to the ER.  

Independent studies have observed cytosolic and nuclear protein-encoding 

mRNAs in membrane preparations (Diehn et al., 2006; Diehn et al., 2000b; Lerner et al., 

2003; Mueckler and Pitot, 1981). However, such studies have always been subject to the 

criticism that the results represent an artifactual presence of cytoplasm in the ER 
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preparation and not a genuine biological phenomenon. A recent study that performed 

deep sequencing of ribosome protected fragments from the cytosol and membrane 

fractions found that not only were cytosolic mRNAs widely represented on the ER, but 

that the membrane-bound fraction displayed a significantly higher number of ribosomes 

compared to their cytosolic counterparts, implying that they represent two unique 

populations of mRNAs (Reid and Nicchitta, 2012). Given these results, there is a critical 

need to ascertain whether RNAs are bound to the ER for purposes other than protein 

sorting and whether this process can be differentially regulated. As a first step to 

understand how and why mRNAs are targeted to the ER, I critically evaluated and 

optimized a biochemical fractionation procedure that utilizes sequential detergent 

extraction of cells to separate cytosolic and membrane compartments with as little cross-

contamination as possible.  I then confirmed that GAPDH, a cytosolic mRNA, indeed 

binds to the ER via combined single molecule RNA fluorescence in situ hybridization 

(smRNA-FISH) and immunofluorescence (IF) microscopy. By comparing the 

partitioning of populations of cytosolic and nuclear protein-encoding RNAs 

(mRNACyto/Nuc) to that of membrane and secretory protein-encoding RNAs (mRNAER), I 

propose a model for mRNACyto/Nuc targeting to the ER that is consistent with 

experimental observations.  

B. Subcellular fractionation by sequential detergent extraction   

Sequential detergent extraction takes advantage of the relatively high cholesterol 

content of the plasma membrane compared to other cellular membranes. Digitonin is a 

ß-sterol binding detergent that selectively solubilizes the plasma membrane, leaving the 

ER- and nuclear membranes intact. Hence, sequential treatment with digitonin followed 

by a more lytic detergent, such as dodecylmaltoside (DDM), Nonidet P-40 (NP40) or an 

admixture of NP40 and sodium deoxycholate (DOC), yields separation of cytosolic- and 
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membrane-bound polysome fractions (schematically illustrated in Fig. 6 A). The various 

steps of the sequential detergent extraction procedure have been validated in HEK293 

cells by immunofluorescence microscopy (Fig. 6 B). The cells are first placed on ice for 20 

minutes to allow complete depolymerization of the microtubule network, in the 

presence of cycloheximide to stabilize the polysomes. Subsequent disruption of the 

plasma membrane with digitonin results in the release of depolymerized tubulin, 

without any effect on the ER integrity. Following addition of the lysis buffer, the ER 

fraction is recovered in a soluble fraction and the nuclei remain insoluble (Fig. 6 B).  

 

Figure 6: Subcellular fractionation by sequential detergent extraction 

(A) Schematic representation of the effect of the permeabilization and lysis on cells. 
B) Immunostaining of HEK293 cells during the three stages of detergent extraction 
(untreated, permeabilized and lysed) using antibodies against TRAPα  (green) and 
tubulin (red); DAPI shown in blue. Adapted from (Jagannathan et al., 2011) 

Immunoblot analyses of marker protein distributions show that the cytosolic 

proteins GAPDH and tubulin are present in the cytosol fraction, as expected, and the 

ER-membrane proteins, TRAPα and ER-lumenal protein, GRP94 are present in the ER 
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fraction (Fig. 7 A). The NP-40/DOC-insoluble material primarily consists of nuclear and 

cytoskeletal elements, as evidenced by the marker proteins histone H3 and actin, 

respectively (Fig. 7 A). Similarly, Northern blot analysis of the mRNA composition of 

the cytosol and membrane fractions shows that the cytosol fraction is enriched for 

mRNAs encoding histone (H3F3A) and GAPDH, whereas the membrane fraction is 

enriched in mRNAs encoding ER resident proteins, such as GRP94 and calreticulin (Fig. 

7 A).  

 

Figure 7: Protein and RNA analysis of subcellular fractions 

A) Protein and RNA from the total (T), cytosol (C), membrane-bound (M) and 
insoluble (IN) fractions were extracted using the TRIzol® Reagent, The presence of 
ER resident (TRAPα  and GRP94), cytosolic (tubulin and GAPDH) and nuclear 
(Histone 3A) proteins were assessed by western blotting. RNA samples were probed 
for membrane-bound mRNAs (GRP94 and calreticulin) and cytosolic mRNAs 
(GAPDH and Histone H3F3A) by northern blotting and the ribosomal RNA were 
stained using methylene blue. B) Cytosol and membrane-bound (Endoplasmic 
Reticulum) polysomes were resolved on 15-50% sucrose gradients. The position of the 
ribosomes in the gradient was assessed by UV spectrometry (A254 nm). C) RNA 
extracted from the sucrose gradient fractions were assessed by denaturing agarose gel 
electrophoresis followed by Northern blot for GRP94 and GAPDH. The RNA quality 
is demonstrated by methylene blue staining of rRNA. Adapted from  (Jagannathan et 
al., 2011) 

A 

C 

B 
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The polysome profile of the cytosolic and membrane-bound fractions depicted in 

Fig. 7 B shows that both fractions contain intact, heavy polysomes as well as monosomes 

and ribosomal 40S and 60S subunits. Northern blot analysis of the RNA extracted from 

the individual gradient fractions (Fig. 7 C) shows rRNA profiles that mirror the 

polysome profile; both GAPDH and GRP94 mRNA are enriched in the heavy 

polysomes, showing that they are actively translated. GAPDH is enriched in cytosolic 

polysomes relative to the ER polysomes, whereas GRP94 is almost exclusively detected 

only in ER polysomes. These data show that the detergent extraction procedure is 

effective in separating cytosolic and ER-bound mRNAs and is yet gentle enough to 

allow recovery of intact mRNPs in the form of polysomes.  

While protein partitioning between the subcellular compartments in complete 

and invariant (Fig. 7 A), 20-50% of GAPDH and H3F3A mRNA were consistently 

detected in the membrane fraction. Similarly, a certain fraction of all mRNAs in also 

detected in the insoluble material. These observations led me to further examine the 

source of inconsistency in cytosolic mRNA partitioning as well as investigate the nature 

of the insoluble fraction.  

C. Optimization of the sequential detergent extraction procedure 

 The experiment-to-experiment variation in mRNACyto/Nuc is in stark contrast with 

the invariant behavior of mRNAER, which always show a >90% enrichment in the 

membrane compartment (Fig. 7 A). If the variation is a result of incomplete extraction of 

the cytoplasm by the permeabilization buffer, one could, in theory, titrate the amount of 

salt and detergent in the permeabilization buffer to achieve better extraction of the 

cytoplasm. Increasing the amount of salt decreases the critical micellar concentration 

(CMC) of detergents, though some detergents are less sensitive to this effect. Similarly, 

the presence of mRNAs in the insoluble fraction could be a result of incomplete ER 
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solubilization and could potentially be ameliorated by altering the composition of the 

lysis buffer. Alternately, it could represent the fraction of mRNA bound to the actin 

cytoskeleton and can be identified by monitoring RNA release upon cytochalasin D-

treatment, a drug that inhibits actin polymerization and is known to release actin-bound 

mRNAs (Ornelles et al., 1986). If neither approach reduces the fraction of RNAs in the 

insoluble compartments, we can conclude that this fraction represents nuclear RNA 

and/or intermediate filament-bound RNA, and cannot be parsed any further through 

biochemical extraction approaches. 

Salt and detergent titration of permeabilization and lysis buffers.  

 Permeabilization buffers of varying ionic strengths (110-400mM potassium 

acetate) were tested for efficient extraction of ER-bound GAPDH mRNA (monitored by 

Northern blotting).  Release of CALR, an ER-localized mRNA, was also monitored to 

ensure that the permeabilization buffer did not affect the integrity of ER. For up to 

250mM salt, there is no change in the relative distribution of GAPDH mRNA between 

the cytosol and ER compartments (Fig. 8 A). Surprisingly, at higher salt concentrations, 

the relative fraction of GAPDH mRNA on the ER shows a marginal increase. The 

reduced RNA extraction could potentially be due to high salt-induced osmotic shrinkage 

of the cells and a resultant inability of the permeabilization buffer to freely access all 

areas of the cell. In any case, it is clear that increasing the salt concentration does not 

result in a higher release of ER-bound cytosolic mRNAs. Next, we tested the effect of 

varying digitonin concentration in permeabilization buffer on efficient extraction of 

GAPDH mRNA, as detected by qRT-PCR. GAPDH mRNA was most efficiently 

extracted at a digitonin concentration of 0.03% in the presence of 110mM salt (Fig 8 B).  
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Figure 8: Optimizing the sequential detergent procedure. 
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Cytosol (C), membrane (M) and insoluble (IN) material generated from HEK293 cells 
by detergent extraction are assessed. (A) Salt concentration in the permeabilization 
buffer was varied and the release of rRNA and Calr and GAPDH mRNAs were 
assessed by Northern blotting. (B) Digitonin concentration in the permeabilization 
buffer was varied and the effect on GAPDH mRNA was assessed by qRT-PCR. (C) 
Different detergents were screened for their ability to release CALR mRNA from the 
insoluble fraction during the lysis step. (D) Salt concentration of NP40/DOC-
containing lysis buffer was varied to test if CALR mRNA could be released from the 
insoluble fraction with greater efficiency. (E) Phalloidin staining of HEK293 cells to 
demonstrate the effect of cytochalasin D treatment (0, 20 and 40 mins) on actin 
cytoskeleton. (F) qPCR assessment of CALR mRNA release in cell fractions after 
cytochalasin D treatment.  

The efficiency of extraction of an ER-localized mRNA, CALR, by the lysis buffer 

was tested by screening detergents (1% NP40/0.5% DOC, 2% DDM and 16mM DHPC) 

and also through salt titration (400-700mM) in an NP40/DOC-containing lysis buffer. 

NP40/DOC and DDM showed the same capacity to extract CALR mRNA from the 

insoluble fraction, while DHPC was worse at extracting CALR mRNA (Fig. 8 C). The salt 

titrations too, did not show any significant difference in the fraction of CALR in ER 

versus insoluble compartments (Fig. 8 D). In summary, CALR mRNA presence in the 

insoluble fraction does not appear to be the result of incomplete ER extraction.  

Assessing the contribution of actin-bound mRNA to the insoluble fraction.   

In our fractionation scheme, we expect the contribution of cytoskeletal-bound 

mRNA to the insoluble fraction to be minimal because RNA-cytoskeleton interactions 

are known to be salt-sensitive. Studies have reported extraction of cytoskeleton-bound 

mRNA at 130mM salt (Vedeler et al., 1991), which is only marginally higher than the salt 

concentration of the permeabilization buffer (110mM) and much lower than that of the 

membrane lysis buffer (400mM). Even so, to directly test the contribution of actin-bound 

mRNA to the insoluble fraction, we treated the cells with cytochalasin D (Ornelles et al., 

1986), and assessed the partitioning of an mRNAER, CALR, by subsequent sequential 

detergent extraction.  
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Cells grown on cover slips were treated with 2µM Cytochalasin D (dissolved in 

DMSO) for 20 or 40 minutes. To control for the effect of DMSO, cells were also treated 

with DMSO alone for 40 minutes. As demonstrated by phalloidin staining (Fig. 8 E), 

Cytochalasin D treatment severely disrupts the actin cytoskeleton after 20- and 40-

minute treatments (Fig. 8 E), but does not promote CALR mRNA release from the 

insoluble fraction (Fig. 8 F).  Hence, the source of the RNA present in the insoluble 

fraction is either the nucleus or the intermediate filament network.  

In summary, the optimization and characterization of the sequential detergent 

extraction procedure presented above offers a detailed framework based on which 

subcellular RNA partitioning data can be interpreted. Moreover, it strongly suggests 

that the presence of cytosolic RNAs in the ER compartment is not merely an effect of 

incomplete extraction of the cytosol.   

D. Fluorescence in situ hybridization confirms GAPDH mRNA 
binding to the ER 

In order to directly test whether cytosolic mRNA bind to the ER, we visualized 

GAPDH mRNA by single molecule RNA fluorescence in situ hybridization (smRNA-

FISH) in human dermal fibroblast (HDFa) cells before and after digitonin extraction.  

smRNA-FISH renders individual mRNA molecules visible as diffraction-limited spots as 

30-48 fluorescently labeled antisense oligonucleotides are hybridized to every mRNA 

molecule (Raj et al., 2008). The ER network was visualized by immunostaining GRP94, 

an ER chaperone protein.  

A larger fraction of GAPDH mRNA reside in the cytoplasm of the unfractionated 

cell, though a sub-fraction of GAPDH is seen in close proximity with the GRP94-positive 

ER network as well (Fig. 9 A). After digitonin permeabilization, almost all of the 

cytosolic GAPDH mRNAs are released, while only those mRNAs that are juxtaposed to 
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the ER membrane remain unextracted (Fig. 9 A). This observation is not due to an 

entrapment of cytosol between ER filaments as evidenced by the lack of GAPDH mRNA 

in regions that appear surrounded by the ER (marked by arrowheads in Fig 9 B). Thus, 

the presence of GAPDH and other cytosolic mRNAs in membrane extracts likely reflects 

the existence of an actively ER-bound subpopulation of these RNAs and not merely a 

passive contamination of the membrane extracts with cytosol.  

 

Figure 9: GAPDH mRNAs show direct association with the ER. 

(A) GAPDH mRNA (green) was visualized by smFISH along with immunostaining 
for an ER protein marker, GRP94 (magenta) in unfractionated and digitonin-extracted 
human dermal fibroblast cells (B)  Insets from (A) are magnified to illustrate GAPDH 
RNA binding to the ER.   
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E. qPCR array analysis of mRNA partitioning in HEK293 and J558 
cells 

Next, I examined subcellular mRNA distributions in the human embryonic 

kidney cell line, HEK293, and a murine plasmacytoma cell line, J558 using the new, 

optimized detergent extraction procedure. To enable the quantitative assessment of 

subcellular mRNA distributions, mRNA levels were assayed using commercially 

available 96-gene qPCR array sets, selected to include genes whose products encode 

prominent proteins of known function and subcellular distribution. Subcellular 

enrichment values for all gene products yielding significant signals in the qPCR analyses 

were calculated and the results are represented as a histogram of the fraction of RNAs in 

the membrane compartment (Fig. 10 A and B).  

The gene distribution in HEK293 cells reflects the bimodal partitioning of RNAs 

between the cytosol and ER compartments (Fig. 10 A). However, among the 37 cytosolic 

and nucleoplasmic protein-encoding RNAs, the lowest ER-enrichment value observed 

was only 0.34 (FOXM1). Thus, even at a sub-genomic level, most cytosolic RNAs are 

well represented on the ER. When the genes were subdivided into two cohorts based on 

the intracellular location of the encoded proteins (mRNACyto for cytoplasmic and 

nucleoplasmic proteins; mRNAER for secretory pathway cargo and endomembrane 

resident proteins), it is clear that while mRNACyto only show a slight preference for the 

cytoplasm (mean fractional enrichment of 0.43 on the ER), mRNAER display a marked 

preference for the ER (mean enrichment of 0.78 on ER). This result is consistent with our 

hypothesis that RNAs can be targeted to the ER independent of the SRP pathway. For 

example, among the mRNACyto, CTNNB mRNA displays a relatively high enrichment on 

the ER (0.73; Fig. 10 A), presumably achieved by a non-canonical ER targeting pathway.  
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Figure 10: qPCR array analysis of mRNA partitioning in HEK293 and J558 cells. 

qPCR array data comparing RNA distribution in cytosol and membrane fractions of 
HeLa (A) and J558 (B) cells are represented as a histogram of the fractional value of 
RNA in the membrane fraction for various cohorts of RNAs.  mRNACyto represent 
RNAs that encode cytosolic and nucleoplasmic proteins; mRNAER include RNAs 
encoding secretory and membrane proteins as well as resident proteins of 
endomembrane organelles. N, Number of genes; µ, Mean; σ , Deviation.  

In J558 cells, the RNA population shows a marked shift towards enrichment in 

the ER compartment and the bimodality observed in the mRNA population of HEK293 

cells is not readily discernable (Fig. 10 B). However, when the genes are separated into 

N = 72 

mRNACyto 
µ = 0.463 
σ = 0.076 
N = 37 

mRNAER 
µ = 0.779 
σ = 0.121 
N = 35 

N = 73 

mRNACyto 
µ = 0.662 
σ = 0.11 
N = 27 

mRNAER 
µ = 0.844 
σ = 0.198 
N = 46 
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mRNACyto and mRNAER, the bimodal pattern emerges again. The mRNACyto are better 

represented on the ER in J558 cells compared to HEK293 cells (mean population 

enrichment of 0.662), while the mRNAER too show a higher enrichment on the ER (mean 

enrichment of 0.84) compared to that observed in HEK293 cells. Just as in HEK293 cells, 

certain cytosolic mRNAs (CAMKIIA and PRKCD) show a very high, non-canonical 

enrichment on the ER. Surprisingly, certain mRNAER such as ICOSL display non-

canonical enrichment in the cytosol (Fig. 10 B), the significance of which is currently 

unknown. 

To explain the basis for the shift of the mRNACyto partitioning from moderately 

cytosolic in HEK293 (Fig. 10 A) to ER-enriched in J558 cells (Fig. 10 B), we considered the 

following hypothesis: J558 cells are professional secretory cells and consequently, 

contain higher amounts of rough ER and a higher fraction of membrane-bound 

ribosomes compared to HEK293 cells. Hence, the increased availability of membrane-

bound ribosomes relative to cytosolic ribosomes may cause more cytosolic RNAs to 

initiate on the ER leading to their higher ER enrichment at steady state. We tested this 

hypothesis in the following experiments.  

F. Cytosolic RNA partitioning mirrors ribosome partitioning 

The fractional enrichment of various mRNAs (BiP, GRP94, GAPDH and 

MAPK8), 18S rRNA and tRNA from several independent experiments performed over 

two years is plotted in Fig. 11 A.  The signal peptide-encoding ER chaperone RNAs, BiP 

and GRP94, show a narrow distribution and a very high enrichment on the ER. tRNA 

also shows a narrow distribution but as it is ready released in the cytosol, it displays low 

ER enrichment. In contrast, rRNA, GAPDH and MAPK mRNA show a wide distribution 

in the range of 40-70% on the ER. When paired fractionation values for rRNA and 
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GAPDH mRNA from 16 independent experiments were plotted (Fig. 11 B), a significant 

positive correlation was observed.  

 

Figure 11: Correlation of mRNA and ribosome partitioning to the ER. 

(A) Box-whisker plot representing the fraction of various mRNAs on the ER. Average 
and SD represented from multiple, indepdent experiments (n). (B)  Correlation 
between paired measurements of the fraction of 18S rRNA and GAPDH mRNA on 
the ER membrane in 16 independent experiments.  

So far, we have shown that cytosolic protein-encoding RNAs do bind to the ER 

and the extent of their ER-targeting correlates with the amount of ER-bound ribosomes 

present in a given cell at a given time. At least in the case of GAPDH mRNA, the 

variability observed on a day-to-day basis in the ER-bound fraction of an mRNACyto can 

be attributed to the variability in the fraction of ER-bound ribosomes. 

G. A stochastic model for RNA partitioning to the ER 

Why does GAPDH mRNA partitioning to the ER mirror ribosome partitioning? 

ER-bound ribosomes have been shown in vitro to be capable of de novo translation 

initiation. Hence, unless a hitherto unknown mechanism exists in vivo to prevent 

GAPDH mRNA from initiating on ER-bound ribosomes, at steady state, they would be 
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expected to partition between cytosolic and ER-bound ribosomes in a purely stochastic 

manner. This hypothesis is presented as a mathematical model in Fig. 12.  

 

Figure 12: Mathematical model for subcellular RNA partitioning. 

mRNACyto is shown in orange, cytosolic protein in light orange, mRNAER in dark blue 
and a secretory pathway protein in light blue. N-terminal signal peptide is colored 
green. Arrows represent binding reactions (forward in black and reverse in grey) that 
create and destroy the various states of ribosomes and RNAs represented by the letter, 
X. Rate constants are denoted by the letter, k.  

 In this model, a fraction of ribosomes are stably bound to the ER and can initiate 

translation of either mRNACyto (Orange; Fig. 12) or mRNAER (Blue; Fig. 12) in a stochastic 

manner that depends on the relative concentrations of the ribosome and RNA 

populations. Free ribosomes can also initiate translation of mRNACyto or mRNAER, but 

when a signal peptide is made, SRP recruits the mRNA-ribosome-nascent chain complex 

to the ER membrane, causing the free ribosome to become membrane-bound. A free 
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ribosome, translating an mRNACyto is expected to remain in the cytosol (we will not 

consider the special case of non-canonical mRNACyto targeting to the ER in this model). A 

membrane-bound ribosome translating an mRNACyto can release and become cytosolic if 

the growing peptide becomes too large for the space between the ribosome and the 

membrane. A membrane-bound ribosome translating an mRNAER, on the other hand, 

can only become cytosolic after translation is terminated due to co-translational 

translocation. In ongoing studies, we are testing whether this mathematical model 

robustly captures the partitioning behavior of mRNACyto and mRNAER observed in vivo.  
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Chapter 4: mRNAs display cohort-specific modes of 
attachment to the ER 

A. Introduction 

Several lines of evidence suggest that mRNAs can associate with the ER 

independent of the SRP pathway. The most direct evidence to date, however, is the 

observation by Pyhtila and colleagues that deletion of the signal peptide from an ER-

localized, chaperone-encoding mRNA does not prevent its efficient localization to the 

ER (Pyhtila et al., 2008). The signal peptide-lacking mRNA produces a protein that is no 

longer capable of entering the secretory pathway, but the RNA itself still attaches to the 

ER membrane. This observation is a proof of principle that mRNA localization to the ER 

is not necessarily a passive byproduct of protein sorting. Rather, RNAs can be actively 

targeted to the ER membrane, either for hitherto unknown reasons other than protein 

sorting or as a redundant mechanism to ensure secretory pathway cargo are not 

synthesized in the cytoplasm.  

In all instances of RNA localization known to date, there is typically a cis 

regulatory element encoded as a sequence or a structure in the RNA molecule and 

cognate RNA binding proteins (RBPs) or trans factors that bind such elements 

(Chabanon et al., 2004). Together, the cis element and the trans factors enable the 

formation of a ribonucleoprotein (RNP) particle and its attachment to cytoskeletal or 

microtubule motors that move the mRNPs to their final cellular destination. Moreover, 

such cis elements are usually enriched in the 3’ untranslated region (UTR) of localized 

mRNAs (Andreassi and Riccio, 2009). Keeping with this model, I attempted to identify 

the cis regulatory element in GRP94 mRNA that enables ER targeting as well as to 

identify trans factors bound to endogenous GRP94 mRNPs by affinity isolation 

procedures. Neither approaches yielded positive results (See Appendix A). While the 
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failure of these approaches does not preclude the presence of such cis and trans 

determinants for ER localization of GRP94 mRNAs, it did force us to re-examine the 

basis for our premise that such determinants must exist and our approach to identifying 

them, should they exist. In fact, a recent study from Robert Singer’s group identified a 

new paradigm for mRNP formation, where RBPs were deposited onto an mRNA not by 

virtue of the presence of a cis element, but simply due to the timing of transcription 

(Haimovich et al., 2013). In a scenario like this, a search for a cis regulatory element in 

the RNA would be doomed to fail. Also, RNA-based isolation of individual, 

endogenously assembled mRNPs species is known to be challenging and has very few 

precedents in the literature (Hogg and Collins, 2007; Hogg and Goff, 2010). Given these 

limitations, we began to explore other ways to move forward and understand RNA 

localization to the ER.  

We know from the qPCR array studies on a limited number of genes (Fig. 10) 

that the SRP-independent ER localization pathway also operates on certain cytosolic 

RNAs in addition to GRP94. But the scope and the scale at which this pathway operates 

have never been investigated at a genomic level and would be important to know in 

order to fully understand the true cause and consequence of tethering an mRNA to the 

ER. If GRP94 mRNA and a small number of cytosolic protein-encoding mRNAs 

represent the only instances of departure from the model of protein-sorting-dependent 

RNA targeting to the ER, the implications may vary depending on the mRNA under 

study. The methods we would use to understand their localization would then be 

different from those we would employ if all mRNAs that encode secretory pathway 

proteins (i.e. in the order of thousands) exhibit RNA-dependent targeting. Considering 

the consequences of synthesizing, say, a highly hydrophobic membrane protein (a 

typical client of the secretory pathway) in the cytosol where it may aggregate and 
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become toxic to the cell, it is not inconceivable that multiple, redundant pathways may 

have evolved to ensure speedy targeting to the ER of RNAs encoding proteins intended 

for co-translational translocation. In yet another scenario, if distinct subsets of RNAs are 

targeted to the ER via the RNA-dependent pathway, it could be for the purpose of 

differential regulation. Understanding and distinguishing these scenarios would help us 

decide what approach to take to further investigate RNA targeting to ER. Our foremost 

aim, then, is to identify other RNAs that show direct targeting to the ER and to do so in 

an unbiased manner that can be scaled up to perform genome-scale studies.  

In this chapter, I develop an in vitro biochemical screen using ER-derived rough 

microsomes to enable unbiased identification of mRNAs directly tethered to the ER. I 

then extend this assay to an in vivo, semi-intact HeLa cell system. I show through lipid, 

protein and RNA imaging that RNA-dependent RNA tethering to the ER is limited to 

subdomains of the ER with a distinct detergent-sensitivity and unique protein and lipid 

composition. Through cDNA microarray analyses, I show that only a subset of signal 

peptide-encoding mRNAs, specifically the population of RNAs encoding resident 

proteins of the endomembrane organelles, display RNA-dependent tethering to the ER. 

Even within this population, RNAs encoding lysosomal proteins show higher degree of 

direct ER tethering. To understand the molecular basis for RNA tethering to the ER, I 

present a comparative proteomic analysis of native, actively translating mRNPs from the 

cytosol and the detergent-sensitive and –resistant subdomains of the ER. I discuss the 

results in the context of a unifying model that illustrates the many ways in which to 

achieve RNA binding to the ER and their potential implications to cellular physiology.  



 

  48 

B. In vitro studies in microsomes reveal mRNA-specific modes of 
polysome association with the ER 

In order to systematically screen for RNAs that display direct anchoring to the 

ER, we devised a simple biochemical assay using ER-derived rough microsomes. When 

secretory cells containing an extensive ER network are homogenized, fragments of ER 

are generated and reseal quickly to form vesicles. These ER-derived vesicles still have 

ribosomes attached to their surface via interactions with the translocon (Fig. 13 A) and 

are hence called the rough microsomes. Rough microsomes or RM, retain several 

properties of the ER; they are translationally active and proteins synthesized by RM-

bound ribosomes are cotranslationally translocated in to the RM lumen (Nicchitta and 

Blobel, 1990). In fact, we owe most of our knowledge of the secretory pathway to in vitro 

experiments performed over several decades in the rough microsome system.  

Past studies have established that exposure of RM to high concentrations of salt 

or protonated amines such as neutral Tris solutions can elicit 80S ribosome and 

polysome release from the membrane through disruption of the electrostatic interactions 

between the large ribosomal subunit and the ER translocation channel, Sec61. Divalent 

cation chelators (e.g., EDTA) can also elicit dissociation of ribosomal subunits and the 

mRNA, causing efficient 40S ribosomal subunit and mRNA release and partial 60S 

ribosomal subunit release from the ER membrane (Kruppa and Sabatini, 1977). Hence, if 

an mRNA engages the RM solely via its interaction with the translating ribosome (as is 

the case for RNAs targeted via the SRP pathway), release of the ribosomes would elicit 

release of the RNA as well. If on the contrary, an RNA remains bound to the ER under 

such conditions, we can conclude that it is anchored to the ER directly, independent of 

the translating ribosome, and hence the SRP pathway (Fig. 13 B).   
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Figure 13: Biochemical analysis in rough microsomes distinguishes two modes of RNA-
ER interactions 

(A) Structural representation of the ribosome-ER interaction. Adapted from (Pfeffer et 
al., 2012) (B)  Cartoon demonstrating the criteria for direct mRNA-ER interaction. (C) 
Northern blot analysis of pellet and supernatant fractions from control-, KCl/EDTA- 
and 0.5M neutral Tris-treated RM.   
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In the following experiments, we test this hypothesis in rough microsomes (RM) 

purified by equilibrium density gradient flotation from J558 murine plasmacytoma cells 

homogenates (Stephens and Nicchitta, 2007). To assay for ribosome-dependent mRNA-

ER interactions, J558 RM suspension was adjusted to 0.5M KCl/20 mM EDTA or 0.5M 

neutral Tris, and subjected to ultracentrifugation to separate the membrane and 

supernatant fractions. Membrane and supernatant fractions were assayed for ribosome 

content, via analysis of 28S/18S rRNA, and mRNA, via Northern blot (Fig. 13 C).  

When RM were diluted with physiological salt solutions and subjected to 

ultracentrifugation, ribosomes (28S/18S rRNA) and mRNAs encoding the resident ER 

chaperone GRP94 were efficiently recovered in the membrane (P) fraction. Also 

recovered in the membrane fraction were mRNAs encoding the secretory pathway cargo 

protein λ light chain (λ-LC). Extraction of the RM fractions with 0.5M KCl and 20mM 

EDTA or 0.5M neutral Tris resulted in efficient release of ribosomes and λ-LC mRNA 

into the supernatant fraction, whereas mRNAs encoding ER resident proteins remained 

tightly associated with the ER membrane (Fig. 13 C). This observation serves three 

purposes: 1) It validates, in a completely independent experimental system, that GRP94 

mRNA is indeed anchored to the ER directly; 2) It provides proof-of-principle that our 

biochemical assay in RM is a useful and faithful tool to assess mRNA-ER interactions; 

and 3) It shows that not all ER localized mRNAs display direct interactions with the ER, 

as shown by the release of λ-LC mRNA concurrent with ribosome release. Thus, RM 

provide a robust assay to biochemically distinguish direct and indirect modes of RNA 

binding to the ER. This assay can be easily adapted to assess several RNA molecules 

simultaneously through qPCR and other high-throughput approaches. 
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Sub-Genomic Analysis of mRNA-ER Association Patterns.  

To gain insights into the composition of the mRNA pools comprising the 

biochemically distinct modes of ER membrane-mRNA interaction identified above, 

qPCR array analyses were performed on the membrane-associated and released 

fractions derived from high salt/EDTA-extracted RM (Fig. 14). In these experiments, 

multiple, independent RM preparations were generated from J558 cells, extracted in 

0.5M KCl/20 mM EDTA, centrifuged to separate the membrane-associated and released 

mRNA pools, and the mRNA composition of the membrane associated and released 

mRNA pools assessed by qPCR array. Two commercially available 96 gene qPCR array 

sets were used, and provide a broad representation of prominent gene products 

functioning in the cytosol/nucleoplasm, comprising secretory pathway cargo, or 

resident to the endomembrane system. All data were normalized using an exogenous 

spike-in control RNA and the relative fraction of an mRNA that is present in the RM 

pellet after salt/EDTA treatment was calculated for all RNAs using the Global Pattern 

Recognition (GPR) program (See Materials and Methods for details). The results for 91 

genes that showed a significant qPCR signal are plotted as a histogram in Fig. 14 A.  

Based on the Northern blot data for GRP94 and λ-LC, we expected that RNAs 

would display a binary behavior: they would either release easily with ribosome release, 

or stay tightly bound. But surprisingly, the genes assayed in this experiment display a 

broad, Gaussian distribution along the scale of mRNA fractional values, with the peak 

representing a 50:50 distribution of several RNAs between the RM pellet and the 

supernatant. This observation indicates that RNA association to the ER may occur via 

multiple, overlapping modes so that the fraction of an RNA that is released due to 

ribosome release is a function of the combined strength of all of its associations with the 

ER, rather than the presence or absence of a single interaction. That said, within the 
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dataset, ER-chaperone protein encoding RNAs (GRP94, BiP and CALR) do display high 

enrichment in the pellet, indicating that the qPCR array analysis itself does not introduce 

any artifacts, but robustly captures our earlier data from Northern blotting.  

Next, in order to identify any common features among the RNAs that show a 

marked enrichment in the RM pellet, we performed gene ontology (GO) analysis. We 

did not observe a significant enrichment for any of the standard, pre-defined GO 

categories that are based on biological process, molecular function and cellular 

component. However, we observed that several genes enriched in the RM pellet 

encoded residents proteins of the ER or other endomembrane organelles. In order to 

systematically assess any correlation between the enrichment of an RNA in the pellet 

fraction and the location of its encoded protein product, we curated the gene list to bin 

them into three custom GO categories: mRNACyto, encoding cytosolic and nuclear 

proteins; mRNARes, encoding resident proteins of the endomembrane organelles and 

mRNACargo, encoding other client proteins of the ER such as secretory or plasma 

membrane proteins.  

For ER-associated gene products encoding cytosolic/nucleoplasmic proteins (N 

= 42), the distribution was centered at a relative fraction of 0.436 in the RM pellet with a 

range of 0.21 to 0.78 (Fig. 14 B).  Intriguingly, within this cohort, the relative 

distributions of several mRNAs between the membrane associated and released 

fractions mirrored their subcellular distribution preference between the membrane and 

the cytosol (Fig. 10 B in Chapter 3). For example, mRNA encoding the cytosolic protein 

CaMK2α that displayed the highest membrane enrichment of 0.88 in J558 cells (Fig 10 B 

in Chapter 3) also shows the highest enrichment (0.78) in the J558 RM pellet. Thus, the 

capacity to undergo non-canonical localization to the ER may reflect a capacity to 

engage in RNA-dependent association with the ER membrane. This is a not a general 
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rule, however, since another non-canonically ER-enriched RNA, Prkcδ, with an ER-

enrichment value of 0.81 only shows an RM pellet-enrichment of 0.53, indicating that a 

significant proportion of Prkcδ mRNAs engage the ER in interactions that are sensitive 

to high-salt and EDTA.  

 

Figure 14: Subpopulations of mRNAs distinct modes of interaction with the ER. 

qPCR array data from RM supernatant and pellet fractions are represented as a 
histogram of the fractional value in the pellet for all genes (A), mRNAcyto (B), 
mRNAcargo (C) and mRNAres (D). N, Number of genes; µ, Mean; σ , Deviation.  

mRNACyto 
µ = 0.436 
σ = 0.141 
N = 42 

mRNARes 
µ = 0.718 
σ = 0.112 
N = 19 

N = 91 

mRNACargo 
µ = 0.545 
σ = 0.164 
N = 31 
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Among signal peptide-encoding mRNAs, the membrane association behavior of 

mRNARes was highly skewed towards a salt/EDTA-insensitive mode of mRNA 

association with the ER (Fig. 14 D). On the other hand, mRNACargo cohort displayed a 

wide distribution range in the RM fractionation experiments (Fig. 14 C), ranging from 

highly enriched in the membrane fraction (0.89; insulin-like growth factor binding 

protein 3) to strongly released (<0.2 in RM pellet, CD207, H2-ab1, Icosl, Thpo and B2M).  

This result indicates that, as a population, mRNAs encoding resident proteins of the 

endomembrane organelles display a distinct, salt/EDTA-insensitive ER interaction 

mode compared to other signal peptide-encoding mRNAs. The distinct nature of the 

mRNACyto, mRNACargo and mRNARes populations is further illustrated in Fig 15 where 

the gene distributions (displayed as a histogram in Fig 14) are represented as cumulative 

density functions.  

 

Figure 15: Cumulative probability function of salt/EDTA insensitive fraction of mRNA 
populations. 
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In summary, the data so far suggest that steady-state subcellular mRNA 

distributions are governed by a multiple, and potentially overlapping, ER-directed 

mRNA localization processes, with the mRNARes population displaying the highest 

affinity for the ER for hitherto unknown reasons. However, this analysis was limited to a 

subset of genes that were selected arbitrarily based on availability of qPCR arrays. 

Before drawing broad conclusions, we wished to ensure that our observations are not a 

result of a sampling bias. Though this is easily achieved by analyzing the bound and 

released RNA populations at a genomic level using cDNA microarrays, we decided to 

move our studies from the in vitro microsome system to a more physiological in vivo 

system for the following reasons: First, in vivo system, unlike the rough microsomes, 

would enable us to visualize the organization of the various RNA cohorts in their 

natural cellular context, which may yield valuable clues to further our understanding of 

RNA localization to the ER. Second, while the microsome system is excellent for 

biochemical screens and assays, the potential scope and broad implications of our 

observation necessitates in vivo validation.  

C. A role for detergent-resistant ER domains in RNA anchoring in 
HeLa cells 

In vitro studies in rough microsomes demonstrate that mRNAs encoding resident 

endomembrane organelle proteins (mRNARes) retain their ER association following 

biochemical extraction of membrane-bound ribosomes (Chen et al, 2011; Pyhtila et al, 

2008). To assess the in vivo significance of these findings, we examined mRNA-ER 

interactions in semi-intact tissue culture cells. Semi-intact cell models retain the native 

three-dimensional architecture and function of the ER (Balch et al, 1988), and offer the 

advantage of genetic accessibility, critical to the identification of cis-acting mRNA 

anchoring sequences and/or trans-acting factors that may function in this process. The 
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experimental approach we used is illustrated in Fig. 16 and was designed to distinguish 

between salt-sensitive and salt-resistant modes of mRNA/ribosome-membranes 

interaction identified earlier in the RM system. 

 

Figure 16: Schematic representation of the sequential detergent fractionation procedure. 

Enlarged insets represent the potentential molecular interactions engaged by mRNPs 
with the ER.  

In brief, adherent HeLa cells were first treated with a digitonin-supplemented 

cytosol buffer, to release the cytosolic contents including free polyribosomes 

(Jagannathan et al, 2010; Stephens et al, 2008). Subsequently, digitonin-permeabilized 

cells were treated with high salt (0.5M neutral Tris) buffers, conditions previously 

demonstrated to efficiently dissociate the majority of membrane-bound ribosomes from 

microsomal membranes (Chen et al, 2011; Pyhtila et al, 2008). The salt-insensitive 

membrane-bound ribosome fraction was then released by addition of dodecylmaltoside 

(DDM)-supplemented buffers (Jagannathan et al, 2010). Two highly expressed mRNAs, 

β-2-microglobulin (B2M; a representative mRNACargo) and GRP94 (representative 

mRNARes), were initially examined, as previous in vitro data identified the two mRNAs 
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as engaging in salt-sensitive and salt-resistant binding interactions, respectively (Chen et 

al, 2011; Pyhtila et al, 2008). mRNA and ribosome release from the membrane was 

quantified by qRT-PCR and the data were plotted as the fraction of the mRNA released.  

 

 

 

Figure 17: ER-associated mRNAs are partitioned between detergent-resistant and 
detergent-sensitive membrane domains. 

(A) 0.5M neutral Tris, alone, and in combination with detergents Triton X-100 (TX-
100), CHAPSO, Brij58 and Brij35 were screened for their capacity to solubilize 
endoplasmic reticulum (ER)-associated ribosomes (rRNA; black bars) and mRNAs 
encoding an ER chaperone (GRP94; yellow bars) or a secreted protein, β2-
microglobulin (B2M; blue bars). Detergents were utilized at 10-fold critical micelle 
concentration and RNA levels determined by qRT-PCR. Data represented are an 
average of three biological replicates. (B)  The relative distributions of ribosomes (18S 
rRNA; black bars) and mRNAs encoding the secretory pathway cargo proteins B2M, 

B 

A 
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vascular endothelial growth factor A (VEGF-A) and thrombopoietin (THPO) (yellow 
bars), and the endoplasmic reticulum resident proteins GRP94, BiP and calreticulin 
(blue bars), in the Brij35-sensitive fraction of HeLa cells was determined by qRT-PCR. 
Data represented are an average of three biological replicates. All errorbars represent 
S. E. M.  

In contrast to prior studies in microsomes, 0.5M Tris elicited only a modest 

release of both B2M and GRP94 mRNAs in semi-intact HeLa cells (Fig. 17 A), indicating 

that the mode of polysome association with the ER in vivo differs from that observed in 

microsomes. The reason for such differences is currently unknown though not without 

precedent; prior reports have demonstrated that the mechanism of mRNA-ER 

association can vary with the biochemical conditions used during microsome isolation 

(Freidlin & Patterson, 1980; Kruppa & Sabatini, 1977; Lande et al, 1975).  Intriguingly, 

when various mild detergents were included in the 0.5M Tris extractions we observed 

divergent mRNA solubilization patterns (Fig. 17 A). For example, Triton X-100- and 

CHAPSO-supplemented buffers efficiently solubilized the ER, with high fractional 

recoveries of both B2M and GRP94 transcripts. In contrast, Brij58 and Brij35 (detergents 

previously demonstrated to preferentially solubilize ceramide- and sterol-deficient 

membrane domains (Boukh-Viner et al., 2005; Schuck et al., 2003), differed in their 

ability to solubilize B2M- and GRP94-encoding transcripts. With both detergents, 

ribosomes and B2M transcripts were efficiently recovered in the detergent soluble 

fraction whereas GRP94-encoding transcripts were recovered in the detergent-resistant 

fraction (Fig. 17 A). Experiments examining the Brij35 solubilization profiles of 

additional mRNAcargo (VEGFA, THPO) and mRNARes   (BiP, CALR) transcripts 

yielded similar results, indicating that the in vivo mechanism(s) of mRNACargo and 

mRNARes polyribosome association with the ER are distinct (Fig.  17 B).  

Past studies have demonstrated that signal peptides can differ in their ability to 

promote ER association (Shaffer et al, 2005), and so we compared the molecular 
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characteristics of the encoded signal peptides and mRNAs for the mRNACargo and 

mRNARes representatives noted above (Table 2). These analyses did not reveal 

discernible characteristics distinguishing the two cohorts and so the distinct membrane 

association behavior of the mRNARes population likely reflected mRNA-specific 

membrane interactions.   

Table 2: Properties of candidate mRNACargo and mRNARes 

mRNA	  properties	  
(length	  in	  nt)	  

Protein	  
properties	  

Category	   Gene	   Symbol	  
Protein	  
product	  

Intra-‐
cellular	  
location	  

5'	  
UTR	   CDS	  

3'	  
UTR	   SS*	  

TM
*	   HS*	  

B2M	   B2M	  
Beta-‐2-‐
microglobulin	   Secreted	   60	   360	   567	   Yes	   No	   1.58	  

VEGFA	   VEGFA	  

Vascular	  
endothelial	  
growth	  factor	  
A	   Secreted	   498	   1239	   1940	   Yes	   No	   0.59	  

Cargo	   THPO	   THPO	  
Thrombo-‐
poietin	   Secreted	   215	   1062	   528	   Yes	   No	   1.5	  

GRP94	   HSP90B1	  

Heat	  shock	  
protein	  
90kDa	  beta	   ER	  lumen	   105	   2412	   263	   Yes	   No	   1.33	  

BiP	   HSPA5	  

Heat	  shock	  
70kDa	  
protein	  5	  
(Binding	  
protein)	   ER	  lumen	   261	   1965	   1747	   Yes	   No	   1.38	  

Resident	   CALR	   CALR	   Calreticulin	   ER	  lumen	   80	   1254	   595	   Yes	   No	   2.09	  
*SS - Signal sequence; nt - nucleotide 

 TM - transmembrane domain 
 HS - Hydrophobicity score (average hydrophobicity score of the signal peptide 
calculated using Kyte-Doolittle's amino acid hydrophobicity scores) 
 

D. Ultrastructural and fluorescence imaging confirms distinct 
modes of interaction of B2M and GRP94 mRNAs with the ER.  

The ER is a highly structured organelle with several spatially and functionally 

distinct subdomains (Lynes & Simmen, 2011; Shibata et al, 2008; Voeltz et al, 2006). In 

rice endosperm it is well established that prolamine- and glutelin-encoding mRNAs are 

localized to distinct ER subdomains (Okita et al., 1994), and so we considered that by 



 

  60 

analogy, mRNACargo and mRNARes might also localize to distinct ER subdomains, a 

hypothesis that was addressed by imaging subcellular mRNA distributions on the ER 

following sequential detergent extraction. Before examining the RNA distributions, we 

wished to understand the ultrastructural and morphological changes induced by the 

sequential detergent extraction procedure on the ER. We accomplished this goal through 

electron microscopy coupled with fluorescence imaging of lipids and proteins.  

Fig. 18 A and B depict the cellular ultra structure at each stage of the sequential 

detergent fractionation protocol as shown by transmission electron microscopy at both 

low (3000X) and high (15,000X) magnifications, respectively. At low magnification, the 

dense cytoplasmic and nucleoplasmic ground substance, the nucleus, and nucleoli are 

readily discernible in unfractionated cells. At high magnification, the canonical ER 

morphology with bound ribosomes is evident as electron-dense particles. Following 

digitonin extraction, the plasma membrane is compromised, though overall cell 

architecture remains intact. The loss of cytoplasmic polyribosomes and dilation of the 

rough ER is evident at high magnification. Treatment of the digitonin-permeabilized 

cells with Brij35 resulted in the loss of nuclear integrity and a decrease in nucleoplasmic 

staining, though gross cellular morphology was preserved. At high magnification, a 

discontinuous nuclear and ER membrane can be discerned. In addition, although the 

density of ER-associated ribosomes was markedly reduced, membrane fragments with 

bound ribosomes could be identified. Following extraction with dodecylmaltoside 

(DDM), all discernible membrane compartments were lost. These observations suggest 

that digitonin is highly efficient in releasing cytosolic, free polysomes and that 

Brij35/tris treatment causes profound changes in ER ultrastructure that is concomitant 

with release of membrane-bound ribosomes.  
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C 
 

 

Figure 18: Analysis of cellular architecture of HeLa cells subjected to sequential 
detergent extraction through TEM and immunofluorescence microscopy. 

Adherent HeLa cell cultures were either untreated (Unfractionated), extracted with 
digitonin-supplemented cytosol buffer (Post-Digitonin), sequentially extracted with 
digitonin-supplemented cytosol buffer followed by Brij35/neutral Tris buffers (Post-
Brij), or the identical series followed by extraction with dodecylmaltoside-
supplemented buffers (Post-DDM). (A) Low magnification (3,000x) thin section 
electron micrographs of HeLa cells subjected to sequential detergent extraction. A 
scale bar is indicated in the Post-DDM micrograph (B) High magnification (60,000x) 
electron micrographs from the sections depicted in panel B. A scale bar is indicated in 
the post-DDM micrograph. (C) Immunofluorescence staining for a cytosolic marker 
protein (tubulin), a resident ER protein (TRAPα) and chromatin (DAPI) distribution, 
as a function of cell fractionation status.  

In parallel, we utilized immunofluorescence microscopy to assess the ER 

architecture via TRAPα (an ER membrane protein) and cytosol release through tubulin 

staining (Fig. 18 C). In unfractionated cells, TRAPα displays a reticular pattern typical of 
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the ER network, while tubulin staining is characteristic of the microtubule network. 

After digitonin treatment, the depolymerized microtubule network is completely lost as 

shown by tubulin staining, whereas the ER morphology is visibly unaltered (Fig. 18 C).  

Thus, RNPs that are in transit on microtubule tracts would be released in the cytosol in 

our fractionation scheme. Following extraction of the digitonin-treated cells with 

Brij35/Tris buffer, overall ER morphology was preserved, though TRAPα staining 

appears more punctate, perhaps reflecting ER fragmentation observed by electron 

microscopy. The final extraction in DDM efficiently solubilized TRAPα and led to the 

complete loss of ER staining.  

As an independent way of assessing ER morphology, HeLa cells labeled with 

two different lipid dyes were imaged through the sequential detergent extraction 

procedure. Fig 19 A shows the behavior of ER tracker Blue-White DPX (Invitrogen), a 

hydrophobic dye that selectively associates with ER membranes. In intact cells, the ER 

network was strongly labeled by Blue-White DPX, with faint plasma membrane labeling 

(Fig. 19 A). Following digitonin treatment, plasma membrane staining was lost whereas 

ER staining was preserved. Addition of Brij35/Tris resulted in the complete loss of ER 

Blue-White DPX staining, indicating a profound disruption of hydrophobic interactions. 

Brij35, because of its a high hydrophile/lipophile balance, inefficiently solubilizes 

sphingolipid-enriched membrane domains (Boukh-Viner et al, 2005; Schuck et al, 2003). 

Hence, we assessed ceramide distributions in HeLa cultures biosynthetically labeled 

with BODIPY FL C5-ceramide (Invitrogen). Exogenous BODIPY FL-C5-ceramide is 

initially trafficked to the ER and subsequently to the Golgi apparatus, where it 

accumulates. At high concentrations, BODIPY FL C5-ceramide fluorescence is red-

shifted, providing a convenient marker of intracellular ceramide enrichment. After short 

(5-min) labeling periods, the ER displayed distinctive, circular patterns of BODIPY FL 
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C5-ceramide fluorescence whereas the Golgi-localized BODIPY FL C5-ceramide was 

highly concentrated, as seen by the red-shifted fluorescence (Fig. 19 B). Following 

digitonin treatment, overall BODIPY FL C5-ceramide staining patterns were unaltered 

(Fig. 19 B). In contrast, Brij35 extraction elicited a prominent clustering of BODIPY FL 

C5-ceramide throughout the regions occupied by ER as well as the loss of the canonical 

Golgi staining pattern (Fig. 19 B). Upon addition of DDM, BODIPY FL C5-ceramide 

staining was largely lost, though minor levels of concentrated BODIPY FL C5-ceramide 

could be discerned.  

 

Figure 19: Lipid imaging of HeLa membranes. 

Cells were biosynthetically labeled with ER tracker blue-white DPX (A) or BODIPY 
FL C5-ceramide (B) (Invitrogen). At the termination of the uptake period, coverslips 
were chilled and either fixed or fractionated as described in Fig. 18 and imaged.  

These studies show that the Brij35/Tris extraction profoundly affects ER integrity 

and organization (Figs. 18 and 19) and causes release of majority of ER-bound 

ribosomes. (Fig. 18 B).  Thus, while RNA imaging in unfractionated cells may provide a 

reliable snapshot of the physiological subcellular distribution of mRNAs, the RNA 

distributions in fractionated cells are more likely to be affected by detergent-induced 
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restructuring of the ER. With this in mind, we next examined the subcellular 

organization of B2M and GRP94 mRNAs in unfractionated cells as well as after various 

steps of the detergent extraction by single molecule RNA fluorescence in situ 

hybridization (smRNA-FISH).   

 

Figure 20: Single molecule RNA FISH analysis of subcellular mRNA distributions in 
control and detergent-fractionated HeLa cells. 

(A) HeLa cells were fixed directly (Unfractionated), or following sequential detergent 
extraction, as described in the legend to Fig. 2 and stained for B2M and GRP94 
mRNAs. Z-stack images were acquired on a DeltaVision microscope and 
deconvolved, maximum-intensity projected micrographs are depicted. Spot counting 
was performed using the Bitplane Imaris software and presented as both raw RNA 
counts (B) and normalized to the total RNA counts in unfractionated cells (C). The 
total number of mRNAs/cell was determined for 10-47 cells (as indicated in the figure 
as ‘cell #’) and mean values ± SEM are depicted.  

In smRNA-FISH, individual B2M and GRP94 mRNA molecules are rendered 

visible as diffraction-limited spots by hybridizing 30-48 antisense oligonucleotides 

labeled with Cy3 and Cy5 (for B2M and GRP94, respectively) to every mRNA molecule 

B 

A 

C 
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(Raj et al., 2008). In intact cells, B2M and GRP94 displayed overlapping distributions and 

no distinction in their subcellular organization was readily discernable (Fig. 20 A). After 

digitonin treatment, B2M and GRP94 mRNAs engaged by membrane-bound ribosomes 

were largely retained, as expected. Following addition of Brij35, the majority of the B2M 

mRNAs were released, with only a modest loss of GRP94 mRNAs. Following DDM 

treatment, GRP94 mRNAs, and the small fraction of Brij35-resistant B2M mRNAs, were 

released. Quantifications of these data are depicted as both raw RNA counts (Fig. 20 B) 

and normalized to the total number of RNA molecules in unfractionated cells (Fig. 20 C) 

and corroborate the data obtained earlier by qRT-PCR (Fig. 17 B). 

These data establish the conclusion that B2M and GRP94 transcripts are 

anchored to the ER by distinct molecular interactions, though a distinct subcellular 

arrangement is not visually discernable. It is possible that mRNARes and mRNACargo are 

localized to microdomains on the ER that cannot be visually distinguished given the 

diffraction limit of conventional fluorescence microscopy.  

E. Brij-soluble and -resistant RNAs are translationally active.  

The data presented above demonstrate that a large fraction of GRP94 and other 

mRNARes such as BiP and CALR remains ER-anchored despite the disruption of 

ribosome-Sec61α interaction by high salt buffers. This observation raises the question of 

whether the mRNAs in the Brij-resistant (BrR) fraction are ribosome-associated. We thus 

assessed the ribosome loading status of the mRNAs in the Brij-sensitive (BrS) and Brij-

resistant (BrR) fractions by sucrose density gradient centrifugation. To distinguish 

between ribosome-associated transcripts and large ribonucleoprotein complexes (e.g. P 

bodies), the BrS and BrR fractions were also treated with EDTA, which causes ribosomal 

subunit dissociation and the conversion of ribosome-associated mRNAs to slower 

migrating forms.   
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Both BrS and BrR fractions contain heavy polysomes; in the presence of EDTA, 

the BrS and BrR polysomes disassembled and ribosomal subunits were recovered in the 

slower migrating fractions (Fig. 21 A). To further assess the translational status of the 

BrS and BrR polysome pools, gradient fractions were collected from cells pulse labeled 

with [35S]Met/Cys and radiolabeled, ribosome-associated nascent polypeptides were 

quantified by scintillation counting. Both fractions were found to contain radioactively 

labeled polypeptides in the heavy polysome fractions (Fig 21 B), demonstrating that BrS 

and BrR sub-compartments of the ER represent active sites of translation.  

In parallel, RNA was extracted from the gradient fractions and the levels of 18S 

rRNA, B2M and GRP94 mRNAs were monitored by qRT-PCR. As expected, the 18S 

RNA profile closely resembles the A254 nm trace (Fig. 21 C). B2M mRNAs were 

enriched in heavy polysomes in the BrS fraction, though also present in the BrR fraction 

(Fig. 21 D). The fraction of B2M mRNA in BrS was ca. 0.67, as assessed by quantifying 

the polysome area, which accurately mirrors the qPCR fractionation data reported in 

Fig. 9 A. GRP94 mRNAs, in contrast, were recovered almost entirely in heavy polysomes 

of the BrR fraction (Fig. 21 E). As indicated, both mRNAs were shifted to the monosome 

fraction upon EDTA treatment (Fig. 21 D, E), indicating that they were primarily 

polysome-associated.  

We also extended this analysis to other mRNACargo (VEGFA and THPO) and 

mRNARes (BiP and CALR) and obtained similar distribution in heavy polysomes (data 

not shown). To further validate these observations, the BrS and BrR fractions were 

examined by negative staining electron microscopy (Figs. 21 F, G, respectively) and 

found to contain mRNP complexes that resemble polysomes in dimensions and 

appearance (Veis et al., 1985).  
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Figure 21: Translation status of mRNAs in the Brij-sensitive and -resistant fractions of 
the ER. 

 

* 

* 

* 
* 
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(A) Sucrose density gradient polyribosome profiles of the detergent-soluble fractions 
obtained following sequential treatment with digitonin- and Brij35-supplemented 
buffers (BrS; orange) and digitonin- , Brij35-, and DDM-supplemented buffers (BrR; 
blue), in the presence (dotted lines) and absence (solid lines) of EDTA. (B) 
[35S]Met/Cys-labeled, ribosome-associated nascent polypeptides in the gradient 
fractions were quantified by scintillation counting. Gradients were fractionated to 
yield ten fractions and ribosomal (18S rRNA; Panel C), cargo- (B2M; Panel D) and 
endomembrane resident- (GRP94; Panel-E) encoding mRNAs determined by qRT-
PCR. Panels F and G represent negative staining electron micrographs of heavy 
polysomes from the BrS and BrR fractions, respectively. * Area under the curve.  

Taken together, these data demonstrate that BrR fraction of the ER is 

translationally active, enriched in mRNARes transcripts such as GRP94, BiP and CALR, 

and represents regions of the ER where mRNAs are anchored via salt/Brij35-insensitive 

interactions. 

F. cDNA microarray analysis of mRNA-ER attachment shows direct 
membrane anchoring of subpopulations of mRNAs.   

Having established a robust method to distinguish and isolate RNAs bound to 

the ER by ribosome-mediated versus direct modes, we next assessed the mRNA 

compositions of the BrS and BrR fractions by cDNA microarray analysis (Fig. 22, 23). 

The log transformed, relative enrichment value for every RNA in the BrS and BrR 

fractions (log2 (BrS/BrR)) was used to compute its fractional enrichment in the BrR 

fraction using the following formula: Fraction in BrR = 1/(1+2^log2 (BrS/BrR)). A 

histogram depicting the fractional enrichments of mRNAs in the BrR fraction (Fig. 22) 

reveals a major population of genes with a mean BrR distribution of 0.39, and a second, 

smaller population of mRNAs with substantial bias to the BrR fraction (mean = 0.65).   

To determine if the BrR mode of mRNA anchoring to the ER was selective for 

particular gene sets, genes were categorized as cytosolic-, secretory cargo-, or 

endomembrane resident based on the subcellular location of the protein product and 

histograms depicting the fractional enrichment in BrR for each of these gene sets were 

plotted as a function of normalized gene count (Fig. 23 A).  
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Figure 22: Distribution of RNA enrichment values in the Brij-resistant ER  fraction. 

The curve represents a 2-normal mixture distribution fit to the BrR enrichment data 
plotted as a function of gene count. JMP Pro 7.0 software (SAS Institutes, Inc.) was 
used to fit distributions.  

Cytosolic- and nuclear protein-encoding mRNAs were the most abundant 

(n=6687) and displayed the lowest BrR enrichment values (population mean=0.38); 

mRNACargo (n=2931) displayed a mean BrR enrichment of 0.52 and mRNARes (n=734), a 

mean BrR enrichment of 0.6. These differences are further illustrated in the cumulative 

gene density plot depicted in Fig. 23 B. In this plot, the qRT-PCR-determined BrR 

partitioning values for the mRNACargo and mRNARes genes examined in Fig. 9 A are 

indicated and demonstrate that the relative mRNA partitioning values determined by 

cDNA microarray analysis closely mirror those obtained by qPCR. Statistical analysis of 

these data by the Kolmogorov-Smirnov (K-S) test, a non-parametric, distribution-

independent assessment of the divergence of two populations, demonstrated that they 

were distinct populations with highly significant differences in their detergent 

solubilization behavior (P-value <e-16; Table 3).  
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Table 3: Two-sample Kolmogorov-Smirnov (KS) test  for mRNACyto, mRNACargo and 
mRNARes 

Pairwise K-S test for various mRNA cohorts calculated using the R statistical package. 
The distance statistic (D) indicates the population deviation and the associated P-
value the population deviation probability.  

Population 1 Population 2 Distance P-value 
Cytosolic Cargo 0.5754 2.20E-16 
Cytosolic Endo 0.674 2.20E-16 
Cargo Endo 0.2824 2.20E-16 

 

 

Figure 23: mRNARes population is highly enriched in Brij-resistant ER fraction.  

(A) Depicted are the relative distributions of mRNA encoding cytosolic proteins 
(Cytosolic), secretory pathway cargo proteins (Cargo) and endomembrane resident 
proteins (Res) obtained by cDNA microarray analysis. (B) Cumulative gene density 
(CGD) distributions of the data presented in panel A. The distributions of the six 
mRNAs analyzed in Fig. 1C are marked, demonstrating the concordance between the 
qRT-PCR and cDNA microarray data sets.  

In further analyses, subcategories of mRNARes and mRNACargo were defined and 

the cumulative density distributions in the BrR fraction plotted (Fig. 24 A, B). In the 
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mRNARes cohort, the population of mRNAs encoding lysosomal resident proteins was 

identified as remarkably BrR-enriched (Fig. 24 A; Table 4). Within the mRNACargo cohort, 

we compared the partitioning of mRNAs encoding membrane versus secreted proteins. 

Both classes of mRNAs show little deviation from mRNACargo, indicating that the nature 

and the number of hydrophobic domains present in the protein product does not 

influence the nature of the ER binding displayed by their corresponding mRNAs - 

further highlighting the distinctive properties of the endomembrane protein-encoding 

mRNAs (Fig. 24 B).  

 

Figure 24: Lysosomal protein-encoding mRNAs are paritcularly enriched in the Brij-
resistant ER fraction. 

(A) Cumulative gene density (CGD) distributions of the components of the 
endomembrane resident gene category, comprised of resident ER, Golgi and 
lysosomal protein-encoding genes. (B) CGD distribution of the mRNA cohort 
encoding soluble secretory and membrane proteins.  
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Table 4: Two-sample Kolmogorov-Smirnov (KS) test  for subcohorts of mRNARes and 
mRNACargo 

K-S test results for pairwise comparisons of various mRNA cohorts calculated using 
the R statistical package. The distance statistic (D) indicates the population deviation 
and the associated P-value the population deviation probability.  

Population 1 Population 2 Distance P-value 
Resident ER 0.0856 5.79E-02 
Resident Golgi 0.0474 9.19E-01 
Resident Lysosome 0.3375 4.27E-07 
Cargo Membrane 0.0369 9.11E-02 
Cargo Secreted 0.0905 3.05E-04 

 

Since the mRNA-ER interaction occurs via a combination of overlapping 

mechanisms, it is possible that the open reading frame length or ribosome loading 

density may contribute to the valency/avidity of mRNA association with the ER, thus 

causing increased affinity of subpopulations of mRNAs. To address this aspect, the 

fraction of every mRNA species in the BrR compartment was plotted as a function of 

mRNA length (Fig. 25 A) or ribosome loading density (number of ribosomes/mRNA) 

(Fig. 25 B; (Reid & Nicchitta, 2012)); no correlations were observed, indicating these 

factors to not affect the differential enrichment of mRNA subpopulations. It should be 

noted here that Reid and Nicchitta measured ribosome density of mRNAs in HEK293 

cells, whereas this study is performed in HeLa cells. However, based on several 

comparative studies performed in our laboratory on HeLa and HEK293 cells, we do not 

believe that the ribosome loading in these two cell lines differs significantly. Next, we 

checked whether mRNA enrichment in the BrR fraction shows any correlation with the 

fraction of an mRNA that was ER-bound (determined in (Reid & Nicchitta, 2012). 

Indeed, we observe a strong correlation (Fig. 25 C) corroborating our conclusion that 

mRNA enrichment in the BrR fraction is a result of a distinct set of molecular 
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interactions between the mRNA and the ER that enables a higher degree of membrane-

enrichment, as compared to other signal peptide-encoding mRNAs.  

 

 

 

Figure 25: mRNA paritioning to Brij-resistant ER fraction is positively correlated with 
mRNA enrichment on the ER. 

Analyses of gene distribution in the BRij35-resistant fraction as a function of mRNA 
length (A), ribosome loading density (B) or enrichment on the ER (C). *Pearson’s 
correlation coefficients are included for each analysis.  

B 

A 

C 
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The data so far demonstrate that actively translating, subpopulations of mRNAs 

can engage in distinct modes of interaction with the ER. The BrS fraction of the ER is 

characterized by those mRNAs engaging in salt- and Brij35-sensitive interactions with 

the ER, indicating that this mRNA population relies on the ribosome-translocon 

interaction for RNA binding to the ER (Fig. 26). The BrR fraction of the ER, on the other 

hand, consists of RNAs that are anchored to the ER in a manner that is high salt- and 

Brij35-insensitive (Fig. 26). Through genomic analysis, we know that mRNARes, and in 

particular, mRNALyso, show significant enrichment in the BrR fraction. The enrichment of 

specific classes of mRNAs in the BrR fraction may indicate a genome-scale presorting of 

RNAs to subdomains of the ER to achieve coordinated protein sorting at the Golgi 

apparatus. The enrichment of lysosomal RNAs in BrR also suggests a potential role for 

RNA sorting and direct anchoring to the ER in organelle biogenesis. In order to 

understand and test the physiological implications of this process, we need to first 

establish the basis for the divergent molecular interactions in the BrS and BrR fractions. 

To this end, we next examined the protein composition of these two fractions of the ER.  

 

Figure 26: Model for mRNA:ER interaction modes in the Brij-sensitive and -resistant 
fractions of the ER.  
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G. Proteomics analysis of ER-bound polysomes identifies a distinct 
ER-mRNA interactome in the Brij-resistant fraction.   

In order to decipher the molecular interactions that engage mRNAs to the BrS 

and BrR fractions of the ER, we first assessed whether known ER-resident membrane 

proteins exhibit distinct detergent solubilization profiles (Fig. 27).  

 

Figure 27: Immunoblot analysis of ER membrane proteins in the Brij-sensitive and -
resistant fractions of the ER. 

Proteins from Cytosol (C), Brij-sensitive (BrS) and Brij-resistant (BrR) samples were 
precipitated using tricholoroacetic acid (TCA). Cell equivalent amounts of protein 
were resolved on an SDS polyacrylamide gel and the distibution of the following 
proteins were probed by immunoblotting: Cytosolic protein, GAPDH; ER ribosome 
receptor, Ribophorin; ER membrane endonuclease, IRE1α ; ER peripheral membrane 
protein component of the SRP receptor, SRα ; Reticulons RTN4b and RTN4c; A 
ribosome receptor with a recently identified function in RNA binding to ER 
membrane, p180 and an isoform, ES130; ER integral membrane protein and translocon 
associated protein, TRAPα ; Subunit of the translocon channel, SEC61α ; Inner nuclear 
membrane protein, Emerin.  
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The results from immunoblot analysis of cytosol, Brij35-sensitive (BrS) and 

Brij35-resistant (BrR) fractions are presented in Fig 27. GAPDH was recovered in the 

cytosol, while all the ER proteins assessed were absent in the cytosol, as expected. 

Ribophorin, a ribosome receptor, was represented in both BrS and BrR fractions of the 

ER and showed only a moderate enrichment in the BrR fraction. IRE1α, the ER 

membrane-associated endoribonuclease is exclusively present in the BrS fraction. SRα, a 

peripheral membrane protein of the ER, is also completely solubilized by Brij35. 

Reticulons 4b and 4c, which are enriched in ER tubular domains (Shibata et al, 2008; 

Voeltz et al, 2006), were predominantly recovered in the BrS fraction. Another ribosome 

receptor recently identified to play a role in RNA binding to the ER, p180, and its 

isoform ES130, displayed complementary behaviors – while p180 was enriched in the 

BrR fraction, ES130 was exclusively found in the BrS fraction.  

TRAPα, which is enriched in ER sheet domains and resides in close physical 

proximity to bound ribosomes (Dejgaard et al, 2010; Shibata et al, 2008; Voeltz et al, 

2006) was recovered in both the BrS and BrR fractions, though enriched in the BrR 

fraction. Emerin, an inner nuclear membrane protein, did not release with Brij35 and 

was recovered in the BrR fraction. Most surprisingly, Sec61a, the translocon channel, 

showed a very high enrichment in the BrR fraction. In total, these data demonstrate that 

extraction of the tissue cultures cells with Brij35/Tris buffers causes efficient release of 

certain membrane proteins, while poorly solubilizing others. Thus, the BrS and BrR 

fractions of the ER not only differ in their lipid and anchored RNA composition, but also 

display distinct protein compositions.  

In order to identify proteins that may be involved in mRNA anchoring to the ER, 

we performed a comparative proteomic analysis of native mRNP complexes isolated 

from different subcellular compartments, as shown in Fig. 28.  
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Figure 28: Schematic representation of the proteomic analysis workflow. 

Briefly, polysome fractions from the cytosol, BrS and BrR compartments were 

pooled, collected by ultracentrifugation and the proteins concentrated by TCA 

precipitation. The protein compositions of these samples were then assessed by 2D 

LC/MS/MS. Proteins identified by at least two unique peptides in both replicates were 

considered for further analysis. Keratins and mitochondrial ribosomal proteins were 

considered to be contaminants and were excluded from the dataset (Appendix C).  

A total of 245 proteins were identified with at least two unique peptides (False 

discovery rate, FDR <1%). This included 83 ribosomal proteins, 101 known RNA-
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binding and interacting proteins and 63 other proteins (Fig. 29). The depth of the 

proteomic analysis was evident from the identification all but three ribosomal proteins: 

RPS4Y, expressed from the Y chromosome and hence not expected to be found in the 

HeLa cells and the two smallest ribosomal proteins/peptides, RPL39 and RPL41.  

 

Figure 29: Characteristics of polysome-associated proteins. 

Pie chart showing the representation of protein classess in the proteomic dataset.  
 

Next, we assessed the fractional distribution of each of the identified proteins in 

cytosol (C), BrS and BrR polysome fractions and plotted the data as a ternary graph (Fig. 

30 A). As expected, ribosomal proteins (yellow dots) cluster in the middles of the ternary 

plot, as they are equally distributed in the cytosolic, BrS and BrR polysomes. Several 

RNA binding proteins (RBPs; blue triangles) show enrichment (defined here as >0.7 in a 

particular fraction) in both cytosol and BrR fractions (noted in Fig 30 B), but none are 

enriched in the BrS fraction. This observation is significant and it is consistent with our 

model (Fig. 26) where RNAs associated with the BrS fraction of the ER are only engaged 

via ribosome-translocon interactions and only for the purpose of protein sorting. Hence, 
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most of the proteins present in the BrS fraction are also common to cytosolic and BrR 

polysomes (such as ribosomal proteins, PABP, etc).   

 

 

Figure 30: Proteomic analysis of cytosolic, Brij-sensitive and Brij-resistant polysomes. 

(A) Ternary plot .representing fractional distribution of polysome-associated proteins 
in the subcellular fractions (B) A list of RNA-associated proteins with enrichment 
>0.7 in the cytosol (C) and Brij-resistant (BrR) polysomes; the protein order represents 
high to low enrichment in the fraction indicated.    

The cytosolic compartment of the cell is the site of several post-transcriptional 

regulatory processes including RNA transport. Hence, it is not surprising that 8 known 

RNA-associated proteins, including Tubulin-β (TUBB), show significant enrichment in 

cytosolic polysomes (Fig. 30 B). However, the enrichment of 16 RNA-associated proteins 

in the BrR polysome fraction is highly significant and suggests an extensive interaction 

between mRNAs anchored to the BrR ER membrane and RBPs (Fig. 30 B).   

B A 
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H. Validating potential ER membrane RNA anchors 

In order to identify proteins that play a direct role in RNA anchoring to the ER 

membrane, we first assessed the 16 proteins that constituted the BrR RNA interactome 

for known interactions and relationships. Surprisingly, clear patterns of interaction 

emerge (visually represented using a network visualization tool, STRING in Fig 31).  

 

 

Figure 31: Known interactions among RNA-associated proteins enriched in the Brij-
resistant ER fraction visualized using STRING. 

Subunits of the ER protein translocation channel, SEC61A1 and SEC61B1, are 

among the highest enriched proteins in the BrR polysome fraction. Both proteins were 

recently identified as part of the HeLa cell RNA interactome, where proteins that cross-

linked directly with RNAs were purified by polyA selection and subjected to proteomics 

(Castello et al., 2012). Sec61 was previously shown to interact with the ribosomal RNA in 

vitro and this interaction was suggested as the mechanism behind stable ribosome 

Translocon Known spliceosome- and EJC-interactome Others 

Intermediate 
Filament 
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binding to the translocon (Prinz et al., 2000). As the only ER membrane protein that 

shows high enrichment in BrR polysomes, Sec61 is a strong candidate for an ER mRNA 

anchor. Studies aimed at tagging and performing CLIP-Seq on Sec61 to identify bound 

RNA sequences are currently underway and will shed light on the mechanism by which 

Sec61 may mediate RNA anchoring to the ER.  

The enrichment in the BrR polysome interactome of eleven proteins with known 

functional interactions with the splicing and EJC complex (Fig. 31) could represent two 

scenarios; 1) These proteins could play a role in RNA anchoring to the ER independent 

of their nuclear function in splicing and export. In fact, other SR proteins and EJC-

associated proteins are known to play multiple roles in different cellular contexts. So it is 

possible that on the ER membrane, they facilitate interactions with other membrane 

proteins in order to anchor RNAs to the BrR domain. 2) Alternately, these proteins could 

be part of nascent or newly exported mRNPs that were recently reported to assemble 

into compact, high molecular weight complexes and may have co-purified with BrR 

polysomes. Arguing against this possibility, however, is the enrichment of peripheral, 

but not core EJC or spliceosome proteins in the BrR polysome fraction. If the presence of 

these proteins in the BrR fraction is due to the nascent or newly exported mRNPs, we 

would expect the core spliceosomal and EJC proteins to be present in equal or even 

greater stoichiometry compared to peripheral proteins. Hence, we conclude that the 

spliceosome- and EJC-interacting proteins enriched in the BrR polysomes play an as yet 

undefined role at the ER membrane that may aid RNA anchoring.  

The other proteins enriched in BrR polysomes are Vimentin (the intermediate 

filament protein), XRN2 (5'-3' exoribonuclease 2) and SSBP1 (single-stranded DNA 

binding protein 1). These proteins are not conventionally ER-localized, though there is 

evidence for vimentin-ER interactions. In order to understand the precise role of various 
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BrR polysome-enriched proteins in RNA anchoring to the ER, we need to first identify 

which of these proteins show direct RNA binding and to what subset of RNAs. Once we 

identify all the RNA-RBP networks within the BrR fraction, the physiological role of 

each of these interactions and networks can be tested through genetic and biochemical 

approaches.   
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Chapter 5. Differential regulation of ER-localized mRNAs 
during unfolded protein response 

A. Overview  

When the demand on the ER protein folding machinery exceeds its capacity, 

unfolded proteins accumulate in the lumen of the ER. This triggers a conserved stress 

response pathway called the unfolded protein response (UPR).  

UPR is mediated by three ER transmembrane proteins: ATF6, PERK and IRE1. 

Upon ER stress, ATF6 is processed to yield a transcription factor that induces expression 

of a variety of ER chaperones and quality control proteins in an attempt to increase the 

folding capacity of the ER. PERK phosphorylates the translation initiation factor, EIF2α, 

causing an acute shortage of the functional initiator eIF2–GTP–tRNAMet complex, 

effectively bringing protein synthesis to a halt. The dramatic slowing down of protein 

synthesis allows the ER to deal with the unfolded proteins that are already present in its 

lumen, without having new proteins adding to the burden. The reduced amount of 

initiator methionine-tRNA also has an interesting side effect for a subset of RNAs that 

contain upstream open reading frames (uORF). RNAs with uORFs rarely generate a full-

length protein because of efficient translation initiation at the first start codon. However, 

when tRNA-Met is limiting, ribosomes scan through the uORF at higher frequency and 

initiate at the downstream start codon of the full-length ORF.  Proteins whose expression 

increases by this mechanism include ATF4, a transcription factor that induces the 

expression of ER chaperones and other stress response proteins including GADD34. 

GADD34, recruits a phosphatase, PP1, to dephosphorylate eIF2α-P, thus creating a 

feedback look that returns protein synthesis back to normal, over time. IRE1, the third 

mediator of UPR, is an endonuclease. IRE1 dimerizes in response to ER stress and is 

activated by trans-autophosphorylation. Activated IRE1 catalyses the non-conventional, 
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cytosolic splicing of XBP1 mRNA. Spliced XBP1 mRNA produces a functional 

transcription factor that induces expression of ER chaperones and enzymes to enhance 

ER folding capacity. Another function of IRE1 is to promote decay of ER-localized RNAs 

in order to reduce the folding load on the ER. Thus, ATF6, PERK and IRE1, together help 

decrease the folding load on the ER, while also building ER capacity.  

A key unanswered question in the field of UPR is how the ER achieves the 

seemingly paradoxical goal of both reducing the protein folding load and yet increasing 

the folding capacity of the ER – the latter requiring synthesis and folding of new 

proteins by the ER. One possible mechanism for achieving this goal was suggested by 

the observation that GFP-tagged IRE1 formed higher order oligomers in response to 

DTT-induced ER stress in yeast and mouse embryonic fibroblasts. In yeast cells, the IRE1 

foci also colocalized with clusters of HAC1 mRNA (the yeast homolog of XBP1) and in 

vitro, IRE1 clustering increased its nuclease activity. Based on these observations, we 

proposed that spatiotemporally segregating the decay and translation of ER-bound 

mRNAs in a transcript-specific manner could be the mechanism by which ER achieves 

simultaneous decay of ER-bound RNA as well as translation of stress response genes. In 

ongoing experiments presented in this chapter, we test this hypothesis.  

B. Transcript-specific sorting of ER-bound mRNAs into stress 
granules during UPR 

We used single molecular RNA FISH to test whether B2M, an RNA that was 

previously identified as a target for IRE1-dependent decay, was spatially segregated 

from GRP94, an RNA that is transcriptionally induced during ER stress (Fig. 32). ER 

stress was induced using DTT for 2 hours, a duration that was sufficient to induce IRE1 

clustering in mammalian cells (Li et al., 2010). When B2M and GRP94 mRNAs were 

visualized in human dermal fibroblasts under normal conditions, both RNAs are evenly 
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distributed and intimately associated with the ER (visualized by GRP94 protein 

immunostaining). Upon inducing ER stress, B2M mRNA continue to be ER associated 

and widely distributed (although in reduced numbers), while GRP94 mRNAs form large 

clusters that are cytoplasmic, but often surrounded by the ER. The 3D representation of 

the ER and the two mRNAs demonstrates this phenomenon.  

 

Figure 32: GRP94, but not B2M mRNA clusters in response to ER stress. 

Human dermal fibroblasts under normal conditions (A) or after a 2-hour DTT 
treatment (B) were fixed and the RNAs B2M-R (Red) and GRP94-R (Magenta) were 
visualized along with GRP94-P protein (Green) by single molecule FISH and 
immunostaining, respectively. In the 3D representation generated using Imaris, the 
ER is pseudocolored blue, B2M mRNA in red and GRP94 mRNA in green. Arrowhead 
indicates GRP94 cluster.  

To ensure that the distinct behavior of B2M and GRP94 mRNAs is not specific to 

dermal fibroblasts, we compared the normal B2M and GRP94 RNA distribution to that 

after 30, 60 and 120 minutes of DTT treatment in HeLa cells. As shown in Fig 33, at 0 
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hour, both B2M and GRP94 mRNAs are distributed throughout the cell. Sites of GRP94 

transcription begin to appear in the nucleus 30 minutes after DTT treatment, indicating 

that the UPR is activated. At 1-hour post-DTT treatment, GRP94 mRNAs start to form 

granules, while B2M mRNA does not show any significant clustering. At 2 hours of ER 

stress, prominent GRP94 clusters were seen, in stark contrast to the widely distributed 

B2M mRNAs.  

 

Figure 33: ER stress in HeLa cells induces GRP94 transcription and clustering over time. 

(A) B2M and (B) GRP94 mRNA localization was monitored using single molecule 
RNA FISH, during a time course of DTT-induced ER stress (0, 0.5 1 and 2 hours of 
1mM DTT exposure).  

Interestingly, we did not observe clustering of endogenous IRE1 in the HDFa 

cells (data not shown), even though we could confirm IRE1 activation by monitoring the 

fold-change in spliced XBP1 over a time course of 0 to 4 hours of DTT treatment (Fig. 34 

A). In HeLa cells, IRE1 was not detected by immunofluorescence, so we could not 

confirm clustering in response to DTT. IRE1 is known to express in low quantities, 

which is why all the studies on IRE1 to date were performed using over-expressing, 

GFP-tagged constructs. Though IRE1 is undetectable in HeLa by immunofluorescence, 

Sites of 
transcription GRP94 Cluster 

GRP94 Cluster 
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XBP1 splicing does occur in response to DTT treatment (Fig. 34 B), indicating that the 

endogenous protein is indeed activated.  

 

Figure 34: XBP1 is efficiently spliced in both HDFa and HeLa cells during UPR. 

HDFa (A) and HeLa (B) cells were exposed to 1mM DTT for various amounts of time 
and total RNA extracted. XBP1 splicing was assayed by qPCR using primers specific 
to the spliced isoform of XBP1.  Mean and SD from 2 replicates plotted.  

The distinct localization behavior exhibited by these two ER-localized, signal 

peptide-encoding mRNAs, B2M and GRP94, in response to ER stress response is the first 

demonstration that membrane-localized transcripts can undergo distinct regulation in 

an RNA-specific manner.   

C. GRP94-containing RNA granules bear the hallmarks of stress 
granules 

We next investigated the nature of the GRP94 RNA granules. Cytoplasmic RNA 

granules called stress granules (SGs) are known to form during various cell stress 

scenarios that inhibit protein synthesis, including ER stress. However, a study that 

investigated the localization of ER-bound, stress response mRNAs (MDR1 and CANX) 

during oxidative stress found that these two ER-localized mRNAs resisted translation 

attenuation and were not sequestered into stress granules. Since GRP94 is also a stress-

response RNA, we wondered whether the RNA granule that it forms is the canonical 

stress or granule or a new kind of RNA granule with a distinct function.  

A B 
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To test whether GRP94 RNA granules represent SGs, we co-stained GRP94 RNA 

along with classic SG markers, HuR and PABP. HuR, an RNA binding protein, 

translocates from the nucleus to the cytoplasm in response to cell stress and accumulates 

in stress granules. PABP (poly A-binding protein) is bound to mRNAs at all times and 

hence concentrates in stress granules, serving also as a marker for the bulk mRNA 

location within the cell.    

 

Figure 35: GRP94 RNA granules colocalize with SG markers PABP and HuR. 

HeLa cells under normal condition (A) or after induction of ER stress by DTT (B) 
were stained to visualize GRP94 mRNA (by smRNA-FISH) and stress granule 
markers, PABP and HuR (by immunostaining). (C) Insets from (B) are magnified and 
the channels are presented separately and after merging to illustrate colocallization of 
GRP94 RNA clusters with SG markers.   

Inset 
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As shown in Fig. 35, both PABP and HuR colocalize extensively with GRP94 

RNA granules, demonstrating that GRP94 granules are indeed stress granules. 

However, since the RNAs that escaped SG sequestration during oxidative stress were 

translationally active, we considered the possibility that B2M mRNA escape SG 

sequestration due to continued translation, while GRP94 mRNA enters SG due to 

translational repression. Given that GRP94 encodes an ER chaperone whose 

transcription is induced in response to ER stress (i. e. the cell presumably needs GRP94 

to combat ER stress), this hypothesis is certainly counterintuitive. But it offers the 

simplest explanation to our observation and hence we tested it by comparing the 

translation status of GRP94 and B2M mRNAs before and after ER stress.  

D. Distinct behavior of B2M and GRP94 mRNAs is translation-
independent 

Sucrose density gradients offer a simple means to assess the translation status of 

and RNA. An actively translated RNA with multiple bound ribosomes migrates slower 

in a sucrose gradient and is readily distinguished from lighter, free RNAs. In order to 

assess the translation status of B2M and GRP94 mRNA, lysates were prepared in the 

presence of cycloheximide (to stabilize polysomes) from HeLa cells that were either 

DTT-treated to induce ER stress or untreated. Lysates were loaded on a 15-50% linear 

sucrose gradient and subjected to ultracentrifugation to separate the RNAs based on 

their mass. Fractions were collected from the gradient with continuous monitoring of the 

absorbance at 254nm (Fig. 36 A). In the absence of DTT treatment, cell contain large 

amounts of heavy polysome compared to monosomes. However, upon DTT treatment, 

the polysomes collapse into monosomes, confirming the drammatic attenuation of 

translation in response to ER stress (Fig. 36 A).  
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Figure 36: Polysome gradient demonstrates translation repression of both B2M and 
GRP94 mRNAs. 

(A) A254 nm trace shows rRNA distribution along the sucrose density gradient. 
Gradient fractions from untreated (B) or DTT-treated (C) HeLa cells were assessed for 
B2M and GRP94 mRNAs by qRT-PCR.    

Next, RNA extracted from the gradient fractions were assessed by qPCR for the 

presence of B2M and GRP94 mRNAs. At 0 hr, both B2M and GRP94 mRNAs are actively 

translated and comigrate with heavy polysomes (Fig. 36 B). After DTT treatment, 
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however, both mRNAs shift to the lighter fractions (Fig. 36 C). Thus B2M and GRP94 

mRNAs are both subject to translation attenuation and it is not continued translation 

that keeps B2M mRNAs bound to the ER. 

While, this result does answer the question why B2M and GRP94 mRNAs exhibit 

distinct localization behavior, it does raise another important question: Why are GRP94 

mRNAs transcriptionally upregulated and yet translationally repressed when the cell 

needs the protein product to relieve ER stress?  

E. Working model and future studies 

Translation repression in response to ER stress is reversible. Also, when cells 

with stress granules are allowed to recover, the SGs rapidly disperse and the RNAs 

return to active translation. So far we have shown that in response to ER stress GRP94 is 

transcriptionally upregulated and enters stress granules. B2M, on the other hand, is 

retained on the ER and is known to be subject to IRE1-dependent decay (Schematically 

represented in Fig. 37 A, B).   

Since both B2M and GRP94 mRNAs are translationally repressed an hour after 

DTT treatment, it is possible that the newly synthesized GRP94 mRNAs are initially 

protected from IRE1-induced decay by storage in cytoplasmic SGs. When translation 

resumes at a later time, the accumulated GRP94 mRNAs perhaps return to active 

translation and help relieve ER stress (represented schematically in Fig. 36). This 

hypothesis is currently being tested via tracking of translational recovery of GRP94 and 

B2M mRNAs at various time points after withdrawing DTT  
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Figure 37: Working model for differential regulation of ER-bound mRNAs during ER 
stress. 

During homeostasis, both GRP94 and B2M mRNA are ER-bound and actively 
translated; (B) After a short period of ER stress, GRP94 mRNAs are transcriptionally 
induced and cluster in stress granules. B2M mRNAs, on the other hand, remain ER-
associated and subject to IRE1-dependent decay. (C) Hypothetically, when translation 
resumes at a later time point, the newly synthesized GRP94 mRNAs accumulated in 
SG could be released to return to active translation, while the diminished levels of 
B2M mRNA levels free up more ribosomes for the translation of stress-response 
mRNAs.   

  

A B C 
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Chapter 6. Discussion and Future Directions 

A. Overview  

The pioneering work of Palade and co-workers established the ER as the site of 

synthesis of secretory and membrane proteins. With the advent of genome-scale 

approaches, it is now apparent that nearly all mRNAs are, to varying degrees, 

represented on the ER. These findings have revealed an unexpected and fundamental 

role for the ER in the expression of the mRNA transcriptome and suggest that diverse 

mechanisms operate in the spatiotemporal regulation of mRNA translation. In this 

work, I have investigated this emerging view through systematic analysis of ER-mRNA 

interactions using genomic and proteomic tools as well as single molecule RNA imaging 

and developed a framework upon which the cause and consequence of ER localization 

of various RNA populations can be interpreted. I have shown that mRNAs that encode 

resident proteins of the endomembrane organelles are directly anchored to the ER, in 

contrast to the mechanism utilized by RNAs encoding client proteins of the ER. I 

hypothesize that direct anchoring of specific subsets of RNAs to the ER membrane may 

facilitate membrane domain formation, aid coordinated protein sorting or enable 

organelle biogenesis.  In an independent line of investigation, I have discovered that 

certain ER-localized mRNAs relocate to stress-induced RNA granules, thus escaping an 

RNA decay program that operates at the ER membrane during the unfolded protein 

response. Taken together, my work strongly supports a role for the ER as a post-

transcriptional gene regulatory platform that enables differential regulation of 

membrane-bound RNAs during cell stress and homeostasis.  In the following sections, I 

will discuss the significance of these findings and the implications for future research.  
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B. Assessing subcellular RNA distribution by cell fractionation 

Cellular protein synthesis is a job shared by two populations of ribosomes, 

namely, cytosolic- and ER bound-ribosomes. While cytosolic and nucleoplasmic proteins 

are made by cytosolic ribosomes, secretory pathway proteins are made by ER-bound 

ribosomes. This binary mechanism ensures correct subcellular localization of proteins, 

but also results in the segregation of RNAs between cytosolic and ER-bound ribosomes, 

depending on the proteins they make. The relative fraction of an mRNA that is ER-

bound is typically quantified by assessing the amount of RNA present in operationally 

defined “cytosol” and “ER” compartments, generated by fractionating cells by well-

established biochemical and mechanical tools. (Jagannathan et al., 2011) Cell 

fractionation experiments are extremely consistent in reproducing the expected 

distribution of cytosolic and ER proteins. However, inconsistencies arise when RNA 

partitioning is assessed based on expected distributions. This could either mean that the 

cell fractionation is an unreliable method for assessing RNA distributions. Or, that the 

expected cytosol/ER distribution for a given RNA is based on an incorrect premise. The 

former explanation is often invoked when RNAs that are expected to be cytosolic are 

found in ER fractions.   

Here, we have performed a detailed, objective assessment of various factors that 

affect RNA distribution in cell fractions generated by sequential detergent extraction. 

Using combined single molecule RNA fluorescence in situ hybridization (smRNA-FISH) 

and immunofluorescence microscopy, we have demonstrated that a candidate RNA 

with an expected cytosolic distribution, GAPDH, does indeed associate with the ER 

membrane. We have also shown that the fraction of GAPDH on the membrane shows a 

significant positive correlation with the fraction of ribosomes that are membrane-bound. 

This correlation is also seen at a population level when comparing cytosolic RNA 
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distributions in two cell lines with dramatically different amounts of membrane-bound 

mRNAs; cells with a higher fraction of ER-bound ribosomes also display a higher 

fraction of ER-bound cytosolic mRNA. Thus, the discordance between the expected and 

observed distribution of cytosolic mRNAs is not due to a deficiency in the method of 

assessment, but because of our insufficient understanding of how mRNAs engage ER-

bound ribosomes.  

The expectation that cytosolic mRNAs and ER mRNAs ought to be strictly 

separated from each other stems form an assumption of the signal hypothesis that “all 

translation begins in the cytoplasm”. Based on this premise, only RNAs that encode a 

protein destined for the secretory pathway are positively selected for ER binding by the 

SRP pathway, while cytosolic RNAs remain absolutely limited to the cytosol. But that is 

clearly not the case. How can we explain the presence of cytoplasmic RNAs on the ER? 

C. Does all translation begin in the cytoplasm? 

The assumption that all translation initiates in the cytoplasm extends directly 

from early in vitro studies where ribosomes translating a secretory protein in reticulocyte 

lysate (“cytoplasm”) target efficiently to ribosome-stripped rough microsomes (“ER”) 

upon addition of SRP components (Blobel and Dobberstein, 1975b). However, when 

rough microsomes with bound ribosomes are incubated with ribosome-free reticulocyte 

lysate, they were shown to be capable of de novo translation initiation of both cytosolic- 

and secretory protein-encoding RNAs (Potter and Nicchitta, 2000, 2002). These results, 

and our observation that the cytosolic mRNA, GAPDH, indeed binds ER in vivo (Fig. 9), 

leads us to propose that mRNAs that exit from the nucleus have a choice to begin 

translation either on a free- or a bound-ribosome. RNAs may show a preference for one 

or the other compartment if they have regulatory sequences that mediate interaction 

with components of the cytoplasm or the ER. But in the absence of such a preference, the 
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choice would be purely stochastic depending only on the relative availability of 

translationally competent ribosomes in the cytosol versus the ER.  

A stochastic basis for the initial partitioning of mRNAs between cytosolic and 

ER-bound ribosomes provides a framework for understanding the widely varying 

subcellular distributions exhibited by RNA populations that perhaps result from a 

combination of factors that increase or decrease the affinity of an RNA to a subcellular 

location over time. Distinct pools of every RNA species could exist within the cell and 

allow divergent, compartment-specific, post-transcriptional regulation.  

D. Advantages of uncoupling protein sorting and RNA sorting 

RNAs that are bound to the ER membrane are subjected to extensive post-

transcriptional regulation that is often distinct compared to cytosolic mRNAs. The 

cytosol and the ER can thus be likened to independent judiciary territories: they have 

different sets of rules and regulations. For example, ER-bound mRNAs are translated 

more efficiently (Reid and Nicchitta, 2012; Stephens and Nicchitta, 2008) and they are 

considered inaccessible to certain stress-induced post-transcriptional regulatory 

programs (Stephens et al., 2005; Stephens and Nicchitta, 2008; Unsworth et al., 2010). 

However, if an mRNA can be transferred from the cytosol to the ER or vice versa, the 

RNA can instantly change the set of regulations that operate upon it. No precedent 

existed for such a mode of regulation prior to this work, but here we show that in 

response to ER-stress, an ER chaperone-encoding RNA, GRP94, accumulates in cytosolic 

stress granules, while another ER-localized mRNA, B2M, remains ER bound (Fig. 32, 33). 

While the mechanism that modulates the localization of these two ER-bound mRNAs in 

response to ER stress is currently under investigation, we believe that their distinct 

localization holds the key to their differential regulation during UPR. If RNA sorting 

was passive and strictly coupled to protein sorting, the divergent behavior of GRP94 and 
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B2M mRNAs, both encoding soluble, signal-peptide containing proteins and both 

showing translational repression in response to ER stress, cannot be explained. But if we 

allow that RNA sorting and protein sorting are independent processes that only 

influence each other, then we can begin to understand and systematically investigate 

RNA sorting to the ER in its own right.  

E. ER-anchored mRNA subsets as potential RNA regulons 

In order to understand how RNAs become ER-bound and how this binding can 

be modulated, we need to identify all the interactions that can engage RNAs to the ER 

membrane. The conventional mode of attaching RNAs to the ER is via the translating 

ribosome. As a ribosome translates a signal peptide-encoding RNA, the growing 

polypeptide is threaded through the translocation channel into the ER lumen. During 

this process, the ribosome is stably bound to the translocation channel via salt bridges, 

while the RNA is indirectly bound to the ER through its functional interaction with the 

ribosome. If the ribosome-translocon interaction is chemically disrupted, or if the 

ribosomal subunits are disengaged by EDTA treatment, the RNA releases from the 

membrane. This property of ER-bound ribosomes provides a convenient tool to 

investigate ER-mRNA interactions.   

Using ER-derived rough microsomes, we first tested whether GRP94 mRNA, 

which had been shown to bind to the ER even upon deletion of the signal peptide, could 

resist release from the membrane upon disruption of the ribosome-translocon 

interactions. As shown in Fig 13 C, GRP94 mRNA indeed remains membrane-bound 

even though >90% of membrane-bound ribosomes and another signal peptide-encoding 

RNA, λ-LC, released. Expanding our analysis to 192 genes, we found that RNAs that 

encoded endomembrane resident proteins (such as GRP94, BIP and CALR; mRNARes) 

showed much higher resistance to release from the membrane compared to RNAs that 
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encoded secretory/membrane proteins (such as B2M, THPO and VEGFA; mRNACargo). 

RNAs that encoded cytosolic proteins (mRNACyto/Nuc) showed the least resistance to 

release from the membrane. The divergent behavior of mRNACyto/Nuc, mRNACargo and 

mRNARes populations demonstrates the existence of distinct, biochemically 

distinguishable modes of RNA-ER interactions at a population level, as illustrated in Fig. 

38.   

 

Figure 38: The multiple modes of ER-mRNA interactions. 

 

We next reproduced in a semi-intact HeLa cell system the distinct interactions 

exhibited by mRNACyto/Nuc, mRNACargo and mRNARes populations with the ER. In vivo, 

the mRNARes and mRNACargo populations were enriched in distinct subdomains of the 

ER characterized by different detergent sensitivities and unique protein compositions. 

Using genomic tools, we discovered that even within the mRNARes population, the 

RNAs encoding lysosomal proteins showed an unusual degree of resistance to release 

from the ER membrane, a property we refer to as membrane-anchoring. The degree of 

membrane anchoring of an mRNA did not correlate with the RNA length or ribosome 

density, but showed significant positive correlation with the degree of RNA enrichment 

on the ER membrane. Thus, when multiple interactions, direct and indirect, anchor an 
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mRNA to the ER, it results in higher enrichment of that RNA on the ER, as well as 

resistance to release when one of its interactions (ribosome-mediated indirect binding) is 

disrupted. As reviewed earlier, having a larger fraction of an mRNA bound to the ER 

has its advantages. But are there physiological scenarios when it would be useful to 

actively engage RNAs to the ER in addition to passive binding through the ribosome?  

For one, anchoring a subset of RNAs to specific ER domains through direct interactions 

could help establish and maintain ER subdomains with unique protein and RNA 

composition. Anchoring RNAs that encode proteins that function together (in various 

organelles, for example) may locally enrich the proteins in specific regions of ER lumen 

and facilitate concentrative protein transport and sorting. In fact, a recent study that 

investigated the assembly of multi-protein complexes found that 12 out of the 31 

proteins investigated assembled into complexes co-translationally (Duncan and Mata, 

2011). Finally, ribosome-independent anchoring of mRNARes could imprint the ER with 

the information necessary for rapid expansion of the endomembrane system, as occurs 

following cell division. Thus, membrane-anchored RNAs may represent post-

transcriptional RNA regulons (Keene, 2007). But to convert this conjecture to a testable 

hypothesis, we need to know how specific subsets of RNAs are anchored to the ER 

membrane. Knowing what proteins anchor which subset of RNAs to the ER, we could 

use genetic and imaging tools to investigate how they impact cellular physiology.   

F. How are RNAs anchored to the ER membrane? 

RNAs could be anchored to the ER membrane by direct interaction with an ER-

localized RNA-binding protein. A recent study identified p180, originally identified as a 

ribosome receptor on the ER membrane, as playing a role in RNA binding to the ER. In 

our studies, though p180 is enriched in the detergent resistant ER domain (Fig.27), it did 

not associate with detergent-resistant polysomes (Appendix A). We also did not identify 
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p180 in our proteomics screen of detergent-resistant mRNPs. Hence, we consider it more 

likely that p180, in its capacity as a ribosome receptor, plays a role in establishing the 

ratio of cytosolic versus membrane-bound ribosomes, thus influencing the 

stochastic/bulk RNA targeting to the ER. As for anchoring subsets of RNAs to the ER, 

we consider Sec61 (also enriched in the detergent-resistant ER; Fig. 27) as a more likely 

candidate. Sec61, as the protein translocation channel, binds to all RNAs indirectly 

through the ribosome. In fact, it is by disrupting Sec61’s interaction with the ribosome 

that we identified the phenomenon of RNA anchoring. But the subset of RNAs that are 

anchored to the detergent-resistant ER subdomain, retain their interaction with Sec61 

(Appendix B) and Sec61 was identified as the top candidate in our proteomics screen as 

well. Moreover, Sec61 has been shown in vitro to bind ribosomal RNA directly and this 

has been proposed as the mechanism for it’s stable interaction with ribosomes. It was 

also identified as part of the proteome that cross-linked with mRNAs in HeLa cells 

(Castello et al., 2012). Theoretically, there are two possibilities for Sec61’s involvement in 

RNA anchoring: the RNA-binding cytosolic loops of Sec61 (Menetret et al., 2008) could 

bind mRNA directly or the ribosomes that translate mRNARes are in some manner 

different from other ribosomes and engage Sec61 in a distinct manner that prevents their 

disengagement upon disruption of salt bridges. We are currently testing these 

hypotheses by UV cross-linking studies and by investigating heterogeneity between the 

detergent-sensitive and –resistant ribosomes, respectively.  

In addition to direct binding to an ER membrane RNA-binding protein (RBP), 

RNAs could also bind soluble RBPs that in turn interact with membrane proteins on the 

ER. Proteomics analysis of membrane-anchored ribonucleoproteins has identified 14 

known, soluble RNA-interacting proteins that are enriched in the Brij-resistant 

polysomes. Many of these proteins are known components of the splicing machinery or 
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the exon junction complex (Singh et al., 2012). However, spliceosomal and EJC proteins 

are known to play a role in RNA transport and localization (Ghosh et al., 2012; St 

Johnston, 2005). Deciphering the precise mechanism by which these proteins may 

facilitate RNA anchoring to the ER would thus require knowledge of the subset of RNAs 

bound by each of these proteins and other interacting partners. In an ongoing effort, we 

are generating the reagents to tag and purify the RNA- and protein-interactome for each 

of these candidate RNA anchoring proteins.  

G. Conclusion 

In summary, I have demonstrated that the an RNA-centric, rather then the 

classical protein-centric, model for how mRNAs are targeted for translation by 

membrane-bound ribosomes better accommodates the reality of cytosolic RNA 

translation by ER-bound ribosomes and the diverse strengths with which RNAs attach 

to the ER. The diversity in RNA-ER interactions may form the basis by which RNAs 

could get on and off the ER in different cellular scenarios such as that seen with B2M 

and GRP94 RNAs during ER stress. Moreover, such modulation of RNA binding to the 

ER could have real consequences for the RNA and the encoded protein. In the case of 

B2M RNA, its sustained presence on the ER may target it for decay by IRE1, whereas the 

release and relocation of GRP94 mRNAs to stress granules may protect it from decay. 

Finally, the selective anchoring of mRNAs that encode the resident proteins of the 

endomembrane system may represent a novel, membrane-bound RNA regulon that 

allows coordinated expression of these mRNAs for the purpose of ER subdomain 

specialization, concentrative protein transport and/or organelle biogenesis. At present, 

the challenge remains to determine the molecular basis for this selective binding 

phenomenon and subsequently, the biological functionality(s) that are enabled through 

direct membrane association.  
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Appendix A 

ER Subcellular partitioning of reporter mRNA constructs 

mRNA localization typically occurs through the activity of cis localization 

signals, or zip codes, predominately located in the 3’ UTR and which are necessary and 

sufficient to direct mRNA trafficking (Martin and Ephrussi, 2009; Palacios and Johnston, 

2001). Whether such signals also mediate mRNA anchoring to final subcellular 

destination sites is poorly understood. To determine if ER localization of mRNARes was 

conferred by signals present in the 3’ UTR, a series of reporter constructs were generated 

and their subcellular distributions examined by cell fractionation.  

 

Figure A. Subcellular partitioning of reporter mRNA constructs. 

(A) Schematic representation of reporter constructs. (B) The relative distribution of 
reporter constructs in HEK293 cells was determined by qRT-PCR. Data depicted is the 
mean and S. E. M. from 2-3 independent experiments.  



 

  103 

 Extending from our earlier studies on translation- and signal peptide-

independent localization of GRP94 mRNAs to the ER (Pyhtila et al., 2008), we compared 

the subcellular distributions of stably-expressed mRNAs encoding the reporter gene 

luciferase appended with either the 3’ UTR of GAPDH (Luc2-GAPDH UTR), or the 3’ 

UTR of GRP94 (Luc2-GRP94 UTR), to myc-tagged GRP94 reporter constructs bearing the 

native 5’ and 3’ UTRs (GRP94-myc), the identical reporter with an in-frame deletion of 

the signal peptide coding region (ΔSS-GRP94-myc), and the identical reporter containing 

a stable 5’ UTR stem-loop and mutated start codon, to disable translation in HEK293 

cells. As an additional control, the subcellular distribution of a transiently transfected 

Luc2-GAPDH UTR reporter appended with a signal peptide was examined.    

These data demonstrate that absence of a signal peptide or the disabling of 

translation does not prevent a significant ER enrichment of GRP94 mRNA (75% on the 

ER), in agreement with prior findings (Pyhtila et al., 2008). The addition of a signal 

peptide-coding region to the luciferase reporter gene yielded efficient partitioning of the 

reporter mRNA to the ER, comparable to that observed with the native GRP94 construct 

(~95%). Comparisons of 3’ UTR function in ER localization revealed, unexpectedly, that 

the GRP94 3’ UTR was indistinguishable from the GAPDH 3’ UTR, with both constructs 

displaying identical subcellular distributions (~50% on the ER). That a substantial 

fraction of these mRNAs were recovered in the ER fraction is consistent with past 

studies demonstrating that all mRNAs are to some degree represented on the ER, with a 

mean ER fractional distribution of cytosolic protein-encoding mRNAs of ca. 20-35% 

(Diehn et al., 2006; Diehn et al., 2000a; Reid and Nicchitta, 2012). These data suggest that 

the phenomenon of direct anchoring of mRNAs to the ER requires anchoring signal(s) 

that, at least in the case of GRP94, reside outside of the 3’ UTR. Sequence alignment and 

motif search analyses of mRNARes sequences have not yielded any discernible, 
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conserved motifs (data not shown). This is not surprising, however, considering the 

large number and the variety of sequences that comprise the mRNARes cohort. It is likely 

that screening approaches such as PAR-CLIP or RIP-seq will be necessary to reveal 

candidate mRNA anchoring signals and enable motif discovery, which in turn 

necessitates identification of candidate proteins functioning in the anchoring of 

mRNARes to the ER.  
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Appendix B 

Testing the potential of p180 and Sec61 to anchor RNPs to the ER 

mRNARes polysomes may retain their ER-association via direct anchoring of the 

mRNA or via salt-resistant binding of ribosomes to the ER in combination with direct 

anchoring of the mRNA to the ER. Here it is important to note that prior studies have 

demonstrated that mRNAendo are highly resistant to extraction with EDTA and thus an 

intact ribosome is not a requisite for mRNAendo anchoring to the ER (Chen et al., 2011). 

To further examine candidate ER protein function in mRNAendo anchoring, we subjected 

Brij-sensitive and Brij-resistant fractions to sucrose density gradient centrifugation and 

assayed the presence of p180 and Sec61α in the gradient fractions by immunoblot.  

 

Figure B. Assessing the presence of p180 and Sec61 in BrR polysomes 

Sucrose gradient fractions (with and without EDTA) were analyzed for the 
distribution of Ribophorin II, p180/ES130 and Sec61α protein by immunoblot 
analysis. The location of 80S ribosomes and polyribosomes is indicated. 
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In HeLa cells, p180 is present in two forms, p180 and ES130, the latter of which 

represents a splice variant lacking the internal tandem repeat domains proposed to 

function in RNA binding (Savitz and Meyer, 1990; Savitz and Meyer, 1993). p180 and 

ES130 were enriched in BrS and BrR fractions, respectively, and both proteins were 

recovered at the top of the gradient, indicating that for p180/ES130 any potential 

interactions with native polysomes were not stable to the salt/detergent conditions of 

our fractionation procedure. By the rationale noted above, we conclude that p180/ES130 

are unlikely to play a primary role in the salt-insensitive anchoring of mRNAendo to the 

ER. Sec61α, in contrast, was highly enriched in the BrR fraction, was present in complex 

with the BrR polysomes, and shifted to the lighter fractions upon EDTA treatment. 

These data, combined with the identification of Sec61α in the proteome that cross-linked 

to poly(A) mRNA (Castello et al., 2012) provide strong evidence that  Sec61α performs a 

critical role(s) in the anchoring of mRNAendo to the ER.  
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Appendix C 
The absolute amounts as well as the relative fraction of various polysome-associated proteins indentified through 2D-LC 

tandem mass spectroscopy in the cytosol (C), Brij-sensitive (BrS) and Brij-resistant (BrR) polysome fractions from HeLa cells is 

tabulated below. The RNA binding nature of the proteins is denoted by “mRNA-interactome” or “Candidate RBP” as identified by 

Castello and colleagues (Castello et al., 2012). Other known RNA-binding proteins identified only in our study are denoted as “RBP”. 

SD represents standard deviation.  

GeneID 
 

RNA binding 
status 

Total 
fmols 

fmol/ug 
avg 

(Cyt) SD 

fmol/ug 
avg 

(BrS) SD 

fmol/ug 
avg 

(BrR) SD 
Fraction 

in C 
Fraction 
in BrS 

Fraction 
in BrR 

SEC61B mRNA-interactome 29.15 0.22 0.13 1.46 0.67 27.47 8.60 0.01 0.05 0.94 

RNPS1 mRNA-interactome 10.47 0.25 0.15 0.76 0.18 9.47 3.59 0.02 0.07 0.90 

ACIN1 mRNA-interactome 17.34 0.67 0.21 1.03 0.07 15.65 3.12 0.04 0.06 0.90 

SRRM2 mRNA-interactome 44.71 2.32 0.44 2.61 0.83 39.78 8.17 0.05 0.06 0.89 

SRSF7 mRNA-interactome 140.84 4.19 0.75 14.72 0.36 121.93 28.78 0.03 0.10 0.87 

THRAP3 mRNA-interactome 12.88 0.63 0.48 1.18 0.33 11.07 5.58 0.05 0.09 0.86 

SEC61A1 Candidate RBP 13.40 1.22 0.68 0.72 0.35 11.47 3.59 0.09 0.05 0.86 

SSBP1 mRNA-interactome 32.48 2.51 1.60 2.37 1.15 27.60 10.28 0.08 0.07 0.85 

PNN mRNA-interactome 10.54 0.91 0.22 0.88 0.16 8.75 2.09 0.09 0.08 0.83 

XRN2 mRNA-interactome 4.92 0.15 0.01 0.74 0.21 4.03 1.60 0.03 0.15 0.82 

PGAM5   10.57 0.94 0.20 0.99 0.23 8.63 1.20 0.09 0.09 0.82 

VIM Candidate RBP 65.61 3.22 0.30 10.50 1.51 51.88 13.28 0.05 0.16 0.79 

TRA2B mRNA-interactome 6.61 0.30 0.07 1.12 0.15 5.19 0.94 0.05 0.17 0.79 

SNRPD2 mRNA-interactome 10.05 0.82 0.19 1.56 0.38 7.68 0.71 0.08 0.15 0.76 

SNW1 Candidate RBP 4.37 0.32 0.05 0.77 0.26 3.27 0.71 0.07 0.18 0.75 

HSPA5   30.15 2.39 0.74 5.77 0.55 21.98 2.89 0.08 0.19 0.73 

SRSF1 mRNA-interactome 40.88 5.79 0.72 5.88 0.71 29.22 10.14 0.14 0.14 0.71 



 

 

108 

 

POP1 mRNA-interactome 21.80 1.17 0.20 5.16 2.43 15.47 2.63 0.05 0.24 0.71 

SRSF3 mRNA-interactome 135.64 22.95 2.94 21.12 10.08 91.57 52.69 0.17 0.16 0.68 

HSP90B1 mRNA-interactome 4.59 0.37 0.21 1.17 0.83 3.04 2.10 0.08 0.26 0.66 

SF3B3 Candidate RBP 19.19 1.93 0.66 4.65 1.37 12.60 1.33 0.10 0.24 0.66 

HNRNPC RBP 311.53 21.02 2.78 86.83 25.55 203.69 37.27 0.07 0.28 0.65 

TRA2A mRNA-interactome 16.61 2.62 3.20 3.20 0.35 10.80 6.81 0.16 0.19 0.65 

RALY mRNA-interactome 21.29 1.86 0.52 5.60 0.69 13.83 1.14 0.09 0.26 0.65 

UQCRH   10.29 1.42 0.39 2.19 0.42 6.68 4.48 0.14 0.21 0.65 

SNRNP200 mRNA-interactome 13.14 2.15 0.38 2.54 0.41 8.46 0.77 0.16 0.19 0.64 

RSL1D1 mRNA-interactome 36.03 2.03 0.77 11.12 4.73 22.88 8.05 0.06 0.31 0.64 

EIF4A3 mRNA-interactome 39.62 4.75 1.79 9.94 2.16 24.93 11.90 0.12 0.25 0.63 

NKRF mRNA-interactome 4.13 0.64 0.04 0.89 0.12 2.59 0.37 0.16 0.22 0.63 

ACTG1   55.31 10.27 0.78 10.41 0.47 34.63 14.07 0.19 0.19 0.63 

MAGOHB RBP 36.80 4.89 1.34 8.96 3.59 22.95 16.13 0.13 0.24 0.62 

HSPA8   89.14 9.99 3.53 26.35 5.71 52.79 8.00 0.11 0.30 0.59 

PRPF8 mRNA-interactome 23.70 3.12 1.85 6.67 2.58 13.91 7.18 0.13 0.28 0.59 

SLC25A3   20.33 2.81 0.38 5.68 1.01 11.84 3.55 0.14 0.28 0.58 

BRIX1 mRNA-interactome 71.96 9.72 2.91 21.33 7.85 40.91 3.19 0.14 0.30 0.57 

SNRPD3 RBP 30.04 5.08 3.13 8.10 1.65 16.87 3.03 0.17 0.27 0.56 

HIST1H1B mRNA-interactome 63.11 1.12 0.41 27.02 12.17 34.97 16.75 0.02 0.43 0.55 

ATP5A1 mRNA-interactome 19.54 1.66 0.26 7.16 4.04 10.71 2.45 0.08 0.37 0.55 

HIST1H1C mRNA-interactome 171.41 6.83 1.60 71.75 26.10 92.82 25.39 0.04 0.42 0.54 

SRSF6 mRNA-interactome 271.31 58.47 0.65 67.04 13.01 145.80 28.27 0.22 0.25 0.54 

BAG2   36.81 6.96 0.56 10.42 0.96 19.43 9.34 0.19 0.28 0.53 

HIST1H2AB mRNA-interactome 65.11 12.27 3.12 18.50 2.25 34.34 6.53 0.19 0.28 0.53 

DHX9 mRNA-interactome 10.79 0.85 0.17 4.29 2.03 5.65 1.96 0.08 0.40 0.52 

CSPG4   0.50 0.04 0.02 0.20 0.16 0.26 0.12 0.08 0.40 0.52 

SF3B1 mRNA-interactome 7.76 1.35 0.68 2.44 1.38 3.97 1.32 0.17 0.31 0.51 

HIST1H3A   23.43 5.17 0.54 6.29 1.39 11.97 2.78 0.22 0.27 0.51 

HIST1H4A   21.28 4.81 0.49 5.66 1.17 10.81 0.67 0.23 0.27 0.51 

DNA2 mRNA-interactome 32.81 7.15 2.99 9.28 4.51 16.38 8.61 0.22 0.28 0.50 
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SRSF10 RBP 8.00 2.11 0.65 1.90 1.01 3.99 2.44 0.26 0.24 0.50 

RPN1 mRNA-interactome 10.98 1.49 0.72 4.12 1.58 5.37 0.93 0.14 0.37 0.49 

KRT18   17.24 3.85 1.76 5.06 3.03 8.34 1.29 0.22 0.29 0.48 

HSP90AB1 mRNA-interactome 18.61 6.11 0.44 3.52 0.97 8.99 2.30 0.33 0.19 0.48 

EIF2S2   15.96 2.56 0.63 5.77 2.23 7.63 2.38 0.16 0.36 0.48 

NOC3L mRNA-interactome 25.87 6.54 3.06 6.97 2.98 12.36 7.09 0.25 0.27 0.48 

PHB Candidate RBP 7.51 0.77 0.25 3.21 1.33 3.52 0.98 0.10 0.43 0.47 

SMC4 DNA binding 38.82 7.16 3.99 13.50 7.81 18.16 11.90 0.18 0.35 0.47 

HSPA1A   22.79 3.85 0.55 8.33 0.82 10.60 5.42 0.17 0.37 0.47 

SF3B4 mRNA-interactome 18.76 5.67 1.91 4.41 0.98 8.68 2.55 0.30 0.24 0.46 

PLOD3   22.99 8.41 2.63 4.02 1.35 10.55 3.12 0.37 0.17 0.46 

EIF2S3 mRNA-interactome 34.39 6.91 2.42 11.77 4.21 15.71 5.66 0.20 0.34 0.46 

ATP5B   7.45 0.68 0.06 3.38 2.66 3.38 2.92 0.09 0.45 0.45 

KRT8   29.81 10.05 1.25 6.26 0.86 13.51 4.14 0.34 0.21 0.45 

PCBP1 mRNA-interactome 19.68 3.87 1.40 6.91 3.94 8.90 3.25 0.20 0.35 0.45 

RAB1A   49.26 15.74 0.85 11.65 5.28 21.87 6.20 0.32 0.24 0.44 

PTCD3 mRNA-interactome 24.00 5.90 1.12 7.52 0.82 10.57 2.26 0.25 0.31 0.44 

EFTUD2 mRNA-interactome 43.33 10.51 0.97 13.76 3.08 19.06 6.87 0.24 0.32 0.44 

ATP2A2   9.94 0.99 0.27 4.59 1.69 4.36 1.49 0.10 0.46 0.44 

DDX21 Candidate RBP 46.99 14.11 2.76 12.51 1.73 20.37 5.69 0.30 0.27 0.43 

RPLP0 mRNA-interactome 58.64 16.13 2.34 17.28 5.32 25.23 14.02 0.28 0.29 0.43 

NOP16 mRNA-interactome 2.98 0.19 0.11 1.52 1.08 1.27 0.97 0.06 0.51 0.43 

GNAO1   20.53 7.00 2.80 4.76 4.25 8.77 5.01 0.34 0.23 0.43 

VDAC2   30.43 8.24 1.38 9.23 1.93 12.96 1.91 0.27 0.30 0.43 

CD2AP   100.58 36.47 5.30 21.57 6.11 42.54 10.74 0.36 0.21 0.42 

KRT10   404.27 112.04 38.87 123.79 43.91 168.45 92.09 0.28 0.31 0.42 

RHOB   1.53 0.41 0.42 0.50 0.18 0.62 0.32 0.27 0.32 0.41 

DDX20 mRNA-interactome 15.64 5.01 0.22 4.28 0.68 6.35 0.49 0.32 0.27 0.41 

RAB7A   14.16 2.88 0.60 5.58 0.23 5.70 0.58 0.20 0.39 0.40 

EIF6 mRNA-interactome 42.17 10.59 3.01 14.68 1.94 16.90 1.21 0.25 0.35 0.40 

RPL38   636.23 169.10 26.40 212.17 79.27 254.95 128.43 0.27 0.33 0.40 
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HSPA2   15.47 4.89 0.12 4.40 0.34 6.19 0.87 0.32 0.28 0.40 

RPL21 mRNA-interactome 786.87 182.16 99.77 290.13 136.89 314.58 157.70 0.23 0.37 0.40 

RPS2 mRNA-interactome 716.15 164.30 91.47 267.25 71.16 284.61 144.95 0.23 0.37 0.40 

RPL27 mRNA-interactome 1392.43 260.18 232.78 579.31 118.12 552.94 258.68 0.19 0.42 0.40 

RPL34 Candidate RBP 642.53 213.80 23.77 173.97 24.21 254.76 35.79 0.33 0.27 0.40 

PLEC mRNA-interactome 180.99 40.96 6.47 68.83 6.26 71.19 3.71 0.23 0.38 0.39 

SSR4   59.90 15.26 5.63 21.31 10.30 23.32 16.15 0.25 0.36 0.39 

RPL4 mRNA-interactome 1659.14 411.97 117.56 604.52 147.55 642.65 228.42 0.25 0.36 0.39 

HNRNPU mRNA-interactome 15.56 4.60 0.79 4.95 1.28 6.01 2.39 0.30 0.32 0.39 

PABPC1L2A RBP 49.86 13.49 8.41 17.24 10.75 19.13 13.78 0.27 0.35 0.38 

RPS26 mRNA-interactome 294.06 94.74 3.58 86.99 10.56 112.33 10.23 0.32 0.30 0.38 

ENO1   4.65 1.43 0.48 1.45 0.51 1.77 0.22 0.31 0.31 0.38 

ADH1   150.20 43.51 7.75 49.81 9.77 56.88 17.26 0.29 0.33 0.38 

MOV10 Candidate RBP 86.93 25.52 6.92 28.55 5.07 32.87 1.99 0.29 0.33 0.38 

RPL3L   32.10 10.23 2.46 9.80 2.33 12.07 6.47 0.32 0.31 0.38 

EPPK1 mRNA-interactome 19.89 5.60 2.49 6.82 5.05 7.47 3.72 0.28 0.34 0.38 

IGF2BP1 mRNA-interactome 26.03 8.04 1.58 8.23 1.40 9.77 2.44 0.31 0.32 0.38 

SPDEF   58.66 20.39 8.22 16.42 3.02 21.85 3.98 0.35 0.28 0.37 

UPF1 mRNA-interactome 91.00 22.55 9.38 34.69 9.32 33.76 14.51 0.25 0.38 0.37 

VCP   11.75 3.32 1.07 4.08 0.95 4.35 0.22 0.28 0.35 0.37 

RPL13A mRNA-interactome 1371.88 386.42 106.82 482.01 20.43 503.45 10.96 0.28 0.35 0.37 

IGF2BP3 mRNA-interactome 15.63 5.79 1.43 4.14 0.67 5.71 0.79 0.37 0.26 0.37 

DHX30 mRNA-interactome 89.40 32.89 4.65 23.98 0.72 32.53 3.45 0.37 0.27 0.36 

LARP4 mRNA-interactome 90.10 32.27 3.10 25.20 2.11 32.63 4.12 0.36 0.28 0.36 

STOM   101.69 32.54 6.85 32.38 4.12 36.76 0.37 0.32 0.32 0.36 

RPS21 mRNA-interactome 509.66 157.84 21.20 169.66 15.60 182.16 12.18 0.31 0.33 0.36 

UBC   669.02 182.63 35.17 248.31 22.67 238.08 16.63 0.27 0.37 0.36 

RPS14   1684.70 519.05 135.48 571.26 58.69 594.39 74.06 0.31 0.34 0.35 

SLC38A2   32.46 7.80 2.59 13.37 3.09 11.29 1.36 0.24 0.41 0.35 

RPS4X mRNA-interactome 1298.98 403.85 106.63 445.62 51.29 449.52 24.34 0.31 0.34 0.35 

RPSA   1936.51 645.66 20.34 623.11 68.43 667.75 61.38 0.33 0.32 0.34 
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RPS6 mRNA-interactome 1445.92 493.94 59.26 453.75 51.24 498.23 56.56 0.34 0.31 0.34 

RPS23 Candidate RBP 614.09 188.96 5.29 214.21 22.72 210.91 16.36 0.31 0.35 0.34 

RPS8 mRNA-interactome 2363.73 697.80 51.68 855.19 97.58 810.74 140.42 0.30 0.36 0.34 

RPS12 mRNA-interactome 831.33 168.23 140.94 378.58 94.20 284.51 152.64 0.20 0.46 0.34 

RPL3 mRNA-interactome 1243.15 333.06 66.12 484.79 95.57 425.30 64.39 0.27 0.39 0.34 

RPL6 mRNA-interactome 1803.26 558.81 62.21 628.88 43.30 615.57 20.03 0.31 0.35 0.34 

RPS27L   155.87 47.42 10.25 55.36 10.97 53.10 12.44 0.30 0.36 0.34 

RPS3A mRNA-interactome 1253.82 412.86 34.58 415.86 39.48 425.10 37.64 0.33 0.33 0.34 

RPL23A mRNA-interactome 1221.55 366.26 72.13 442.57 32.11 412.71 54.52 0.30 0.36 0.34 

EBNA1BP2 mRNA-interactome 152.77 31.62 28.05 69.64 1.31 51.51 0.43 0.21 0.46 0.34 

RPLP1 Candidate RBP 764.87 247.68 44.98 259.35 56.71 257.84 83.51 0.32 0.34 0.34 

RPL9 Candidate RBP 1970.94 629.33 56.10 682.56 22.80 659.05 57.93 0.32 0.35 0.33 

RPS18   1026.04 333.58 26.39 350.39 35.34 342.06 47.32 0.33 0.34 0.33 

RPS28 mRNA-interactome 1750.72 603.88 16.20 563.52 61.99 583.32 48.42 0.34 0.32 0.33 

RPL35 mRNA-interactome 388.12 124.33 23.92 134.89 7.33 128.90 1.53 0.32 0.35 0.33 

RPL13 mRNA-interactome 1272.04 439.69 47.05 409.90 46.13 422.44 60.81 0.35 0.32 0.33 

RPL17 mRNA-interactome 1285.28 423.76 62.35 434.94 44.98 426.58 49.44 0.33 0.34 0.33 

RPS9 mRNA-interactome 870.84 301.86 21.42 280.06 12.69 288.93 25.70 0.35 0.32 0.33 

RPS19   276.13 76.92 41.14 107.64 54.79 91.57 59.29 0.28 0.39 0.33 

DSP   475.95 175.52 30.35 143.42 14.31 157.01 29.72 0.37 0.30 0.33 

RPS27   863.72 289.40 43.31 289.62 26.70 284.71 53.28 0.34 0.34 0.33 

ZC3HAV1 mRNA-interactome 14.76 4.71 0.36 5.19 0.89 4.85 1.18 0.32 0.35 0.33 

RPS25   1130.57 395.32 41.52 364.36 27.48 370.89 61.39 0.35 0.32 0.33 

SERBP1 mRNA-interactome 264.66 103.21 41.46 74.71 14.61 86.73 33.20 0.39 0.28 0.33 

INA mRNA-interactome 1.37 0.55 0.15 0.38 0.06 0.45 0.11 0.40 0.27 0.33 

RPL22 mRNA-interactome 1315.63 466.29 55.79 422.25 68.80 427.09 61.98 0.35 0.32 0.32 

KRT9   101.86 42.70 6.24 26.13 3.70 33.03 24.37 0.42 0.26 0.32 

PABPC1L RBP 417.09 124.90 20.86 157.42 10.62 134.77 25.16 0.30 0.38 0.32 

RPS20 mRNA-interactome 1345.86 388.70 59.55 523.26 18.52 433.89 29.43 0.29 0.39 0.32 

CKAP4 mRNA-interactome 62.65 29.09 13.26 13.37 4.26 20.20 7.28 0.46 0.21 0.32 

RPL7 mRNA-interactome 2336.96 833.84 74.34 749.89 56.90 753.23 80.74 0.36 0.32 0.32 
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RPL7A mRNA-interactome 1724.73 616.93 30.47 552.19 48.20 555.62 60.80 0.36 0.32 0.32 

RPL28 mRNA-interactome 687.19 247.40 61.11 219.37 29.03 220.41 44.33 0.36 0.32 0.32 

RPS3 mRNA-interactome 2697.68 784.70 413.54 1051.14 168.89 861.84 330.60 0.29 0.39 0.32 

CCT8 Candidate RBP 51.48 21.96 5.10 13.13 5.08 16.38 2.56 0.43 0.26 0.32 

RPL5 mRNA-interactome 1427.06 431.98 90.59 541.05 120.15 454.03 150.07 0.30 0.38 0.32 

RPL11 Candidate RBP 922.03 349.17 59.13 280.01 32.24 292.85 5.91 0.38 0.30 0.32 

RPL12   1525.99 531.45 23.43 510.89 49.47 483.66 36.32 0.35 0.33 0.32 

RPS7 mRNA-interactome 1198.69 386.22 96.46 433.98 213.28 378.48 182.48 0.32 0.36 0.32 

RPL23 mRNA-interactome 2127.77 741.20 81.70 719.96 65.62 666.61 44.82 0.35 0.34 0.31 

RPS11 mRNA-interactome 2321.77 806.42 39.35 790.64 70.55 724.72 114.98 0.35 0.34 0.31 

RPLP2   1218.50 431.26 48.50 407.21 51.58 380.02 23.62 0.35 0.33 0.31 

SQSTM1 Candidate RBP 20.98 13.17 2.08 1.27 0.15 6.54 1.58 0.63 0.06 0.31 

RPL8 mRNA-interactome 2147.68 787.23 102.72 692.40 60.00 668.04 126.36 0.37 0.32 0.31 

GNAS   64.66 19.46 5.04 25.12 3.59 20.09 5.70 0.30 0.39 0.31 

RPL29 mRNA-interactome 960.97 337.81 29.73 324.92 19.13 298.23 23.71 0.35 0.34 0.31 

RPS15A mRNA-interactome 665.55 230.66 3.71 229.35 25.32 205.54 18.60 0.35 0.34 0.31 

MYOF   8.51 2.37 0.83 3.52 0.50 2.63 0.77 0.28 0.41 0.31 

GNB2L1   3857.32 1420.10 94.97 1250.02 134.97 1187.19 125.45 0.37 0.32 0.31 

RPS13 Candidate RBP 761.60 279.00 13.59 248.86 9.02 233.74 35.86 0.37 0.33 0.31 

RPL35A mRNA-interactome 474.43 165.44 45.14 163.67 17.72 145.32 42.19 0.35 0.34 0.31 

CSDA mRNA-interactome 56.49 17.00 10.38 22.31 4.31 17.18 5.92 0.30 0.39 0.30 

KRT14   16.49 7.44 1.29 4.05 0.62 5.00 2.41 0.45 0.25 0.30 

RPL15 mRNA-interactome 715.97 247.17 30.08 251.90 21.82 216.90 5.81 0.35 0.35 0.30 

RPL36AL   316.64 119.05 18.82 101.66 11.66 95.92 16.55 0.38 0.32 0.30 

RPLP0P6   2469.95 839.55 119.40 889.98 103.93 740.42 169.04 0.34 0.36 0.30 

RPL26 Candidate RBP 782.09 299.66 40.43 248.53 16.73 233.90 38.17 0.38 0.32 0.30 

RPS16   1989.39 695.31 61.67 699.13 30.55 594.94 77.21 0.35 0.35 0.30 

RPS5 mRNA-interactome 1407.71 518.05 55.70 469.31 20.84 420.35 141.51 0.37 0.33 0.30 

PTGFRN   52.26 26.00 3.53 10.67 2.54 15.58 1.34 0.50 0.20 0.30 

RPL19 mRNA-interactome 543.36 150.85 64.28 230.82 22.23 161.70 29.46 0.28 0.42 0.30 

RPL31 mRNA-interactome 525.71 194.60 18.71 175.46 17.27 155.65 16.24 0.37 0.33 0.30 
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HLA-B   5.22 2.73 1.29 0.94 0.18 1.54 0.41 0.52 0.18 0.30 

RPL32 mRNA-interactome 543.65 184.11 24.13 199.36 21.19 160.19 51.92 0.34 0.37 0.29 

NCL mRNA-interactome 98.18 12.15 2.00 57.11 13.95 28.92 3.18 0.12 0.58 0.29 

RPS10 mRNA-interactome 428.23 148.14 17.47 154.08 4.79 126.01 25.06 0.35 0.36 0.29 

RPL18A mRNA-interactome 1332.70 432.24 47.87 510.37 38.22 390.09 55.92 0.32 0.38 0.29 

RPL18   2990.45 1074.74 207.81 1042.57 146.50 873.14 272.98 0.36 0.35 0.29 

RPL30 mRNA-interactome 2427.66 915.12 74.74 811.69 69.84 700.86 78.82 0.38 0.33 0.29 

KRT2 mRNA-interactome 136.92 59.47 28.56 37.93 9.10 39.52 19.79 0.43 0.28 0.29 

FAU   907.95 342.76 26.33 305.62 20.64 259.57 18.97 0.38 0.34 0.29 

PABPC1 mRNA-interactome 508.53 172.20 11.20 191.59 13.35 144.74 10.92 0.34 0.38 0.28 

RPL14 mRNA-interactome 1230.80 465.08 143.92 415.47 106.57 350.25 147.04 0.38 0.34 0.28 

HLA-A   3.09 1.56 1.21 0.65 0.12 0.88 0.35 0.50 0.21 0.28 

RPL24 mRNA-interactome 837.82 331.69 55.08 268.33 24.16 237.80 10.47 0.40 0.32 0.28 

RPL22L1 Candidate RBP 132.18 41.16 17.56 53.57 3.36 37.45 12.18 0.31 0.41 0.28 

JUP   10.50 5.69 3.12 1.87 0.70 2.95 1.94 0.54 0.18 0.28 

PABPC4 mRNA-interactome 569.54 205.41 4.18 204.46 23.95 159.67 28.35 0.36 0.36 0.28 

RPS24 mRNA-interactome 210.57 82.57 21.02 69.30 24.25 58.69 12.98 0.39 0.33 0.28 

PABPC3 RBP 948.54 346.83 52.04 340.90 49.85 260.80 53.35 0.37 0.36 0.27 

KRT1   436.37 200.48 54.21 117.37 23.40 118.51 62.79 0.46 0.27 0.27 

RPS15 mRNA-interactome 36.95 15.77 2.48 11.15 5.12 10.03 2.51 0.43 0.30 0.27 

RPL37   23.23 8.79 1.53 8.17 1.65 6.27 1.08 0.38 0.35 0.27 

RPL26L1   65.20 25.86 5.54 21.81 2.19 17.53 3.15 0.40 0.33 0.27 

RPL37A   400.71 156.32 26.70 138.28 8.48 106.11 28.20 0.39 0.35 0.26 

RPS17   629.10 241.83 19.00 222.12 51.81 165.15 78.34 0.38 0.35 0.26 

HNRNPR mRNA-interactome 6.69 1.39 0.19 3.54 0.95 1.76 0.60 0.21 0.53 0.26 

GTPBP4   123.01 52.00 39.72 39.18 29.39 31.83 31.07 0.42 0.32 0.26 

LDHB mRNA-interactome 15.48 6.23 0.86 5.26 0.78 3.99 0.53 0.40 0.34 0.26 

RPL36A   48.19 19.43 4.17 16.46 0.79 12.30 5.87 0.40 0.34 0.26 

HBE1   75.99 30.16 5.97 26.46 5.32 19.37 4.78 0.40 0.35 0.25 
GADD45GIP
1   1.70 0.42 0.56 0.85 0.44 0.43 0.35 0.25 0.50 0.25 
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RPS27A mRNA-interactome 566.06 185.73 65.15 237.80 78.10 142.53 91.98 0.33 0.42 0.25 

RPL10A mRNA-interactome 1053.80 329.96 29.52 458.88 51.81 264.96 44.27 0.31 0.44 0.25 

KRT5 Candidate RBP 104.30 48.77 16.22 29.37 11.18 26.16 6.22 0.47 0.28 0.25 

EIF4A2 RBP 337.66 115.37 18.12 138.39 17.79 83.89 15.24 0.34 0.41 0.25 

SYNCRIP mRNA-interactome 4.63 1.79 0.41 1.69 0.63 1.15 0.25 0.39 0.36 0.25 

RPL36 mRNA-interactome 374.64 132.30 53.71 149.92 8.25 92.42 45.08 0.35 0.40 0.25 

GNB4 mRNA-interactome 12.27 8.34 4.85 0.98 0.15 2.95 0.44 0.68 0.08 0.24 

RPL27A   626.57 216.98 8.71 260.43 60.33 149.16 18.40 0.35 0.42 0.24 

SCAMP3 Candidate RBP 22.89 11.79 4.99 5.76 1.70 5.34 1.76 0.52 0.25 0.23 

NACA   16.37 5.52 1.00 7.04 0.78 3.80 0.95 0.34 0.43 0.23 

YBX1 mRNA-interactome 438.25 197.45 41.10 145.65 16.83 95.15 20.79 0.45 0.33 0.22 

ATP2B1   4.48 2.57 1.02 0.95 0.29 0.96 0.13 0.57 0.21 0.21 

TFRC mRNA-interactome 49.39 25.62 6.62 13.25 2.96 10.53 0.54 0.52 0.27 0.21 

ATP1A1   89.68 49.96 17.96 20.67 1.71 19.05 4.84 0.56 0.23 0.21 

RPL10 mRNA-interactome 664.33 303.35 59.49 220.82 54.21 140.15 66.99 0.46 0.33 0.21 

RPS29   214.35 98.68 34.06 70.96 5.67 44.71 23.83 0.46 0.33 0.21 

SCARB1   9.16 4.64 4.00 2.65 0.50 1.87 0.55 0.51 0.29 0.20 

TMPO Candidate RBP 5.21 2.62 0.94 1.54 1.19 1.05 0.24 0.50 0.30 0.20 

UBA52   21.79 8.32 5.86 9.15 5.61 4.32 1.75 0.38 0.42 0.20 

SLC3A2 mRNA-interactome 327.89 224.69 61.44 40.39 1.99 62.81 9.49 0.69 0.12 0.19 

LAMP1 Candidate RBP 51.97 10.81 2.16 31.32 5.25 9.84 1.03 0.21 0.60 0.19 

LARP1 RBP 188.45 92.27 14.54 61.13 4.65 35.05 8.17 0.49 0.32 0.19 

    23.94 16.06 18.80 3.53 1.96 4.35 3.02 0.67 0.15 0.18 

CD55 Candidate RBP 86.92 63.31 20.32 7.88 1.66 15.73 6.61 0.73 0.09 0.18 

KRT6B   10.01 4.58 1.48 3.76 1.03 1.67 0.72 0.46 0.38 0.17 

LARP4B mRNA-interactome 37.56 21.04 1.12 10.28 0.30 6.24 2.40 0.56 0.27 0.17 

PTPRF Candidate RBP 8.42 6.05 1.64 1.01 0.20 1.36 0.07 0.72 0.12 0.16 

GAPDH Candidate RBP 12.80 6.97 1.79 3.76 1.78 2.07 1.56 0.54 0.29 0.16 

GNAI3 Candidate RBP 9.57 6.51 7.51 1.55 0.18 1.51 0.43 0.68 0.16 0.16 

TUBA1C Candidate RBP 63.77 44.01 7.78 10.02 1.97 9.73 1.99 0.69 0.16 0.15 

SLC30A1   12.35 9.20 3.99 1.31 0.23 1.84 0.24 0.74 0.11 0.15 
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TUBB Candidate RBP 16.14 11.70 3.19 2.05 0.77 2.39 0.59 0.72 0.13 0.15 

GYS1   161.15 107.91 9.13 29.68 3.46 23.57 5.69 0.67 0.18 0.15 

CCT1   8.76 6.12 0.32 1.37 0.31 1.27 0.30 0.70 0.16 0.15 

MCAM Candidate RBP 5.91 4.48 3.28 0.59 0.13 0.84 0.39 0.76 0.10 0.14 

SLC7A5   65.40 48.89 18.83 7.57 0.61 8.94 0.27 0.75 0.12 0.14 

EGFR mRNA-interactome 11.43 8.37 2.42 1.62 0.19 1.43 0.33 0.73 0.14 0.13 

MPZL1 mRNA-interactome 7.63 5.40 1.94 1.28 0.05 0.94 0.22 0.71 0.17 0.12 

YES1   9.94 7.93 3.52 0.87 0.30 1.14 0.33 0.80 0.09 0.11 

ATP1B1   3.63 2.62 0.95 0.60 0.16 0.41 0.10 0.72 0.16 0.11 

SLC1A5   26.08 18.00 7.67 5.26 1.32 2.81 1.25 0.69 0.20 0.11 

PLXNB2   8.33 6.61 2.14 0.82 0.11 0.89 0.18 0.79 0.10 0.11 

GPC1   3.66 2.95 1.60 0.33 0.05 0.38 0.23 0.81 0.09 0.10 

CD44   29.34 24.08 10.31 2.25 0.20 3.01 0.41 0.82 0.08 0.10 

HERC5   7.35 3.38 0.28 3.31 1.17 0.66 0.15 0.46 0.45 0.09 

SLC16A1   23.54 19.36 8.86 2.16 0.28 2.03 0.45 0.82 0.09 0.09 

GYG1 mRNA-interactome 51.99 40.67 1.90 6.99 0.49 4.34 0.75 0.78 0.13 0.08 

BSG Candidate RBP 93.58 78.69 32.03 7.50 1.86 7.40 3.06 0.84 0.08 0.08 

WDR20 RBP 3.59 2.43 0.95 0.88 0.17 0.28 0.28 0.68 0.24 0.08 

L1CAM   24.68 20.30 3.21 2.49 0.53 1.89 0.53 0.82 0.10 0.08 

FOLR1   5.83 4.75 1.78 0.65 0.34 0.44 0.18 0.81 0.11 0.08 

CD109   7.33 6.47 3.13 0.38 0.15 0.49 0.19 0.88 0.05 0.07 

CD276   16.84 14.55 4.63 1.32 0.21 0.98 0.19 0.86 0.08 0.06 

CD59   64.44 57.90 18.59 4.31 0.33 2.23 0.70 0.90 0.07 0.03 
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