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Ribosome-associated chaperones are ubiquitous and highly conserved. There are 

two classes of ribosome-associated chaperones in eukaryotes, the nascent polypeptide-

associated complex (NAC) and the ribosome-associated complex (RAC). Mammalian 

RAC consists of Hsp70L1, an Hsp70 chaperone homologue, and Mpp11, a DnaJ 

cofactor. RAC interacts with the nascent chain near the polypeptide exit tunnel and the 

decoding center on the 60S and 40S ribosomal subunits, respectively. Its unique position 

on the ribosome implies the coordinating role of de novo protein folding with translation. 

Deletion of RAC causes growth defects and sensitizes to osmotic, cold, and 
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aminoglycoside stresses in yeast. Furthermore, studies have shown that Mpp11 is over-

expressed in head and neck squamous cell cancer and leukemia. However, the function of 

RAC in stress responses and its role in oncogenesis remain obscure.  

The current hypothesis predicts that RAC supports co-translational folding of 

nascent cytosolic polypeptides. To directly test this hypothesis, I altered levels of RAC 

components and monitored the cytosolic heat shock response (HSR) and the unfolded 

protein response (UPR) in the ER, two stress pathways known to be activated by 

accumulation of misfolded proteins. Contrary to its presumptive role in cytosolic protein 

folding, the reduction of RAC expression did not activate the cytosolic HSR. 

Unexpectedly, reduction of RAC sensitizes cells to ER stress by selectively attenuating 

activation of the IRE1 branch of UPR. When RAC is reduced, Xbp1 mRNA splicing is 

inhibited upon ER stress. Consistent with this activity, ER stress induces changes in the 

subcellular distribution of RAC, which coincides with the localization of Xbp1 mRNA. 

Mechanistically, reduction of RAC affects the pathway at a very early step, as IRE1 self-

association is inhibited. Additionally, this study shows that the reduction of RAC 

enhances cellular mRNA translation, including Xbp1 mRNA translation. Interestingly, 

reduction of Pelo, a protein involved in recognizing stalled ribosomes, counters the 

inhibition of Xbp1 mRNA splicing, and IRE1 foci formation due to RAC knockdown. 

Collectively, these results suggest that RAC plays a central role in the IRE1 branch of the 

UPR tuning IRE1 clustering and mRNA translation.  
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Chapter I 

Introduction 

Accurate protein synthesis is essential to all cellular functions. Without chaperone 

safeguarding protein homeostasis (proteostasis) by promoting accurate protein folding 

and detecting irreparably defective proteins for degradation, nascent proteins are at great 

risk of misfolding and accumulation as aggregated species (Balchin et al., 2016; Chen et 

al., 2011; Frydman, 2001; Hartl et al., 2011). Such defects are often linked to misfolding 

diseases, ranging from neurodegenerative diseases to cancer (Balchin et al., 2016; 

Dubnikov et al., 2017; Hipp et al., 2014). Accumulation of misfolded proteins and 

aggregates are the hallmark of aging, which is a primary cause of neurodegenerative 

diseases, including Parkinson’s disease and Alzheimer’s disease (Chiti and Dobson, 

2006). Furthermore, cancer cells can hijack the chaperone networks to accommodate the 

increase in folding demand for uncontrolled cell division and proliferation (Valastyan and 

Lindquist, 2014b). Additionally, accumulating studies have indicated that ribosome-

associated chaperones not only co-translationally promote de novo protein folding and 

degrade detrimental proteins, but also targets nascent polypeptides to destined organelles 

as well as modulate translation and mRNA stability (Deuerling et al., 2019; Kramer et al., 

2009; Pechmann et al., 2013; Preissler and Deuerling, 2012; Zhang et al., 2017). Taken 

together, the central role of ribosome-associated chaperones in the proteostasis network 

makes them an attractive pharmacological target for treating misfolding diseases.  
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To ensure high fidelity of protein synthesis, protein and mRNA quality control 

machinery repair or eliminate the irreparably aberrant protein or its mRNA template. For 

secretory or membrane proteins, aberrant proteins are eliminated by endoplasmic-

reticulum (ER)-associated degradation (ERAD) (Brodsky, 2012; Travers et al., 2000). 

When the defective proteins are overloaded, heat shock responses (HSR) (Anckar and 

Sistonen, 2011; Gomez-Pastor et al., 2018) in the cytosol or the unfolded protein 

response (UPR) in the endoplasmic reticulum (ER) (Buchberger et al., 2010; Schroder 

and Kaufman, 2005; Walter and Ron, 2011) or mitochondria (Pellegrino et al., 2013) will 

be activated to decrease cellular damage by reducing global protein translation and 

increase molecular chaperones expression. In mammals, cells activate UPR in the ER via 

three signal transducers, including inositol-requiring protein 1α (IRE1α), double-stranded 

RNA-activated protein kinase (PKR)-like endoplasmic reticulum kinase (PEKR), and 

activating transcription factor 6 (ATF6) (Adams et al., 2019; Hetz, 2012; Karagoz et al., 

2017). While the downstream events of UPR are relatively well characterized, the 

activation and recovery of the signal transducers remain obscure.  

Emerging studies indicate that the ribosome is a hub for co-translational quality 

control mechanisms (Kramer et al., 2009; Pechmann et al., 2013; Wilson and Beckmann, 

2011), which can rapidly determine the fate of defective nascent proteins and mRNAs. 

Co-translational ubiquitination of defective nascent polypeptides (Duttler et al., 2013; 

Wang et al., 2013) on the 80S ribosome and ribosome-associated protein quality control 

(RQC) (Brandman and Hegde, 2016; Joazeiro, 2017, 2019) on the 60S-tRNA complex 

can ensure speedy elimination and minimization of aberrant protein production when still 
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associated to the ribosomes resulting in initiation of ribosome recycling. Aberrant 

proteins may result from misfolded polypeptides, aberrant mRNA, or defects in 

translation (Buskirk and Green, 2017; Inada, 2017). Co-translational mRNA surveillance 

can recognize aberrant mRNAs and preemptively eradicate damaged mRNAs 

(Karamyshev and Karamysheva, 2018; Shoemaker and Green, 2012). RNA quality 

control mechanisms include nonsense mediated decay (NMD), nonstop decay (NSD), no-

go decay (NGD), and regulation of aberrant protein production (RAPP) (Karamyshev et 

al., 2014; Pinarbasi et al., 2018). RAPP is a novel mRNA surveillance mechanism 

detecting mutations in the signal sequence of secretory proteins discovered in our lab. 

When a signal recognition particle (SRP) fails to recognize the aberrant peptide in the 

signal sequence, selective degradation of defective mRNA is initiated.  

To test the hypothesis that RAPP controls expression of a wider group of 

substrates, the original goal of this study was to investigate the role of the ribosome-

associated complex (RAC), a presumed cytosolic ribosome-associated chaperone (Otto et 

al., 2005) parallel to SRP for secretory proteins, in regulation of mRNA turnover. To 

validate the presumed cytosolic chaperone function of RAC, insoluble protein aggregates 

and the HSR were analyzed, and the UPR was used as a negative control in knockdown 

mammalian RAC system. Unexpectedly, knockdown RAC neither induced the HSR or 

UPR nor lead to protein aggregation. Surprisingly, knockdown of RAC selectively 

inhibited nonconventional Xbp1 mRNA splicing. This unexpected surprise lead to the 

main story of this study.  

This dissertation describes the novel function of RAC in the IRE1α branch of the 
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UPR coordinating IRE1α oligomerization and translation. Chapter II-1 addresses the 

current literature review on the networks of ribosome-associated chaperones, and Chapter 

II-2 describes the quality control mechanisms directly relevant to this study. Chapter III 

addresses the central role of RAC in the UPR. Finally, Chapter IV proposes prospective 

works that rise from this study and future potential therapeutic application.   
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Chapter II 

Review of the Literature 

 

II-1. Ribosome-associated Chaperones 

 
As nascent polypeptides emerge from the ribosome, ribosome-associated 

chaperones co-translationally interact with nascent chains assisting de novo protein 

folding (Deuerling et al., 2019; Frydman et al., 1994; Zhang et al., 2017). The networks 

of ribosome-associated chaperones have evolved structurally distinct from prokaryotes to 

eukaryotes (Kramer et al., 2009; Pechmann et al., 2013; Preissler and Deuerling, 2012). 

Trigger factor (TF) is the only ribosome-associated chaperone in prokaryotes, whereas 

the chaperone network evolved into a more multifaceted system in eukaryotes, including 

a nascent polypeptide associated complex (NAC) and a ribosome-associated complex 

(RAC). Other ribosome-associated factors also engage with the nascent polypeptides as it 

emerge from the ribosome peptide tunnel exit (PTE), such as signal recognition particle 

(SRP) recognizing secretory and membrane polypeptides, methionine aminopeptidase 

(MAP) removing N-terminal methionine, or N-acetyltransferases (NAT) which carry out 

N-terminal acetylation. The substrate pools of ribosome-associated chaperones and 

interplay between ribosome-associated factors remain incompletely defined.    
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Trigger factor (TF) 

Bacterial TF is the most well-studied ribosome-associated chaperone. Cells lack 

of both TF and Hsp70 chaperone DnaJ result in global protein aggregation and lower cell 

viability (Deuerling et al., 1999; Teter et al., 1999). TF has unique characteristics as a 

“holdase” and “unfoldase”, preventing incorrect folding and degradation of nascent 

polypeptides (Hoffmann et al., 2012; Hoffmann et al., 2006; Tomic et al., 2006). TF has a 

distinctive dragon-like structure (Figure 1), consisting of a N-terminus ribosome-binding 

domain, which is the tail motif, a peptidyl prolyl cis/trans isomerase (PPIase) domain in 

the middle, which resembles the head motif, and followed by a C-terminus domain, 

which acts as two arms (Ferbitz et al., 2004; Kramer et al., 2002). All three domains 

engage in nascent polypeptides binding during de novo protein folding (Lakshmipathy et 

al., 2007). TF tethers to the ribosome in a 1:1 stoichiometry by the ribosomal protein 

uL23 near the ribosome exit tunnel via its N-terminus domain (Ferbitz et al., 2004; 

Kramer et al., 2002). The duration of TF anchors to translating ribosomes is correlated to 

the extent of the hydrophobic motif in the unfolded nascent polypeptide chains and their 

aggregation tendency (Kaiser et al., 2006). 

Biochemical experiments and selective ribosome profiling of TF-associated 

ribosomes reveals that TF interacts with the larger nascent polypeptide chains at an 

average length of around 100 amino acids, after 60-70 amino acids exposed outside the 

ribosome (Deuerling et al., 2003; Oh et al., 2011). The initial exclusion period of TF 

provides a window for processing factors, including methionine aminopeptidase (MAP), 

N-terminal acetyltransferases (NAT), or peptide deformylase (PDF), to engage in nascent 
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Figure 1. Structure of Escherichia coli trigger factor (TF) 
(A) The overall architecture of TF. (B) Ribbon representation of the crystal structure of 

TF (PDB-1W26). The structure of TF resembles a dragon-shape, composing of the N-

terminus ribosome-binding domain (cyan, tail motif), the peptidyl prolyl cis-trans 

isomerase (PPIase) domain (green, head motif), and followed by the C-terminus domain 

(yellow, orange, two arms). (C) Structure model of TF with the 50S ribosome. Full-

length TF (PDB-1W26) was superimposed onto the ribosome-associated TF fragment 1-

144 (PDB-1W2B). TF interacts with the ribosomal protein uL23 (magenta) on the large 

ribosome via its N-terminal ribosome binding domain (cyan). *, ribosomal peptide exit 

tunnel, PTE.  
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polypeptide chains (Giglione et al., 2009; Jha and Komar, 2011). Additionally, TF has a 

high preference toward outer membrane β-barrel and cytoplasmic proteins, excluding the 

ribosome nascent chain complex bearing signal sequences which are recognized by signal 

recognition particle (SRP) (Bornemann et al., 2014).  

Nascent polypeptide associated complex (NAC) 

NAC is a highly conserved dimeric complex, consisting of α-NAC and β-NAC 

subunits (Figure 2A, 2B) (Beatrix et al., 2000; Spreter et al., 2005). α-NAC contains a β-

barrel-like NAC domain, which is involved in NAC dimerization, and an ubiquitin-

associated (UBA) domain at the C-terminus, whose specific function remains unknown 

(Spreter et al., 2005; Wang et al., 2010). β-NAC consists of a NAC domain as well as an 

N-terminus conversed RRK(X)nKK ribosome binding motif. Cross-linking data suggest 

that NAC tethers to the ribosome at uL23 and eL31 via the N-terminus ribosome-binding 

motif of β-NAC (Pech et al., 2010; Wegrzyn et al., 2006) and uL29 via α-NAC (Figure 

2C) (Nyathi and Pool, 2015). Biochemical data suggest that NAC is conformationally 

flexible (Martin et al., 2018). This is in agreement with earlier observations that NAC can 

interact with ribosomal proteins, uL23 and eL31, on the opposite side of the tunnel exit. 

However, the precise structural details of NAC’s N- and C- terminus domain and its 

position near the ribosome tunnel exit are yet to be resolved.  
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Figure 2. Structure of nascent polypeptide associated complex (NAC) 

(A) The overall architecture of human NAC. NAC is a heterodimer. α-NAC composes of 

a NAC domain (green) involving in NAC dimerization, and an ubiquitin-associated 

(UBA) domain (palegreen) with unknown function. β-NAC consists of an N-terminus 

conversed RRK(X)nKK ribosome binding motif (purple) as well as a NAC domain 

(cyan). (B) Ribbon diagram showing the crystal structure of the interaction core of human 

NAC heterodimer, forming a β-barrel-like structure (PDB-3MCB), consisting of an α-

NAC (green, residues 79–132) and a β-NAC (cyan, residues 53–110). (C) Potential 

ribosome-contact sites of NAC suggested by cross-linking data (Nyathi and Pool, 2015; 

Pech et al., 2010; Wegrzyn et al., 2006) on the 80S ribosome (PDB: 3J78). Violet, uL29. 

Magenta, uL23. Blue, eL31. *, ribosomal peptide exit tunnel, PTE. 
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Complete loss of NAC results in embryonic lethality and growth defects in C. 

elegans, Drosophila, mice, and human cells but not for S. cerevisiae (Deng and 

Behringer, 1995; Markesich et al., 2000; Reimann et al., 1999), suggesting that NAC may 

have evolved additional essential functions in higher eukaryotes. Moreover, knockdown 

of NAC, which shortens life span of C. elegans (Bloss et al., 2003), not only activates the 

unfolded protein response (UPR) in the endothelial reticulum (ER) but also UPR in 

mitochondria, and leads to cell death via apoptosis in C. elegans and human cells 

(Gamerdinger et al., 2015; Hotokezaka et al., 2009). A myriad of accumulated data 

suggested that NAC regulates co-translational protein transport to mitochondria in S. 

cerevisiae (del Alamo et al., 2011; Funfschilling and Rospert, 1999; George et al., 1998; 

George et al., 2002). Recent work has begun to illuminate that NAC not only is an 

essential player in preventing mitochondrial proteins from mistargeting to the ER but also 

modulates SRP specificity by blocking SRP-independent ribosome targeting to 

translocon in C. elegans (Gamerdinger et al., 2015). Interestingly, the different isoforms 

of NAC have diverse substrate specificities in S. cerevisiae. The most prevalent dimer of 

α-NAC (Egd2) and β-NAC (Egd1) subunits have a high affinity toward secretory and 

membrane proteins, while dimer bears β’-NAC (Btt1) show preference to mitochondrial 

or ribosomal proteins (del Alamo et al., 2011). However, how this general chaperone 

selectively regulates and recognizes the substrate pools remains obscure. 
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Ribosome-associated complex (RAC) 

The ribosome-associated Hsp70-Hsp40 chaperone system is comprised of a stable 

heterodimeric ribosome-associated complex (RAC). An atypical Hsp70 (Ssz1) and an 

Hsp40 J domain protein (Zuo1), together with a ribosome-associated Hsp70 (Ssb) 

forming a chaperone triad in S. cerevisiae (Figure 3A); mammalian RAC, which is 

comprised of the unconventional Hsp70 chaperone homolog (Hsp70L1) and the Hsp40 

(Figure 3A) (Mpp11, M-phase phosphoprotein 11), recruits and works together with a 

cytosolic Hsp70 chaperone (Gautschi et al., 2001; Gautschi et al., 2002; Hundley et al., 

2005; Jaiswal et al., 2011; Otto et al., 2005). Knockout of either RAC or Ssb or both 

display similar phenotypes, which have growth defects and sensitivity to osmotic, cold 

and translational stress, suggesting that the chaperone triad work together as a stress-

protective unit in the protein production pathway (Gautschi et al., 2002; Hundley et al., 

2005; Nelson et al., 1992; Yan et al., 1998). RAC, which is tethered to the ribosome via 

its J domain partner, spans both the 40S and 60S ribosomal subunits. The bipartite 

interaction with the ribosome highlights RAC’s cooperative role in de novo protein 

folding and translation (Deuerling et al., 2019; Pechmann et al., 2013; Preissler and 

Deuerling, 2012).  

Structure and cellular function of RAC 

Zuo1/Mpp11 

Zuo1 was first identified as a left-handed Z-DNA binding protein in the nucleus (Zuo is 

pronounced as left in Mandarin) (Zhang et al., 1992). Subsequently, Zuo1 was 
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characterized as a tRNA (Wilhelm et al., 1994) and RNA binding protein that interacts 

with the 60S large ribosomal subunit (Yan et al., 1998). Zuo1 consists of an N-terminus 

(N), a J domain (J), a Zuotin homology domain (ZHD), a middle domain (MD), and 

followed by a four-helix bundle (4HB) domain (Figure 3A). The Zuo1 N domain 

interacts with the linker domain of Ssz1 (Figure 3B). The stable RAC heterodimer 

(Gautschi et al., 2001) is a unique Hsp70-Hsp40 pair, as canonical Hsp70-Hsp40 systems 

are characterized by transient interactions (Kampinga and Craig, 2010; Mayer and 

Bukau, 2005). The Zuo1 J domain contains a highly conserved His, Pro, and Asp 

tripeptide (HPD) signature motif. Zuo1 interacts with the 60S large ribosomal subunit via 

the ZHD domain and the 40S small ribosomal subunit via the 4HB domain, which the 

Helix I is essential for stable ribosome association (Lee et al., 2016; Leidig et al., 2013; 

Peisker et al., 2008; Yan et al., 1998; Zhang et al., 2014).  

Yeast Zuo1 and human Mpp11 are highly conserved in domain structure, while 

two distinctions should be noted (Figure 3A): First, Zuo1 contains an additional C-

terminal 13-residues of the 4HB domain (Shrestha et al., 2019), a hydrophobic fragment 

thought to act like a plug. This plug domain is essential for the activation of the Pdr1 

transcription factor (Ducett et al., 2013), which is a unique function of Zuo1 in yeast due 

to its exclusive structure. Next, Mpp11 bears two SANT domains after the 4HB domain. 

The SANT domain has strong structural similarity to the DNA-binding domain of Myb-

related proteins, involving in chromatin remodeling and transcriptional regulation by  
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Figure 3-1. Structure of ribosome-associated complex (RAC) 

(A) The overall architecture of yeast (top) and mammalian RAC (mRAC, bottom) and its 

supporting Hsp70 chaperone. Zuo1/Mpp11 consists of an N-terminus (red) that interacts 

with the Ssz1 linker domain (L, wheat), a J domain (orange), a Zuotin homology domain 

(ZHD, yellow) that interacts with the 60S large ribosomal subunit, a middle domain (MD, 

green), and followed by a four-helix bundle (4HB) domain (blue) that interacts with the 

40S small ribosomal subunit. Zuo1 contains an additional C-terminal 13-residues (cyan), 

which is essential for Pdr1 activation. Mpp11 bears two SANT domains (purple) at the C-

terminus, involving in chromatin remodeling and transcriptional regulation. 

Ssz1/Hsp70L1 composed of a nucleotide-binding domain (NBD, magenta) that binds and 

hydrolyze ATP, a flexible linker (L, wheat), and followed by a substrate-binding domain 

(SBD, pink) that binds neutral and hydrophobic amino acids. The canonical Hsp70-1A 

contains an additional C-terminus domain (CTD, lavender). 
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Figure 3-2. Structure of ribosome-associated complex (RAC) (continued) 

(B) Ribbon diagram showing RAC heterodimer (full-length Ssz1 and Zuo1 residue 1-60 

in Chaetomium thermophilum, PDB-6SR6) interacts via the Ssz1 linker domain (wheat) 

and the Zuo1 N-terminus (red). Magenta, NBD. Pink, SDB. (C) Structure model of 

interaction sites of RAC with the 80S ribosome (PDB: 3J78). On the 60S subunits, RAC 

binds near the PTE (*) via ribosomal protein eL22 (cyan), uL22 (yellow), and H24 

(violet), H59 of 28S rRNA (orange) as well as eL31 (green) and H101 (magenta). On the 

40S subunits, RAC contacts the ES12 of H44 of 18S rRNA (blue), which stems from the 

decoding center (DC).  
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recruiting histone acetylases and deacetylases (Boyer et al., 2002; Boyer et al., 2004; 

Zhang et al., 2017). These differences of Zuo1/Mpp11 between yeast and human indicate 

that mammalian RAC likely evolved additional functions.   

Ssz/Hsp70L1 

The canonical Hsp70 consists of a nucleotide-binding domain (NBD) that binds 

and hydrolyzes ATP, a substrate-binding domain (SBD) that binds neutral and 

hydrophobic amino acids and followed by a C-terminus domain (CTD) that acts as a lid 

(Figure 3A). Although Ssz1/Hsp70L1 lost the C-terminus domain of the canonical 

Hsp70, the nucleotide-binding domain (NBD) that binds and hydrolyzes ATP as well as 

the substrate-binding domain (SBD) that binds neutral and hydrophobic amino acids 

retains. Structural analysis indicates that the stable RAC heterodimer is connected via the 

linker domain of Ssz1 and the N-terminus of Zuo1 (Fiaux et al., 2010; Weyer et al., 

2017). Although Ssz1 and Hsp70L1 share high structural similarities, they have evolved 

diverse strategies to assist protein folding of Hsp70 chaperones (Jaiswal et al., 2011). In 

yeast, RAC (Zuo1 and Ssz1) stimulates the ATP hydrolysis of Ssb (Huang et al., 2005). 

In mammalian cells, Mpp11 alone is efficient to stimulate the ATP hydrolysis of Hsp70, 

but requires ATP binding of Hsp70L1 for full function of RAC (Jaiswal et al., 2011).  

RAC spans both the ribosomal subunits 

RAC is a distinctive ribosome-associate factor that spans both the 40S and 60S 

ribosomal subunits (Figure 3C) besides the signal recognition particle (SRP) (Figure 4B). 
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RAC is tethered to the ribosome near the polypeptide exit site of the 60S subunit as well 

as to interact with the decoding center of the 40S subunit (Lee et al., 2016; Leidig et al., 

2013; Peisker et al., 2008; Zhang et al., 2014). In S. cerevisiae, Zuo1 has three major 

contact sites on the ribosome. Genetic, cross-linking (Lee et al., 2016) and cryogenic 

electron microscopy (cryoEM) (Leidig et al., 2013; Yan et al., 1998; Zhang et al., 2014) 

data have been interpreted to indicate that on the 60S subunit Thr266, Val273 of Zuo1 

interacts with Arg79, Glu81, and Val7 of eL31, and Arg247 and Arg251 of Zuo1 

interacts with H24, H59 of 28S rRNA, and eL22.  On the 40S subunit, the middle domain 

(MD) and first helix I domain of Zuo1 interacts with ES12 of H44 of 18S, which 

originated from the decoding center. The position of RAC on both ribosomal subunits put 

it in a perfect position to maintain protein homeostasis by coordinating co-translational 

protein folding and translation (Deuerling et al., 2019; Pechmann et al., 2013; Preissler 

and Deuerling, 2012; Zhang et al., 2017).  

RAC in de novo protein folding 

RAC is crucial for stimulating Ssb’s ATP hydrolysis required for tight substrate 

binding and release (Huang et al., 2005; Jaiswal et al., 2011) as well as its substrate 

selectivity (Doring et al., 2017; Koplin et al., 2010; Willmund et al., 2013). Cross-linking 

data and genetics analysis revealed that Ssb directly interacts with nascent polypeptides, 

suggesting its role in de novo protein folding (Gautschi et al., 2002; Hundley et al., 2002; 

Nelson et al., 1992; Pfund et al., 1998). Although RAC has been suggested to have no 

direct contact with nascent chains (Conz et al., 2007; Gautschi et al., 2002), recent cross-
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linking data indicates that Ssz1 can directly interact with the nascent polypeptides prior to 

Ssb contacts, which suggests that Ssz1 is an active chaperone for co-translational folding 

(Zhang et al., 2020). Knockout of RAC-Ssb shows a slower growth rate, hypersensitive 

to protein synthesis inhibitors, resulting in protein aggregation of ribosomal proteins 

(Koplin et al., 2010; Willmund et al., 2013) as well as ameliorating nuclear rRNA 

procession (Albanese et al., 2010).  

Cells lacking both Ssb and NAC accentuate these phenotypes, suggesting that 

NAC works in concert with RAC-Ssb to assist de novo protein folding of ribosomal 

biogenesis factors (Albanese et al., 2010; Koplin et al., 2010). Interestingly, Ssb slows 

down the translation rate for efficient co-translation folding (Willmund et al., 2013). 

Structural analysis further supports the model that RAC may modulate translation speed 

by constraining the ribosomal subunits during translation elongation (Zhang et al., 2014). 

The role of RAC-Ssb in de novo folding has been extensively studied in yeast, yet the 

translation regulatory has just begun to emerge. 

RAC in translation 

Cells lacking Ssb or RAC display a similar hypersensitive phenotype to protein 

translation inhibitors, such as paromomycin (Gautschi et al., 2001; Nelson et al., 1992; 

Yan et al., 1998), which interacts with the helix 44 at the decoding center on the 

ribosome (Ogle et al., 2003; Zaher and Green, 2009) in yeast. Similarly, loss of 

mammalian RAC sensitizes to aminoglycoside, including paromomycin (Otto et al., 

2005) and G418 (Jaiswal et al., 2011), suggesting a conserved role of RAC in eukaryote 
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translation. Reporter assays and genetic analyses indicate that loss of Ssb or RAC 

increases translational stop codon read-through (Lee et al., 2016; Rakwalska and Rospert, 

2004) as well as enhanced ribosome pausing on C-terminus poly-AAG/A sequences. 

Poly-AAG/A is an internal stalling-prone sequence, leading to premature translation 

termination (Gribling-Burrer et al., 2019). Moreover, cells lacking RAC decreases by -1 

programmed ribosomal frameshifting (Muldoon-Jacobs and Dinman, 2006), a strategy to 

translate protein isoforms or multiple proteins from an mRNA transcript (Caliskan et al., 

2015). Structural and toeprinting analysis indicated that RAC interact with helix 44 of 

18S RNA, which is at the A-site base of the decoding center, and 25S rRNA at the 

peptidyl transferase center (PTC) (Gribling-Burrer et al., 2019; Lee et al., 2016; Leidig et 

al., 2013; Peisker et al., 2008; Zhang et al., 2014). Collectively, functional and structural 

studies indicate that the RAC-Ssb system plays a crucial role in maintaining translational 

fidelity in S. cerevisiae. Yet, a translation regulatory role, conserved in higher eukaryotes 

currently lacks experimental support. 

Ribosome-associated factors: Signal recognition particle (SRP) 

The SRP-dependent protein targeting pathway is highly conserved across all 

kingdoms. In eukaryotes, the SRP and its membrane-bound SRP (SR) receptor 

orchestrate co-translational protein translocation machinery of nascent secretory and 

membrane polypeptides (Gilmore et al., 1982; Walter and Blobel, 1980) by three steps 

(Figure 4A) (Doudna and Batey, 2004; Halic et al., 2004; Keenan et al., 2001; Koch et 

al., 2003): first, SRP binds to the hydrophobic signal sequence of the newly polypeptides 
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as it emerges from the ribosome tunnel exit, and mediates the stalling of the peptide 

elongation (Pool et al., 2002); second, SRP facilitates the targeting of the mRNA-

ribosome-nascent chain complex to the endoplasmic reticulum (ER) membrane in 

eukaryotes by docking to the membrane-bound SRP receptor (SR) in a GTP-dependent 

manner; third, the SRP-RNC complex transfers the RNC to the protein-conducting 

channel, translocon (Johnson and van Waes, 1999; Matlack et al., 1998; Pohlschroder et 

al., 1997). The eukaryotic SRP, a highly conserved ribonucleoprotein (RNP), is 

composed of six proteins (named by their molecular weight: SRP9, 14, 19, 54, 68, 72) 

and the 7S RNA (Figure 4B) (Walter and Blobel, 1981, 1982). SRP has two main 

structure domains (Figure 4B): the Alu domain, including the SRP9/14 heterodimer and 

the 5’- and 3’-terminus of 7S RNA, mediates the pausing of the peptide elongation 

(Siegel and Walter, 1986); the S domain, including the SRP 19, 54, 68/72 heterodimer 

and the middle domain of the 7S RNA, facilitates protein translocation (Siegel and 

Walter, 1988). SRP54, which is the key player for protein translocation, comprises of an 

N-terminus domain (N), a central GTPase domain (G), and a C-terminus methionine-rich 

domain (M) (Bernstein et al., 1989). The N and G domains are structurally and 

functionally coupled. The mammalian SRP-receptor (SR) is a heterodimer comprised of 

an α-subunit (SRα), which also contains an NG domain that is structurally similar to the 

NG domain of SRP54, and a β-subunit (SRβ). SRP54 M domain mediates the recognition 

of the signal sequence (Bernstein et al., 1989; Zopf et al., 1990) as well as the interaction 

of the SRP RNA (Batey et al., 2000; Kurita et al., 1996; Romisch et al., 1990). Both 

SRP54 and SRP receptor, which are both GTPase, comprise a unique insertion-box  
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Figure 4-1. SRP-dependent co-translational protein translocation machinery in 

eukaryotes 

(A) The current model of the co-translational targeting of nascent secretory and 

membrane polypeptides. First, SRP (magenta) binds to the hydrophobic signal sequence 

(purple) of the newly polypeptides as it emerges from the ribosome tunnel exit, forming a 

SRP-mRNA-ribosome-nascent chain (R-RNC) triggers a translational arrest; second, 

SRP facilitates the R-RNC membrane targeting in eukaryotes (plasma membrane in 

prokaryotes) by docking to the membrane-bound SRP receptor (SR) in a GTP-dependent 

manner; third, the SRP-R-RNC transfers the RNC to the translocon protein-conducting 

channel (Charcoal). Green, SRα. Cyan, SRβ.  
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Figure 4-2. SRP-dependent co-translational protein translocation machinery in 

eukaryotes (continued) 

(B) Ribbon representation of mammalian SRP. SRP68 and 72 (PDB-5M73) were 

modeled onto SRP (PDB-1RY1). SRP consists of six proteins (SRP9, 14, 19, 54, 68, 72) 

and the 7S RNA (magenta). SRP has two main structure domains: the Alu domain, 

including the SRP9 (green)/14 (cyan) heterodimer and the 5’- and 3’-terminus of 7S 

RNA, mediates the pausing of the peptide elongation; the S domain, including the SRP 

19 (light blue), 54 (M, blue; NG, purple), 68 (orange) /72 (wheat) heterodimer and the 

middle domain of the 7S RNA, facilitates protein translocation. (C) Cryo-EM structure of 

mammalian SRP with the 80S ribosome (EMD-1063). SRP (magenta) spans both the 40S 

(grey) and 60S (lavender) ribosomal subunits. 
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domain (IBD) within the G domain carrying out not only nucleotide exchange but also 

SRP-SR interactions through their respective NG domains (Connolly and Gilmore, 1989; 

Freymann et al., 1997; Moser et al., 1997; Zopf et al., 1993). 

SRP bridges both ribosomal subunits 

Cross-linking and structure data suggest that SRP contacts ribosomal proteins 

uL23 and uL29 on the 60S subunit via NG domain of SRP54 (Figure 4C) (Beckmann et 

al., 2001; Gu et al., 2003; Halic et al., 2004; Pool et al., 2002). SRP54 also contacts ES24 

of H59, H24 of 25S rRNA, and signal sequence via its M domain (Halic et al., 2004; 

Halic et al., 2006). These three SRP54-ribosome contact sites are shared with the 

ribosome contact sites used by translocon-ribosome, supporting the notion that SRP 

dissociates from the RNC as the RNC binds to the translocon.  In addition, the Alu 

domain of SRP contacts the H5 and H15 of 18S RNA on the 40S subunit (Halic et al., 

2006). Intriguingly, the Alu domain-ribosome contact sites are similarly occupied by 

eukaryotic translation elongation factor 2 (eEF2) (Gomez-Lorenzo et al., 2000; Halic et 

al., 2004; Spahn et al., 2004; Wilson et al., 2002), suggesting that the Alu domain-

ribosome interaction disrupts peptide elongation by blocking eEF2 binding. Cryo-EM 

structure further indicated an empty ribosome A-site as SRP Alu domain binds to the 

RNC, indicating the arrest of peptide elongation (Halic et al., 2004). The SRP position on 

both ribosomal subunits supports its co-translational role not only in protein translocation 

but also in translation.  
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The interplay between ribosome-associated factors 

As the nascent chain emerges from the ribosome tunnel exit, the ribosome-

associated protein biogenesis factors directly interact with the nascent polypeptide chains 

to engage in enzymatic processing, folding, and/or targeting to designated organelles. In 

prokaryotes, the peptide deformylase (PDF) first contacts the nascent polypeptides 

followed by the methionine aminopeptidase (MAP) to remove N-terminal methionine 

(Giglione et al., 2009; Jha and Komar, 2011). For secretory or membrane proteins 

bearing a strong hydrophobic signal sequence, SRP binds to the RNC complex and target 

to the membrane, while TF has a high preference to outer membrane β-barrel and 

cytoplasmic proteins (Bornemann et al., 2014). There has been controversy over whether 

SRP and TF work collaboratively or competitively with each other on the ribosome.  

Recent structural studies have supported the model that SRP and TF can simultaneously 

bind to the same translating ribosomes (Bornemann et al., 2014; Buskiewicz et al., 2004; 

Raine et al., 2004). TF ensures the fidelity of SRP substrate selectivity by modulating the 

initial SRP binding to the RNC, targeting of the SRP-RNC to the membrane, and ejection 

of SRP from the RNC as the nascent polypeptides chain reach longer length (Ariosa et 

al., 2015). Additionally, a study suggests that PDF and MAP can act not only sequentially 

but also simultaneously with SRP and TF on translating ribosomes (Bornemann et al., 

2014). The interplay between ribosome-associated biogenesis factors is better understood 

in prokaryotes than in eukaryotes.  

 In eukaryotes, after MAP excises the N-terminal methionine of the nascent 

polypeptides, N-acetyltransferases (NAT) carries out N-terminal acetylation, which 
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occurs in 80% of the cytosolic mammalian proteins but is rarely found in prokaryotes. N-

terminal acetylation can regulate protein stability by serving as a degradation signal 

(degron) that targeted by the ubiquitin ligase (Hwang et al., 2010; Varshavsky, 2011) or 

enhance accurate protein targeting machinery by acting as a cytosolic retention signal 

(Forte et al., 2011). Recent work has begun to illuminate that N-terminal acetylation 

modulates cellular apoptotic and metabolic state by regulating acetyl-CoA (Yi et al., 

2011). Additionally, NAC, which partially resembles the substrate selective function of 

TF in bacteria, also modulates SRP specificity by blocking initial SRP binding and SRP-

independent ribosome targeting to translocon in C. elegans, preventing mitochondrial 

proteins mistargeting to the ER (del Alamo et al., 2011; Gamerdinger et al., 2015; Zhang 

et al., 2012). 

 Interestingly, numerous ribosome-associated biogenesis factors, including MAP, 

NAT, SRP, translocon, TF, and NAC, share a universal docking site, uL23 (Ferbitz et al., 

2004; Kramer et al., 2002; Polevoda et al., 2008; Pool, 2005; Pool et al., 2002; Ullers et 

al., 2003; Wegrzyn et al., 2006). This universal docking site could serve as a substrate 

selectivity checkpoint to modulate factor binding timing. Biochemical data suggest that 

NAC and MAP could bind simultaneously to translating ribosomes and have no impact 

on each other’s binding affinity to the ribosomes (Nyathi and Pool, 2015). Notably, 

structural data suggest that SRP and RAC sterically clash when concomitantly modeled 

onto the ribosome (Zhang et al., 2014). This is consistent with the concept that SRP and 

Ssb have diverse substrate pools: SRP preferentially binds to secretory and membrane 

nascent polypeptides, while Ssb bind to predominately cytosolic and nuclear nascent 
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polypeptides (Willmund et al., 2013). On the other hand, it has been indicated that NAC 

and Ssb shared overlapping substrate pools (del Alamo et al., 2011; Koplin et al., 2010; 

Pechmann et al., 2013). A recent study indicates that NAC could modulate the binding 

quantity of Ssb substrates, while it has no effect on substrate selection of Ssb in yeast 

(Doring et al., 2017). Indeed, the dynamics of how SRP, RAC-Ssb, and NAC collaborate 

or compete with each other on the ribosome to engage in the nascent polypeptides remain 

obscure in the mammalian system.  

II-2. Quality Control 

To minimize aberrant protein production, co-translational surveillance pathways 

selectively degrade mRNAs the code for aberrant proteins, degrade the aberrant proteins 

themselves, and recycle the stalled ribosomal subunits for use in future translations. 

Aberrant mRNAs are recognized by nonsense-mediated decay (NMD), nonstop decay 

(NSD), no-go decay (NGD), and regulates aberrant protein production (RAPP) systems. 

Defective nascent polypeptides are recognized by ribosome-associated protein quality 

control (RQC) and trigger ribosome recycling. In parallel, misfolded proteins activate 

stress response mechanisms that alter proteostasis by reducing global protein translation 

and/or enhancing molecular chaperone production to adapt to stress. Two major stress 

response pathways are the heat shock response (HSR) in the cytosol and the unfolded 

protein response (UPR) in the ER. Quality control pathways relevant to this study will be 

reviewed in this chapter. 
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mRNA quality control 

No-go decay (NGD) 

NGD detects mRNAs that contain an obstacle to elongation caused by stable 

mRNA secondary structure (Doma and Parker, 2006; Tsuboi et al., 2012), such as stem-

loops, pseudoknots, depurination of mRNA (Gandhi et al., 2008), or rare codons (Chen et 

al., 2010; Kuroha et al., 2010; Schuller and Green, 2018) (Figure 5). The endonucleolytic 

cleavage at the mRNA upstream of the stalled ribosome, which is the hallmark of NGD, 

was first demonstrated by northern blot (Doma and Parker, 2006) and further supported 

by sequencing analyses and high-resolution ribosome profiling recently (Arribere and 

Fire, 2018; Guydosh et al., 2017; Simms et al., 2017). A recent study suggested that 

ribosome collision on a polysome is a prerequisite to initiating NGD (Simms et al., 

2017). Biochemical and sequencing analyses indicated that multiple stacked ribosomes 

trigger robust NGD, and the endonucleolytic cleavage occurs between colliding 

ribosomes by an unknown endonuclease.  

A recent study has identified that Cue2 as the endonuclease triggering NGD in 

yeast (D'Orazio et al., 2019). Biochemical analysis and ribosome profiling suggested that 

Cue2 cleaves mRNA in the A-site of the colliding ribosome, and Dom34 (Pelo in 

mammal) rescues the collided ribosome. Dom34 and Hbs1, which structurally and 

functionally resembled the termination factors eRF1 and eRF3 (Atkinson et al., 2008; 

Chen et al., 2010; Graille et al., 2008), respectively, recruit to the A-site of the stalled 

ribosome (Becker et al., 2011). The ATPase Rli1 (ABCE1 in human) works together  
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Figure 5. The mechanism of no-go decay (NGD) and nonstop decay (NSD) 

NGD detects translation stalling when elongation blocked by stable mRNA secondary 

structure. The mRNA endonucleolytic cleavage by Cue2 occurs upstream of the stalled 

ribosome. Nonstop transcripts may result from endonucleolytic cleavage that leads to 

truncated mRNA at the 3’ end of the mRNA. The classification between NGD and NSD 

has become blurring, and both share similar mRNA decay machinery following 

endonucleolytic cleavage. The stalled targets of NGD and NSD are recognized by 

Dom34 (Pelo in mammal) and Hbs1, together with Rli1 (ABCE1 in mammalian cells), 

triggering ribosome-associated protein quality control (RQC) for degradation of defective 

nascent polypeptides, ribosome recycling, and mRNA degradation. The Ski complex and 

exosome degrade mRNA from 3’-to-5’, while the exonuclease Xrn1 degrade mRNA 

from 5’-to-3’. 
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with Dom34, triggering ribosome subunit dissociation and mRNA release for ribosome 

recycling (Pisareva et al., 2011; Shoemaker et al., 2010; Tsuboi et al., 2012). 

Subsequently, the Ski complex and exosome degrade mRNA from 3’-to-5’, while the 

exonuclease Xrn1 degrade mRNA from 5’-to-3’. NGD not only function as an mRNA 

quality control mechanism but also regulates the stability of normal mRNA. For example, 

the CGS1 mRNA encoding the cystathionine gamma-synthase, which is a crucial enzyme 

in methionine biosynthesis, is regulated through NGD in Arabidopsis thaliana (Chiba et 

al., 1999; Chiba et al., 2003). Recent studies have begun to shed light on the mechanism 

of NGD in yeast (Harigaya and Parker, 2010; Ikeuchi et al., 2018), fly (Passos et al., 

2009), and plant (Szadeczky-Kardoss et al., 2018); however, the mechanisms in 

mammals remain incompletely defined.  

Non-stop decay (NSD) 

NSD detects mRNAs that lack a termination codon triggering rapid mRNA 

degradation from the 3’-end independent of deadenylation (Frischmeyer et al., 2002; van 

Hoof et al., 2002). Nonstop transcripts may result from endonucleolytic cleavage that 

leads to truncated mRNA without poly(A) tail at the 3’ end of the mRNA or erroneous 

poly(A) within the open reading frame (ORF) (Figure 5). Emerging studies have 

suggested that the ribosome may not be stalled at the 3’ end of the mRNA in poly(A) 

read-through, early ribosome stalling may occur instead via the interaction between the 

positively charged polylysine peptide and the negatively charged ribosome tunnel exit 

(Ito-Harashima et al., 2007; Lu and Deutsch, 2008). The classification between NSD and 
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NGD has become blurring and both share similar mRNA decay machinery following 

endonucleolytic cleavage.  

Biochemical and structural analysis suggested that Dom34 and Hbs1 work in 

concert with Rli1 (ABCE1 in mammal) promote ribosome subunits dissociation, mRNA 

release, peptidyl-tRNA drop off, and recruit the exosome-Ski complex in yeast (Pisarev 

et al., 2010; Pisareva et al., 2011; Shoemaker et al., 2010; Shoemaker and Green, 2011; 

Tsuboi et al., 2012). Cryo-EM data further supported that Pelo occupies the empty A-site 

on the stalled ribosome (Kobayashi et al., 2010), and ABCE1 induces ribosome splitting 

(Becker et al., 2012). In yeast, Ski7, which may have a redundant role with Dom34 

(Tsuboi et al., 2012), is structurally related to Hbs1 and is capable of recognizing stalled 

ribosomes and initiating recruitment of the exosome which degrades mRNA from 3’-to-

5’ (Frischmeyer et al., 2002; van Hoof et al., 2002). Accumulating studies have indicated 

that nonstop mutations in certain genes may cause diseases (Klauer and van Hoof, 2012). 

For example, nonstop mutation in DEFB126 gene produces nonfunctional β-defensin 126 

protein, which is essential for sperm function (Yudin et al., 2005), and is associated with 

lower fertility in man (Tollner et al., 2011). 

Regulates aberrant protein production (RAPP) 

Recently, our lab uncovered a novel mRNA surveillance mechanism detecting 

mutations in the signal sequence of secretory proteins that interfered with SRP54 binding, 

termed regulates aberrant protein production (RAPP). As the nascent polypeptides 

emerge from the ribosomal tunnel exit, the mutant peptide fails to interact with its 



 
 

 30 

original targeting factor SRP, and the defective mRNA is selectively degraded 

(Karamyshev et al., 2014; Popp and Maquat, 2014). A study has indicated that RAPP 

plays a role in neurodegenerative disease frontotemporal lobardegeneration (FTLD) 

through modulating the mRNA stability of the secretory protein progranulin (GRN) 

(Pinarbasi et al., 2018). The mRNA of A9D and W7R GRN disease-causing mutations 

are endogenous substrates for RAPP. A9D and W7R GRN, which the mutation in the N-

terminal signal sequence disrupts the hydrophobic region, disturbs co-translational 

interaction with SRP. Next, the aberrant mRNA degraded preemptively preventing 

defective protein production. Movever, the nuclease responsible for RAPP remains 

obscure. Whether RAPP has a broader substrate pool, besides the current identified 

secretory proteins, remains undefined.    

The unfolded protein response (UPR) 

In eukaryotes, the ER is the key organelle for producing secretory and membrane 

proteins. To ensure protein homeostasis in the ER, the UPR senses misfolded proteins 

and responds to cellular stresses via translational and transcriptional regulation (Walter 

and Ron, 2011). If the ER stress is not resolved, ER stress drives cell fate decision and 

lead to human diseases, including cancer, neurodegeneration, and metabolic syndromes 

(Walter and Ron, 2011; Wang and Kaufman, 2016). In mammalian cells, three branches 

are involved in the UPR pathway, each directed by its unique signal transducer in the ER 

membrane: inositol-requiring protein 1α (IRE1α), double-stranded RNA-activated 

protein kinase (PKR)-like endoplasmic reticulum kinase (PERK), and activating 
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transcription factor 6 (ATF6). Upon ER stress, IRE1α oligomerizes, autophosphorylates, 

and via endonucleolytic cleavage, splices Xbp1 mRNA as well as degrades ER-bound 

mRNAs (RIDD) (Figure 6); PERK oligomerizes, autophosphorylates and phosphorylates 

the translation initiation factor eIF2α, down-tuning global translation; ATF6 transports to 

Golgi, processed by protease, and the N-terminal cytosolic fragment releases to the 

nucleus, transcriptionally activating UPR target genes. The IRE1α branch is the main 

focus of this study. The downstream regulation of the stress sensors is relatively well 

characterized, yet, the sensing mechanism remains controversial.  

IRE1 branch 

IRE1, a bifunctional transmembrane protein, is the best understood and conserved 

UPR branch in eukaryotes (Cox et al., 1993; Mori et al., 1993) and the only branch in 

yeast (Mori, 2009). In mammals, IRE1 has two isoforms: IRE1α is ubiquitously 

expressed in all tissues, while IRE1β selectively expressed in the digestive track 

(Bertolotti et al., 2001; Tsuru et al., 2013). IRE1α is composed of an N-terminal ER 

luminal domain (LD), a transmembrane helix, a flexible cytosolic linker, and followed by 

a kinase and a C-terminal endonuclease (RNase) domain (Figure 7A) (Back et al., 2005). 

IRE1 detects ER stress through its LD domain (Credle et al., 2005; Zhou et al., 2006), 

and triggers face-to-face dimerization (Liu et al., 2000; Oikawa et al., 2009; Tirasophon 

et al., 1998) facilitating trans-autophosphorylation (Mori et al., 1993; Shamu and Walter, 

1996; Zhou et al., 2006) (Figure 7B). Next, the binding of nucleotide 



 
 

 32 

 

Figure 6. The three arms of the unfolded protein response in eukaryotes 

In mammalian cells, three signal transduction pathways in the ER membrane direct the 

activation of three distinct unfolded protein responses. In the presence of ER stress, IRE1 

oligomerizes, autophosphorylates, and noncanonically splices the Xbp1 mRNA as well as 

degrades ER-bound mRNAs (RIDD); PERK oligomerizes, autophosphorylates and 

phosphorylates the translation initiation factor eIF2α, reducing global translation; ATF6 

transports to Golgi, processed by protease, and the N-terminal cytosolic fragment releases 

to the nucleus. Transcriptional factors activate UPR target genes to increase protein 

folding capacity, while IRE1 and PERK reduce ER protein folding load by down-

regulating translation.  

 

  



 
 

 33 

  

 

 
 

Figure 7. The overall architecture of IRE1α and the current model of IRE1 
activation 

(A) Protein domain of human IRE1α. IRE1α consists of an N-terminal ER luminal 

domain (LD, blue), a transmembrane helix (TM, purple), a flexible linker (L, purple), and 

followed by a kinase (orange) and a C-terminal endonuclease domain (RNase, red). (B) 

IRE1 detects ER stress through its luminal domain (LD), triggers face-to-face 

dimerization, facilitates trans-autophosphorylation, stabilizes back-to-back dimer 

configuration by the binding of nucleotide, and stacks into higher-order oligomers 

enabling active RNase activity.  
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(ATP/ADP) stabilizes a back-to-back dimer configuration (Lee et al., 2008) and stacks 

into high-order oligomers (Korennykh et al., 2009) enabling active ribonuclease activity. 

Then, IRE1 splices Hac1 mRNA in yeast (Cox and Walter, 1996; Sidrauski and Walter, 

1997) (Xbp1 in mammals) (Calfon et al., 2002; Yoshida et al., 2001) in a non-canonical 

spliceosome-independent manner, producing a stress-responsive transcriptional factors 

Hac1/Xbp1 (Cox and Walter, 1996). 

IRE1 stress-sensing models: the competition and direct ligand binding models 

Two models have been proposed for sensing ER stress via IRE1 LD: the 

competition and the direct ligand binding model (Adams et al., 2019; Karagoz et al., 

2017). The competition model proposed that BiP (also name GRP78, HSPA5), an ER 

Hsp70 chaperone, is the primary regulator of IRE1 activation via dissociation of BiP 

from the IRE1 LD upon ER stress. The model was supported by overexpression of BiP, 

the UPR activation reduced in mammalian cells (Dorner et al., 1992) and yeast (Kohno et 

al., 1993) as well as increased cell viability upon ER stress (Morris et al., 1997). 

Additionally, studies indicated that BiP binds to the ER stress sensors, IRE1, PERK, and 

ATF6, and dissociated upon ER stress (Bertolotti et al., 2000; Okamura et al., 2000; Shen 

et al., 2002). However, in yeast, depletion of the BiP-binding domain of IRE1 did not 

abrogate IRE1 activation upon tunicamycin treatment (Kimata et al., 2004), but prolongs 

the recovery time after IRE1 activation (Pincus et al., 2010). This suggests that BiP is not 

required for IRE1 activation, but rather facilitates the de-oligomerization and deactivation 

of IRE1, which is incompatible with the competition model.  Due to the current lack of 
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structural analysis of the BiP and IRE1 interaction, the detailed role of BiP in modulating 

IRE1 remains incomplete.  

The direct binding model proposed that IRE1 senses ER stress via direct binding 

of unfolded proteins to IRE1 LD, stabilizing its oligomeric state for activity. Structural 

data suggest that the dimerization interface of the yeast IRE1 core luminal domain 

contains anti-parallel β-sheets forming a deep groove, which architecturally resembles 

the major histocompatibility complex I (MHC I) (Credle et al., 2005). This suggests that 

unfolded protein is able to bind to yeast IRE1 LD as a direct ligand for MHCs. 

Biochemistry data further indicated that yeast IRE1 could directly bind to peptides with a 

high preference toward basic and hydrophobic residues and forms larger oligomers in the 

presence of peptides (Gardner and Walter, 2011). Additionally, although there are 

structural differences between yeast and human IRE1, structural and biochemical analysis 

indicates that the IRE1 ER stress sensing mechanism conserved across yeast to human, 

which unfolded protein act as a ligand directly binds to IRE1 LD and induces 

oligomerization favorable conformational changes (Karagoz et al., 2017).  

IRE1 oligomerization 

Oligomerization is the essential step for IRE1 activation both in yeast (Aragon et 

al., 2009; Kimata et al., 2007) and mammal (Li et al., 2010). Structural analysis indicated 

that the oligomer is composed of back-to-back IRE1 dimers stacking together in a 

clockwise manner that resembles the architecture of the DNA double helix (Korennykh et 
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al., 2009). Mutations in all three interfaces in the oligomer disrupt RNase activity, 

suggesting the extensive molecular surface of oligomer may be central to IRE1 

activation. Additionally, IRE1 oligomers can be monitored by foci formation in vivo 

utilizing an IRE1-GFP cassette after challenge with either tunicamycin (Li et al., 2010) or 

thapsigargin (Tam et al., 2014). After ER stress is initiated, IRE1α forms visible foci at 1 

hr, condenses to large foci at 4 hr, and dissolves by 8 hr in mammals, the time course of 

Xbp1 splicing activity correlates with the formation and dissolution of the large foci (Li 

et al., 2010; Tam et al., 2014). Currently, the detailed mechanism of formation of IRE1 

foci and how IRE1 recycles after activation remain obscure.  

Hac1/Xbp1 mRNA splicing 

Hac1 mRNA in yeast 

In yeast, in the absence of ER stress, ribosome stalled on Hac1 unspliced mRNA. 

The translational attenuation of Hac1 results from the base-pairing interaction between 

the Hac1 5’ UPR and the intron (Ruegsegger et al., 2001) and is a prerequisite for mRNA 

targeting to UPR-induced IRE1 foci (Aragon et al., 2009) (Figure 8A). The targeting of 

Hac1 mRNA to the IRE1 foci is mediated by the 3’UPR bipartite element (3’BE), a 

conserved region of an extended stem-loop in the 3’UTR (Aragon et al., 2009). Upon ER 

stress, IRE1 cleaves Hac1 mRNA at both splice junctions in a non-canonical spliceosome 

independent manner (Gonzalez et al., 1999; Sidrauski and Walter, 1997). The Rlg1 tRNA 

ligase rejoins the exons after the excision of the 252 nucleotides long intron (Sidrauski et 

al., 1996; Sidrauski and Walter, 1997). Mutation in the Hac1 mRNA translation stalling  
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Figure 8. Schematic of yeast Hac1 and human Xbp1 mRNA 
(A) In yeast, the translational stalling of Hac1 results from the base-pairing interaction 

between the Hac1 5’UPR and the intron. The targeting of Hac1 mRNA to IRE1 is 

mediated by the 3’UPR bipartite element (3’BE), an extended stem-loop in the 3’UTR. 

Upon ER stress, IRE1 cleaves Hac1 mRNA at both splice junctions (scissors), excising 

the 252 nucleotides long intron. White region, the shared domain of both uHac1 and 

sHac1. Red region, spliced intron. Pink and lavender region, the distinct segment of 

uHac1, sHac1, respectively. (B) In mammals, the C-terminal 26 residues act as an arrest 

peptide (AP, blue) in the ribosomal tunnel forming a unique turn distorts the PTC and 

induce the translational pausing of Xbp1 mRNA. The hydrophobic region 2 (HR2, 

magenta) of Xbp1 is essential for targeting Xbp1 mRNA to the ER membrane via SRP-

dependent mechanism. Upon ER stress, IRE1 excises out the 26-bases intron (scissors). 
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(Aragon et al., 2009; Ruegsegger et al., 2001), mRNA targeting (Aragon et al., 2009), or 

exon ligation (Sidrauski et al., 1996; Sidrauski and Walter, 1997) machinery disturb Hac1 

mRNA splicing, indicating its central role in UPR. 

Xbp1 mRNA in mammal 

Similar to Hac1 in yeast, translation of unspliced Xbp1 (Xbp1u) is initiated and 

then stalls as required for efficient targeting of the complex to the ER membrane in the 

absence of ER stress and relocalizes to the cytosol after endonucleolytic cleavage upon 

ER stress (Yanagitani et al., 2009) (Figure 8B). A tRNA ligase, RtcB, rejoins the exons 

after excision of the 26-bases intron (Jurkin et al., 2014; Kosmaczewski et al., 2014; Lu 

et al., 2014). In mammals, the Xbp1u protein is translated in the absence of ER stress 

(Calfon et al., 2002; Yoshida et al., 2001), unlike HAC1 in yeast. A study has indicated 

that Xbp1u protein is a negative regulator of Xbp1 spliced (Xbp1s) protein by forming an 

Xbp1u-Xbp1s complex triggering proteasome degradation and shuts off the UPR 

(Yoshida et al., 2001). Although translation stalling is required for both Hac1 and Xbp1 

mRNA, the pausing and targeting mechanisms are different in yeast to mammals.  

In mammals, studies have indicated that the hydrophobic region 2 (HR2) of Xbp1 

is critical for targeting Xbp1 mRNA to the ER membrane (Yanagitani et al., 2009; 

Yanagitani et al., 2011). Furthermore, although Xbp1 mRNA does not contain a 

canonical signal sequence, studies have indicated that Xbp1 mRNA targets to Sec61β in 

an SRP-dependent manner via SRP binding to the HR2 of Xbp1 (Kanda et al., 2016; 

Plumb et al., 2015). Additionally, the proximity of the IRE1α kinase/RNase and its 
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substrate Xbp1 is vital for efficient Xbp1 splicing. Studies have suggested that IRE1α 

interacts with translocon Sec61β via its C-terminal end of the luminal domain, amino 

acid 434 to 443 (Kanda et al., 2016; Plumb et al., 2015). Knockdown of SRP54 

diminishes Xbp1 mRNA targeting to Sec61β and Xbp1 splicing activity, and knockdown 

of SRα or Sec61β abolishes Xbp1 splicing activity (Kanda et al., 2016; Plumb et al., 

2015).  

Kohno’s group had identified that the C-terminal 26 amino acid of Xbp1u is 

essential for translation pausing at an unknown mechanism (Yanagitani et al., 2011). 

Interestingly, recent structural data indicated that the C-terminal 26 residues act as an 

arrest peptide (AP) in the ribosomal tunnel forming a unique turn distorts the PTC and 

induces the translational stalling of Xbp1u mRNA (Shanmuganathan et al., 2019). With 

the advancement of ribosome profiling, the ribosome stalling of Xbp1 mRNA can be 

monitored in vivo in mouse embryonic stem cells (Ingolia et al., 2011). When translation 

stalled at the 3’ end of mRNA, Dom34 and Hbs1 senses the aberrant mRNA and initiates 

no-go decay (NGD). Emerging studies have demonstrated that deletion of Dom34 or 

Hbs1 in S. cerevisiae (Guydosh and Green, 2014) and deletion of both Pelo and Ski 

complex in C. elegans (Arribere and Fire, 2018) enhance Xbp1 ribosome stalling, 

suggesting that the clearance of Xbp1u stalling transcripts is mediated via NGD by 

Dom34 and Hbs1.  The translation pausing mechanism of Xbp1 mRNA has begun to 

uncover, however, how Xbp1u mRNA releases from the pausing complex in the absence 

of ER stress and how Xbp1s mRNA reinitiates translation and release in the presence of 

ER stress remain obscure.  
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Regulated IRE1-dependent decay of mRNA (RIDD) 

Besides performing HAC1/Xbp1 mRNA splicing, IRE1 also engages in regulated 

IRE1-dependent decay of mRNA (RIDD) to alleviate ER stress (Maurel et al., 2014). 

Interestingly, a biochemical analysis indicated that Hac1/Xbp1 mRNA splicing is carried 

out by IRE1 oligomer, while RIDD is performed by IRE1 dimer (Tam et al., 2014). 

RIDD, which is first discovered in Drosophila, preferentially degrades ER-localized 

mRNAs that cleaved the Xbp1-like consensus site (Hollien and Weissman, 2006). 

Emerging studies indicated that RIDD also is observed in mammals (Han et al., 2009; 

Hollien and Weissman, 2006), S. pombe (Guydosh et al., 2017; Kimmig et al., 2012) 

(Nicholas R Guydosh 2017), and Arabidopsis (Mishiba et al., 2013). Studies further 

suggested that RIDD may be a sequence-specific event, recognizing substrates bearing 

5’-CUGCAG-3’ in mammal (Oikawa et al., 2010) or 5’-UGCU-3’ in S. pombe (Kimmig 

et al., 2012). However, these putative substrates have yet to be validated in vivo. Studies 

indicated that RIDD induces cell death when ER stress is irremediable (Han et al., 2009; 

Tam et al., 2014). Yet, how RIDD distinguishes basal and pro-death signals remains 

undefined.  

Mechanisms of IRE1 regulation 

IRE1 is a master regulator in cell fate decisions upon ER stress. IRE1 activates 

Xbp1 splicing for pro-survival response and initiates RIDD for pro-apoptotic response. 

This section discusses other modulatory mechanisms of IRE1 activity, including IRE1 

stability, attenuation, and adaptor proteins regulating downstream responses in cell fate 
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determination.  

IRE1 stability and attenuation 

A study indicated that the Hsp90 chaperone stabilizes IRE1 protein by interaction 

with the IRE1 cytosolic domain, and the Hsp90-IRE1 interaction is stable in the absence 

and presence of the ER stress (Marcu et al., 2002). IRE1 activity can also modulate 

through IRE1 attenuation by two mechanisms. From the ER luminal side, the BiP co-

chaperone ERdj4 acts as an IRE1 repressor associated with IRE1 LD recruiting BiP and 

abolishes IRE1 dimers (Amin-Wetzel et al., 2017). Knockout of ERdj4 increases IRE1 

phosphorylation. Expression of H54Q ERdj4 mutant, which abolishes its interaction with 

its Hsp70, did not counteract the IRE1 activity in ERdj4 knockout cells, and biochemical 

assay indicated that the ERdj4 mutant disturbs the complex formation between IRE1 and 

BiP.  From the cytosolic side, PERK attenuates IRE1 via RNA polymerase II-associated 

protein 2 (RPAP2). Knockdown of phosphatase RPAP2 enhances IRE1 phosphorylation 

upon ER stress induced by brefeldin A, and overexpression of RPAP2 inhibits IRE1 

phosphorylation in PERK knockdown cells, indicating that RPAP2 acts downstream of 

PERK (Chang et al., 2018). The detailed mechanisms of IRE1 attenuation begin to 

unfold. 

IRE1 interactome  

The kinase domain of IRE1 recruits adaptor proteins to modulate downstream 

responses. In the presence of ER stress, IRE1 recruits the TNF receptor-associated factor 
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2 (TRAF2) (Urano et al., 2000) mediating activation of the apoptosis signal-regulating 

kinase (ASK1) (Nishitoh et al., 2002) and the c-Jun N-terminal kinase (JNK) inducing 

programmed cell death as well as the nuclear transcription factor-kB (NF-kB) (Kaneko et 

al., 2003) inducing stress responsive prosurvival genes. Additionally, IRE1 also recruits 

the proapoptotic BCL-2 family members BAX and BAK upon ER stress (Hetz et al., 

2006). The complex formation of IRE1 with BAX/BAK couples the core apoptotic 

pathway to UPR. A study also has indicated that the Hsp72 chaperone interacts with the 

IRE1 cytosolic domain, and Hsp72’s ATPase domain is crucial for IRE1 interaction 

(Gupta et al., 2010). Overexpression of Hsp72 prevents ER Stress-induced apoptosis by 

increasing Xbp1 splicing. Studies also indicated that protein-tyrosine phosphatase 1B 

(PTP-1B) potentiates IRE1 activity (Delibegovic et al., 2009; Gu et al., 2004). However, 

the physical interaction between PTP-1B and IRE1 remains unknown. Notably, the 

majority of the regulatory proteins increase IRE1 activity, while Bax inhibitor-1 (BI-1) 

serves as a negative regular of IRE1 nuclease activity by forming a stable IRE1-BAX 

complex (Lisbona et al., 2009). The essential role of IRE1 in cell fate determination upon 

irremediable ER stress makes it an attractive therapeutic target.  
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Chapter III 

A Central Role for the Ribosome-Associated Complex in Modulating 

Activation of the IRE1 Branch of UPR 

Abstract 

The ubiquitous and highly conserved ribosome-associated complex (RAC) spans 

the ribosome, contacting the ribosome near the polypeptide exit tunnel and the decoding 

center, putting it in position to coordinate co-translational protein folding and translation. 

Knockout of RAC results in growth defects and sensitization to aminoglycoside stress in 

both yeast and mammals and to cold and osmotic stresses in yeast. The relationship of 

RAC’s position on the ribosome to its role in responding to certain stresses remains 

obscure. Data presented here uncover an essential function of mammalian RAC in the 

endoplasmic reticulum (ER) stress, coupling the inositol-requiring protein 1α (IRE1α) 

branch of the unfolded protein response (UPR) to translation. Knockdown of RAC 

sensitizes mammalian cells to ER stress by selectively interfering with IRE1α clustering 

in a translation-dependent manner. Higher-order oligomerization of IRE1α 

kinase/endoribonuclease, as required for IRE1α mediated Xbp1 mRNA splicing activity, 

depends upon RAC, as does accurate ribosome stalling of Xbp1 mRNA. The loss of RAC 

is counteracted by reduction of Pelo, a factor that rescues stalled ribosomes. These results 

reveal a previously unappreciated surveillance function of RAC serving as a stress 
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responsive regulator on the ribosomes: modulating IRE1α clustering and the fitness of 

Xbp1 mRNA splicing in coordination with translation.  

Introduction 

Within the protein-dense interior of the cell, molecular chaperones maintain 

protein homeostasis by facilitating post-translational folding and degradation under a 

wide range of environmental stresses (Balchin et al., 2016; Bukau et al., 2006; Hartl and 

Hayer-Hartl, 2009; Rosenzweig et al., 2019). Ribosome-associated chaperones, in 

addition to their probable roles in co-translational folding and degradation of nascent 

chains, occupy a position that enables them to preemptively influence the production of 

the protein (Deuerling et al., 2019; Kramer et al., 2009; Pechmann et al., 2013; Preissler 

and Deuerling, 2012; Zhang et al., 2017).  As such, these complexes are at the forefront 

of quality control and homeostatic mechanisms. By contrast to post-translational 

chaperone mechanisms, chaperone actions on the ribosome remain less well understood.  

Elucidation of the details of ribosome-associated chaperone activity should offer insight 

into the known involvement of these systems in cancer, neurodegenerative disorders and 

other human diseases (Hipp et al., 2014; Pechmann et al., 2013; Valastyan and Lindquist, 

2014a). 

Eukaryotes express two classes of co-translational ribosome-associated 

chaperones; the nascent polypeptide-associated complex (NAC), and the ribosome-

associated complex (RAC). Both NAC and RAC are ubiquitous, highly conserved, and 

directly bind to ribosomes near the polypeptide exit tunnel (PTE) with a 1:1 
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stoichiometry (Pech et al., 2010; Peisker et al., 2008; Wegrzyn et al., 2006; Yan et al., 

1998). NAC, which consists of α-NAC and β-NAC subunits (Beatrix et al., 2000; Spreter 

et al., 2005), contacts the 60S ribosomal subunit at uL23 and eL31 near the PTE (Pech et 

al., 2010; Wegrzyn et al., 2006). Deletion of NAC results in embryonic lethality and 

growth defects in C. elegans, Drosophila, mice, and human cells (Bloss et al., 2003; Deng 

and Behringer, 1995; Markesich et al., 2000). Moreover, the transient reduction of NAC 

leads to activation of protein folding stress in the endoplasmic reticulum (ER) and 

mitochondria (del Alamo et al., 2011; Gamerdinger et al., 2015; Hotokezaka et al., 2009), 

suggesting NAC interacts broadly with nascent secretory and mitochondrial polypeptides 

to influence their folding. Biochemical and structural studies have suggested that NAC 

and the signal recognition particle (SRP), which recognizes the hydrophobic signal 

sequence of the newly polypeptides, share the uL23 universal docking site on the 

ribosome (Beckmann et al., 2001; Pool et al., 2002; Wegrzyn et al., 2006). Their 

overlapping position on the ribosome demands that NAC modulate the activity of SRP 

(Gamerdinger et al., 2015). NAC blocks initial SRP binding, impedes SRP-independent 

mRNA-ribosome-nascent chain (R-RNC) complex targeting to translocon, and prevents 

mitochondrial proteins mistargeting to the ER in C. elegans (Gamerdinger et al., 2015).  

Mammalian RAC is a heterodimer composed of the non-canonical heat-shock 

protein 70 (Hsp70) homolog Hsp70L1 and its Hsp40 partner Mpp11 (Hundley et al., 

2005; Jaiswal et al., 2011; Otto et al., 2005) (Ssz1 and Zuo1 in yeast) (Gautschi et al., 

2001; Gautschi et al., 2002). Although Ssz1/Hsp70L1 lack the C-terminus domain of a 

canonical Hsp70, they retain the nucleotide-binding domain (NBD) that binds and 
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hydrolyzes ATP as well as the substrate-binding domain (SBD) that binds neutral and 

hydrophobic amino acids (Kampinga and Craig, 2010). Recent cross-linking data 

indicates Ssz1 can directly interact with nascent polypeptides prior to Hsp70 chaperone 

Ssb1 contacts, consistent with the idea that Ssz1 is an active chaperone for co-

translational folding (Zhang et al., 2020) 

RACs are highly conserved yet have evolved functional diversity from yeast to 

higher eukaryotes. In yeast, RAC (Ssz1 and Zuo1) and its supporting Hsp70 chaperone 

Ssb1 are both tethered to the ribosomes forming a functional chaperone triad (Gautschi et 

al., 2001; Gautschi et al., 2002), while mammalian RAC is directly anchored to the 

ribosomes and recruits the cytosolic Hsp70 near the exit tunnel in a non-ribosome 

associated manner. The stoichiometric difference between yeast and mammals implies 

additional regulation for mammalian RAC. In yeast, RAC stimulates the ATP hydrolysis 

of Ssb (Huang et al., 2005); in human, Mpp11 alone is efficient to stimulate moderate 

ATP hydrolysis of Hsp70, but requires the ATP binding of Hsp70L1 for fully ATPase 

activity of RAC (Jaiswal et al., 2011). These data indicated that RAC has evolved diverse 

strategies to assist protein folding mediated by cytosolic Hsp70 chaperones in higher 

eukaryotes.  

RAC, which associates with the ribosome near the PTE via its J domain partner 

Zuo1/Mpp11, spans the 60S and 40S ribosomal subunits (Peisker et al., 2008; Yan et al., 

1998). Cross-linking and cryo-EM data indicates that Zuo1 interacts with eL31, close to 

the PTE, as well as eL22 and H24/H59 of 28S rRNA on the 60S subunit.  On the 40S 

subunit, Zuo1 interacts with ES12 of H44 of 18S rRNA, which originated from the 



 
 

 47 

ribosome A-site base of the decoding center (Lee et al., 2016; Leidig et al., 2013; Zhang 

et al., 2014). Interestingly, a study suggests that Ssb slows down translation rate for 

efficient co-translation folding (Willmund et al., 2013). These structural characteristics 

fortify the emerging roles of RAC in coordinating not only direct de novo protein folding 

(Gautschi et al., 2001; Hundley et al., 2002; Pfund et al., 2001), but also translational 

activity of the ribosome (Nelson et al., 1992), including modulation of translation stop 

codon read-through (Lee et al., 2016; Rakwalska and Rospert, 2004), -1 programmed 

ribosomal frameshifting (Muldoon-Jacobs and Dinman, 2006) as well as ribosome 

stalling and premature translation termination at C-terminus poly-AAG/A sequences 

(Gribling-Burrer et al., 2019), by currently unknown mechanisms. 

Reduction of RAC is known to cause growth defects and sensitivity to 

aminoglycoside stress in both yeast and mammalian cells as well as to cold and osmotic 

stress in yeast (Gautschi et al., 2002; Hundley et al., 2005; Nelson et al., 1992; Yan et al., 

1998). Yet, the mechanistic role of RAC in these stress responses remains obscure.  

Furthermore, there is a dearth of information regarding the physiological co-translational 

substrates of mammalian RAC. The homology of mammalian RAC to canonical Hsp70 

chaperones and its presumed localization on cytosolic ribosomes led to the hypothesis 

that RAC supports co-translational folding of nascent cytosolic polypeptides (Otto et al., 

2005). Here, we find that RAC is also on ER associated ribosomes and that reduction in 

its expression does not active the cytosolic heat shock response (HSR), but rather plays a 

central role, via modulation of translation, in activation of the IRE1α branch of the 

unfolded protein response (UPR). 
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Results 

Acute reduction of RAC selectively sensitizes cells to ER stress by attenuation of the 

IRE1α arm of the UPR 

The hypothesis that RAC supports co-translational folding of nascent cytosolic 

polypeptides predicts that a reduction in RAC should lead to an accumulation of 

incompletely folded cytosolic proteins and, thus, activation of the cytosolic heat shock 

response (HSR).  To test this prediction, we reduced levels of RAC by transient 

transfection of small interfering RNA (siRNA) pools against Hsp70L1, a RAC 

component, for 48 hr in HeLa cells and monitored the cytosolic HSR.  As previously 

observed in yeast (Gautschi et al., 2001), reduction in Hsp70L1 led to a loss of its partner 

Mpp11 in HeLa cells (Figure 9A), which presumably requires the formation of the 

complex for stability.  However, Hsp70L1 knockdown neither led to global protein 

aggregation (Appendix 2) nor sensitized cells to heat shock induced loss of viability by 

celastrol, which induces HSR by activating heat shock factor 1 (HSF1) (Westerheide et 

al., 2004) (Figure 9B). Moreover, no measurable activation of the cytosolic HSR was 

observed after reduction of RAC by monitoring either phosphorylation of HSF1 (Figure 

9C, top) or Hsp70 mRNA levels (Figure 9C, bottom).   

We also monitored the unfolded protein response (UPR) in the endoplasmic 

reticulum (ER), another stress pathway known to be activated by the accumulation of 

misfolded proteins in the ER. By contrast to the cytosolic HSR (Figure 9B), reduction in 

Hsp70L1 expression sensitized cells to treatment with an ER stress induced by 

thapsigargin (Figure 9D) or DTT (data not shown), which induce ER stress by  
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Figure 9-1. Cells sensitivity to the unfolded protein response (UPR) after RAC 
knockdown 

Effects of Hsp70L1 knockdown on the molecular correlates of the cytosolic heat shock 

stress response and IRE1α branch of the UPR in the ER. Cytosolic or ER stress was 

induced in HeLa cells by treatment with celastrol, which induces heat shock response 

(HSR) by activating heat shock transcription factor 1 (HSF1) or thapsigargin, which 

induces ER stress by inhibiting the sarco-endoplasmic reticulum Ca2+ ATPase (SERCA), 

respectively.  (A) (left) Representative western blot and (right) quantification analysis by 

LI-COR of RAC components in HeLa whole cell lysates after transiently transfection of 

siRNA against either control, Mpp11 or Hsp70L1 for 48 hr.  The protein expression 

levels were normalized to loading control, GAPDH, and si-control was set as 100%. !,  

non-specific band.  
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Figure 9-2. Cells sensitivity to the UPR after RAC knockdown (continued)  
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Figure 9-3. Cells sensitivity to the UPR after RAC knockdown (continued) 
Cell viability analysis by MTS assay in HeLa cells pretreated with siRNA against either 

control (black diamond) or Hsp70L1 (red circle) for 48 hr followed by 24 hr treatment of 

DMSO negative control, celastrol (0.1, 1, 5, 10, 25 µM) (B) or Thapsigargin (0.05, 0.1, 1, 

5, 50 µM) (D) (top) Cell viability (%) was normalized to DMSO control of si-control 

cells. (bottom) Representative microscopic images of cell viability (C) (top) 

Representative phos-tag gel analysis of HSF1 phosphorylation and (bottom) qRT-PCR of 

Hsp70 mRNA fold change in HeLa cells pretreated with either control (white bar) or 

Hsp70L1 (red bar) siRNA for 48 hr followed by 3 hr challenge with celastrol (2.5 µM). 

mRNA expression level was normalized to internal control, HPRT, relative to si-control 

and shown as fold change (2-ΔΔCT). Three branches of the UPR activation were examined 

in HeLa cells pretreated with either vehicle control or Hsp70L1 siRNA for 48 hr followed 

by 4 hr challenge with thapsigargin (0.5 µM). (E) IRE1α branch activity was shown by 

representative Xbp1 mRNA splicing assay using (top) RT-PCR and (bottom) qRT-PCR. 

Relative Xbp1 splicing efficacy (%) was calculated as [(spliced Xbp1/unspliced Xbp1) 

normalized to thapsigargin 4 hr of vehicle si-control] X 100%. n=3, ***p<0.001, 

****p<0.0001. For PERK and ATF6 branch activity, see Figure S1A, S1B. (F) Dose-

response curve of Xbp1 mRNA splicing efficiency (%) for individual siRNA against 

different targeting sequences of Hsp70L1. Hsp70L1 protein levels were determined by 

LI-COR of SDS-PAGE. Black circle as si-c, purple, navy, green, orange, and red as si-

Hsp70L1-1, 2, 3, 4, and pools, respectively.  n=5. Error bars, mean ± SD. 
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respectively inhibiting the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) or 

changing the luminal redox potential. Like the cytosolic HSR, the basal UPR pathway, as 

monitored by Xbp1 mRNA splicing, was not activated by a simple reduction in RAC 

(Figure 9E).   However, contrary to the prediction of a role in promoting folding of 

nascent polypeptides, reduction in RAC inhibited activation of UPR after induction of a 

UPR response (Figure 9E). 

To better understand the generality of sensitization of cells to thapsigargin (0.5 

µM) induced ER stress after Hsp70L1 and Mpp11 reduction, we monitored the activation 

of each of the three known arms of the UPR: the inositol-requiring enzyme 1α (IRE1α) 

branch, the PRKR-like ER kinase (PERK) branch, and the activating transcription factor 

6α (ATF6) branch. Rather than sensitizing all three arms as predicted for a generic role in 

ER co-translational folding, Hsp70L1 reduction selectively attenuated the activation of 

the IRE1α branch as reflected in a reduced ability to splice Xbp1 mRNA as required for 

activation of transcription of many UPR responsive genes (Figure 9E) upon ER stress. 

This effect exhibited a clear dose-dependence with the amount of Hsp70L1 protein 

remaining introduced by siRNAs against different Hsp70L1 target sequences (Figure 9F).  

Altered RAC levels had no significant effect on the PERK (Figure S1A) or the ATF6 

(Figure S1B) branches of the UPR, either before or after activation of an ER stress 

response by thapsigargin for 4 hr. 

Xbp1 mRNA splicing is a non-canonical spliceosome-independent splicing event 

(Cox and Walter, 1996; Mori et al., 1993), which takes place on the ER membrane 

(Yanagitani et al., 2009). There are three steps required for Xbp1 mRNA splicing: First, 
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translation of uXbp1 mRNA is initiated and paused (Yanagitani et al., 2009; Yanagitani 

et al., 2011). Next, the stalled uXbp1 mRNA-ribosome-nascent chain (R-RNC) complex 

is targeted to the ER membrane via its hydrophobic region 2 (HR2) (Yanagitani et al., 

2009). Then, upon ER stress, IRE1α is activated by sequential steps of dimerization (Liu 

et al., 2000; Tirasophon et al., 1998), trans-autophosphorylation (Mori et al., 1993; 

Shamu and Walter, 1996; Zhou et al., 2006) and further high-order oligomerization 

(Korennykh et al., 2009; Lee et al., 2008) to enable active IRE1α endoribonuclease 

activity excising the cryptic Xbp1 intron (Calfon et al., 2002; Yoshida et al., 2001). Once 

the 26 nt intron is removed, the 5’ and 3’ fragments are rejoined by RtcB tRNA ligase 

(Jurkin et al., 2014; Kosmaczewski et al., 2014; Lu et al., 2014). The properly spliced 

Xbp1 mRNA is then translation terminated and released to the cytosol producing a stress 

responsive transcriptional factors sXbp1 (Cox and Walter, 1996). Understanding of the 

details of uXbp1 mRNA ribosome stalling effect remains incomplete. Since Xbp1 lacks a 

canonical signal sequence, novel mechanisms of targeting the stalled uXbp1 mRNA-

ribosome-nascent chain (R-RNC) complex to the ER membrane are also thought to be 

employed (Kanda et al., 2016; Plumb et al., 2015; Yanagitani et al., 2011). 

The position of RAC on the ribosome (Figure 10A), contacting both the 60S 

ribosomal subunit near the polypeptide exit tunnel and the 40S at the decoding center, 

puts it in position to potentially coordinate co-translational regulation of Xbp1 mRNA 

splicing. This arrangement provided a structural basis for formulating hypotheses to 

explain the unexpected selective inhibition of Xbp1 mRNA splicing in RAC knockdown 

cells. Three hypothetical mechanisms for RAC regulation of Xbp1 mRNA splicing were  
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Figure 10-1. Membrane targeting effect of RAC-associated uXbp1 mRNA in RAC 

knockdown 

Probable mechanisms of RAC regulation on Xbp1 mRNA splicing. (A) Cryo-EM density 

map of RAC with the 80S ribosome in S. cerevisiae by Chimera (EMD: 6103). RAC 

contacts both the 40S and 60S ribosomal subunits. RAC, red. 40S, grey. 60S, lavender.  

*, PTE, polypeptide tunnel exit. (B) The mechanism of Xbp1 splicing. In basal condition, 

the IRE1α kinase-endonuclease, E, maintaining at inactive state. IRE1’s substrate uXbp1, 

S, which the ribosome stalled to ensure efficient membrane targeting (fitness), is 

translocated from cytosol to the translocon on the ER near IRE1 (ES). Upon ER stress, 

IRE1α phosphorylated, oligomerized and spliced out the intron of uXbp1, releasing its 

product sXbp1, P. IRE1α attenuated during stress recovery. RAC may modulate Xbp1 

splicing through any process above. 
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posed: through modulating substrate (uXbp1 mRNA) localization to the nuclease 

(IRE1α) on the ER prior to stress, through direct activation of the nuclease (IRE1α 

phosphorylation, endoribonuclease activity and high-order oligomerization) upon ER 

stress, and/or through effects on substrate presentation or fitness (correct stalling) of the 

ribosome-associated mRNA substrate (Figure 10B). 

RAC is not required for uXbp1 mRNA targeting to the ER membrane 

Since Xbp1 mRNA splicing occurs on the ER membrane (Yanagitani et al., 

2009), we predicted that RAC localizes to ER ribosomes in addition to its known 

localization in the cytosol (Otto et al., 2005). To further analyze the subcellular 

localization of RAC in response to ER stress, we performed cell fractionation 

experiments by differential detergent method (Jagannathan et al., 2011) after challenge 

with 4 hr of thapsigargin (0.5 µM) or DMSO negative control (Figure 10C) in HeLa cells. 

Mpp11 and Hsp70L1 are both enriched in the ER fraction under basal conditions, in 

agreement with the immunostaining of Mpp11 (Appendix 4), and concurrent with 

ribosome distribution of 60% in the ER fractionation and 40% in the cytosol giving a 

membrane localization ratio (ER to cytosol) of nearly 1.6. These results suggest that RAC 

generally associates with most ribosomes. After ER stress, both Mpp11 and ribosomes 

are released from the ER to the cytosol with an attendant lower membrane localization 

ratio (ER to cytosol ratio) of less than 1. The altered cellular localization of Mpp11 and 

ribosomes in response to ER stress may be due to cells reducing global translation or 

regulated IRE1-dependent decay of mRNA (RIDD) as well as release of stalled Xbp1  
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Figure 10-2. Membrane targeting effect of RAC-associated uXbp1 mRNA in RAC 
knockdown (continued) 

(C) Subcellular fractionation of HeLa cells was harvested after 4 hr of DMSO control 

(blue bar) or thapsigargin (0.5 µM) (green bar) treatment by sequential detergent 

extraction method. 20% of total lysate was loaded, cytosol (Cyto) and ER membrane-

bound fraction were collected and loaded equal amount in each lane. Quantification of 

western blot analysis (left) by LI-COR was shown as membrane localization value 

(ER/Cyto). Representative western blot images of subcellular fractionation (right). Rpl10 

was used as a ribosome marker, BiP as ER lumen marker, Calnexin as ER membrane 

marker, and GAPDH as cytosol marker. n=3, *p<0.05, **p<0.01. Error bars, mean ± SD.   
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Figure 10-3. Membrane targeting effect of RAC-associated uXbp1 mRNA in RAC 

knockdown (continued) 
(D) RNA immunoprecipitation was performed in HeLa cells immunoprecipitated with 

antibody against IgG control of Mpp11 and the coprecipitated RNA was analysis by 

qRT-PCR. (left) Representative western blot of bound and unbound fraction of IP. 1% 

total lysate as input.  (right) uXbp1 mRNA was shown as Ct value. n=3, **, p<0.01. 

Error bars, mean ± SD. (E) Subcellular fractionation of RNA by the differential detergent 

method in HeLa cells pretreated with either vehicle control (white) or Mpp11 (blue) 

siRNA for 48 hr. RNA was analyzed by qRT-PCR, samples were compared to vehicle si-

control and calculated as 2-ΔCT and uXbp1 mRNA localization was shown as ER/cytosol. 

n=2. Error bars, mean ± SEM.   
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R-RNC. Interestingly, by contrast to the relocalization of Mpp11 with ribosome to the 

cytosol, Hsp70L1 remains on the ER after ER stress, suggesting that Hsp70L1 could be 

playing an additional role in modulating the UPR on the ER membrane.  

To dissect the mechanism of how RAC regulates Xbp1 mRNA splicing, we first 

monitored whether RAC is on the uXbp mRNA-ribosome-nascent chain complex by 

RNA co-immunoprecipitation in HeLa cells. Cells were immunoprecipitated with 

antibody against either Mpp11 or IgG, and the coprecipitated RNA was analyzed by 

qRT-PCR. Both Hsp70L1 and the ribosome were pulled down by Mpp11 (Figure 10D, 

left), consistent with intactness of the RAC-associated ribosome complex. Additionally, 

SRP54, a component of the signal-recognition-particle (SRP) targeting secretory proteins 

to the ER, was not detected in the Mpp11 pull-down. This finding is to be expected 

considering that structural analysis indicates that SRP54 and RAC sterically clash while 

concomitantly modeling onto the ribosome, suggesting SRP54 and RAC may not bind 

concurrently to the same ribosome (Zhang et al., 2014).  The results indicate that RAC 

and uXbp1 mRNA are in the same macromolecular complex as reflected in uXbp1 

mRNA enrichment in the Mpp11 pull-down fraction (Figure 10D, right) as compared to 

IgG control.  

Further, to directly test whether RAC regulates membrane targeting of uXbp1 

mRNA, subcellular fractionation of uXbp1 mRNA (Figure 10E) from HeLa cells 

pretreated with either vehicle control (white) or Mpp11 (blue) siRNA for 48 hr was 

performed. The localization of uXbp1 does not change in Mpp11 knockdown HeLa cells, 

suggesting that RAC does not regulate membrane targeting of uXbp1 mRNA. Consistent 
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with this finding, recent studies demonstrate that although Xbp1 does not contain a 

canonical signal sequence, SRP54 targets uXbp1 mRNA to SR receptor on the ER 

membrane by binding to its hydrophobic region 2 (HR2) (Kanda et al., 2016; Plumb et 

al., 2015). 

Reduction of RAC inhibits IRE1α kinase, endoribonuclease activity and high-order 

oligomerization 

To determine whether RAC regulates Xbp1 mRNA splicing by modulating 

IRE1α activity, we monitored the IRE1α kinase activity by detecting IRE1α 

phosphorylation using phos-tag gel (Figure 11A) and IRE1α clustering (Figure 11B) 

utilizing an IRE1-GFP cassette driven by a tetracycyline-inducible CMV promoter in a 

stable T-REx293 cell line (Li et al., 2010). Notably, acute reduction of RAC inhibited 

nearly 50% of IRE1α hyperphosphorylation activity compared to vehicle control after 

challenge with thapsigargin (0.5 µM) for 4 hr. In HEK293 cells, challenged with 

thapsigargin (0.5 µM), IRE1α formed multiple visible foci at 1 hr, which condensed to 

large foci at 4 hr (Figure 11B, 11C, 11D) and subsequently dissolved by 8 hr, consistent 

with prior reports (Tam et al., 2014). Reduction of RAC inhibited IRE1α foci formation 

(Figure 11B, 11C, 11D, S2A, S2B) as early as 1h, concurrent with reduced Xbp1 splicing 

activity (Figure 11E, S2C). Recent biochemical data indicates that IRE1 oligomerization 

is required for Xbp1 mRNA splicing, while IRE1 dimer formation is required for RIDD 

activity due to different substrate-binding interfaces in each multimer (Tam et al., 2014). 

Interestingly, reduction of RAC only mildly affects RIDD activity, as shown by relative  
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Figure 11-1. Selective inhibition effect on IRE1α activity in RAC knockdown cells 
(A) (left) Representative western blot images of IRE1α kinase activity measured by phos-

tag gel.  HeLa cells were pretreated with either vehicle control (black diamond) or 

Hsp70L1 (red circle) siRNA for 48 hr and challenge with thapsigargin (0.5 µM) for 0, 1 

or 4 hr. Hsp70 was used as loading control. (right) p-IRE1 (%) was shown as 

phosphorylated IRE1/total IRE1. n=3, **p<0.01. 
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Figure 11-2. Selective inhibition effect on IRE1α activity in RAC knockdown cells 

(continued) 
(B) Representative fluorescent images of IRE1α clustering using T-REx293 IRE1-GFP 

cell line pretreated with either vehicle control (black diamond) or Hsp70L1 (red circle) 

siRNA for 48 hr followed by doxycycline (50 ng/µl) induction of IRE1α for 24 hr 

challenge with thapsigargin for 0, 1 or 4 hr. IRE1α, green. Hoechst, blue. Scale bar, 10 

µm. Quantification of (C) IRE1 foci numbers and (D) foci area size by ImageJ. Results 

shown are representative of two independent replicates. See Figure S2 for biological 

replicates. Each dot represents one field, 20 fields were analyzed, an average of 60 cells 

was analyzed per condition. The mean was presented. 
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Figure 11-3. Selective inhibition effect on IRE1α activity in RAC knockdown cells 

(continued) 
(E) Xbp1 mRNA splicing efficiency (%) was monitored using qRT-PCR and (F) RIDD 

activity was monitored by mRNA fold change of Scavenger receptor class A member 3 

(Scara3) over 16 hr thapsigargin time course in RAC knockdown HeLa cells. n=3, 

*p<0.05, **p<0.01, ****p<0.0001. Error bars, mean ± SD. 
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mRNA levels of Scavenger receptor class A member 3 (Scara3) (Figure 11F, S2D) and 

Biogenesis of lysosome-related organelles complex-1 subunit 1 (Bloc1) (Figure S2E, 

S2F) as determined by qRT-PCR. These results demonstrate that reduction of RAC 

selectively inhibits IRE1α high-order oligomerization leading to inhibition of Xbp1 

mRNA splicing. 

Reduction of RAC increases uXbp1 ribosome stalling  

Recent studies have demonstrated that specific ribosome pausing of the Xbp1 

mRNA is crucial for efficient Xbp1 mRNA splicing (Yanagitani et al., 2011). Although it 

is known that the C-terminal 26 residues region of uXbp1 are essential for translation 

pausing, the detailed mechanism remains unknown (Yanagitani et al., 2011). To test 

whether RAC contributes to translation stalling of Xbp1, we engineered N-terminal 

FLAG tagged uXbp1 and sXbp1 mRNA (Figure 12A) to monitor stalled translational 

intermediates and full-length product using NuPAGE Bis-Tris gel, under conditions that 

preserves the peptidyl-tRNA ester bond Xbp1, detected by α-FLAG antibody. In vitro 

translation was performed in a mammalian cell-free lysate (Figure 12B) pretreated with 

either vehicle control or Hsp70L1 siRNA for 48 hr. Stalling intermediates of uXbp1 

migrate around 47 kDa, confirmed by RNase A digestion, while full-length product is 

around 27 kDa (Figure 12C), as previously observed in rabbit reticulocyte lysate cell-free 

system (Yanagitani et al., 2011). The hypothesis predicts that the reduction of Xbp1 

splicing activity is due to abnormal ribosome stalling of uXbp1 upon loss of RAC. 

Interestingly, reduction of RAC enhanced both stalled and full-length products of uXbp1  
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Figure 12-1. Enhancement of Xbp1 ribosome stalling and translation rate of RAC 
knockdown by in vitro cell-free translation 
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Figure 12-2. Enhancement of Xbp1 ribosome stalling and translation rate of RAC 

knockdown by in vitro cell-free translation (continued) 
(A) Scheme of uXbp1 and sXbp1 mRNA template. Both mRNAs were engineered to 

carry an N-terminal FLAG.  White box, the shared domain of both uXbp1 and sXbp1. 

Blue box, the region of the spliced intron. Green and magenta box, the distinct segment 

of uXbp1, sXbp1, respectively. (B) Representative western blot images of in vitro 

translation lysate. HEK293T cells were harvested after either vehicle control (black) or 

Hsp70L1 (red) siRNA treatment for 48 hr. In vitro translation assay of (C) uXbp1 and 

(D) sXbp1 mRNA in HEK293T cell free lysate separated by (left) NuPAGE Bis-Tris gel 

and (right) quantified using LI-COR. RNase A was supplemented to confirm the stalling 

intermediate by breaking the peptidyl-tRNA ester bond.  ", uXbp1 stalling 

intermediates. !, non-specific band. #, uXbp1 full-length product. $, sXbp1 full-length 

product. n=2. See S3 for biological replicates. (E) Pulse labeling of nascent proteins with 

Click-IT AHA (L-Azidohomoalanine), a methionine analog, for 5 hr in knockdown 

Mpp11 HeLa cells and analyzed by LI-COR of SDS-PAGE.  
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and sXbp1 mRNA (Figure 12C, 12D, S3A, S3B), but not the non-mammalian proteins 

GFP (Figure S3C) or Luciferase (Figure S3D) in the in vitro cell-free system.  Notably, a 

recent study indicated that cells lack of RAC results in ribosome stalling and premature 

translation termination at C-terminus poly-AAG/A sequences (Gribling-Burrer et al., 

2019), together with our study, these results indicate that RAC may play a general role in 

modulating ribosome pausing. Additionally, significantly more de novo translated 

proteins were observed in knockdown Mpp11 cells monitored by pulse labeling with 

Click-it AHA, a non-radioactive methionine analog L-Azidohomoalanine. This result is 

consistent with the enhancement of Xbp1 translation rate in knockdown RAC 

mammalian cell-free assay.   

Reduction of Pelo counters the inhibition of uXbp1 ribosome stalling, Xbp1 mRNA 

splicing and IRE1α clustering in RAC knockdown during ER stress 

Co-translational mRNA quality control systems recognize ribosome stalling to 

prevent aberrant product production and protect ribosomes for critical activates. In 

eukaryotes, when a ribosome stalls at the 3’ end of mRNA or endonucleolytic cleavage 

occurs, Pelo and Hbs1 in mammals (Dom34 and Hbs1 in yeast) trigger ribosome subunit 

dissociation, mRNA degradation and ribosome recycling via the non-stop decay (NSD) 

or no-go decay (NGD) mRNA surveillances pathway (Pisareva et al., 2011; Shoemaker 

and Green, 2012; Tsuboi et al., 2012). Emerging studies have indicated that Dom34/Pelo 

recognizes ribosome stalled at the of Hac1/Xbp1 splice site in S. cerevisiae (Guydosh and 

Green, 2014; Guydosh et al., 2017) and C. elegans (Arribere and Fire, 2018). 
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To further understand the detailed mechanism by which RAC regulates Xbp1 

translation stalling, ribosome profiling was performed. Additionally, disturbance of the 

mRNA surveillance pathway by manipulating Pelo expression was assessed for the 

ability to rescue the RAC dependent ribosome stalling event. Knockdown of Pelo was 

predicted to rescue the inhibition effect in knockdown RAC cells. Under basal conditions 

(Figure 13A), Xbp1 translating ribosomes stalled at codon Asn261, the position in 

accordance with the structural analysis (Shanmuganathan et al., 2019). Upon ER stress, 

the ribosome density at this stalling position was diminished in vehicle control (Figure 

S4), indicating the release of ribosome stalling coordinated with splicing. Since IRE1α 

splices a 26-nucleotide intron from uXbp mRNA, this results in a frameshift that encodes 

sXbp1 protein with a unique C-terminus from uXbp1. To distinguish the signal of the 

uXbp1 transcripts from the sXbp1 transcripts, we utilized the different ribosome 3-nt 

periodicity signal between uXbp1 and sXbp1 (Figure 13B). As predicted, upon ER stress, 

ribosomes accumulated at the uXbp1 pausing site in knockdown RAC cells and the 

knockdown of Pelo counteracted this accumulation (Figure 13C). Notably, modest 

ribosomes accumulation at the uXbp1 stalling site also occurs in knockdown of Pelo 

cells, which may due to reduction of Pelo interference with Xbp1 release (Figure 13C). 

To monitor whether the observed inhibition of IRE1α activity resulted from the 

aberrant ribosome stalling in knockdown RAC cells, Xbp1 mRNA splicing and IRE1α 

high-order oligomerization were monitored in Pelo and RAC double knockdown cells. In 

HEK293 cells, knockdown of Pelo increased Xbp1 mRNA splicing (Figure 14A), 

consistent with the concept that Dom34/Pelo evolves in the mRNA surveillance pathway  
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Figure 13-1. Enhancement of Xbp1 ribosome stalling in RAC knockdown and 

counteract effect by Pelo knockdown in RAC knockdown under ER stress by 

ribosome profiling  
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Figure 13-2. Enhancement of Xbp1 ribosome stalling in RAC knockdown and 
counteract effect by Pelo knockdown in RAC knockdown under ER stress by 

ribosome profiling (continued) 
(A) Relative ribosome occupancy within the Xbp1 transcript from siRNA against vehicle 

control under basal condition, with footprint displayed the position of ribosome A-site. 

First dot line, start site of Xbp1. Second dot line, stop codon of Xbp1-u. Third dot line, 

stop codon of Xbp1-s. Grey box, the Xbp1 splicing region. Scale bar, 200 nt. (B) The 3-

nt periodicity of Xbp1 transcript from the 5’ region (from start codon to the splicing 

region, red), the middle region (from downstream splicing region to the stop codon of 

Xbp1-u, M, orange), and the 3’ region (from the stop codon of Xbp1-u to Xbp1-s, 

purple). (C) Relative ribosome occupancy within the Xbp1-u transcript from footprints 

mapped on the 1st-base of codons in the M-region of the transcript. Cells were harvested 

after pretreated with designated siRNA (vehicle control, black; Hsp70L1, red; Pelo, 

chartreuse; both Hsp70L1 and Pelo, orange) for 48 hr and challenge with thapsigargin 

(0.5 µM) for 4 hr. 
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of Hac1/Xbp1 in S. cerevisiae (Guydosh and Green, 2014; Guydosh et al., 2017) and C. 

elegans (Arribere and Fire, 2018). Knockdown of Pelo countered the inhibition effect of 

Xbp1 mRNA splicing in RAC knockdown HEK293 cells (Figure 14A), consistent with 

the ribosome profiling results. Finally, knockdown of Pelo partly rescued the inhibition 

effect of RAC knockdown on IRE1α clustering in HEK293 cells (Figure 14B, 14C, 

S5A). 

To examine whether the inhibition of IRE1α clustering in RAC knockdown is 

directly due to lack of fitness of its Xbp1 substrate, we knocked down Xbp1 mRNA and 

monitored IRE1α clustering. In the presence of ER stress, there were no significant 

differences in IRE1α clustering ability between vehicle control and knockdown Xbp1 

cells (Figure 14D, S5B), which is consistent with previous findings in yeast (Aragon et 

al., 2009), suggesting the presence of this substrate is not required for formation of the 

active IRE1α endonuclease complexes. However, knockdown of Xbp1 did activate 

IRE1α foci formation under basal conditions. Together, these data indicates that the 

activation of IRE1α clustering does not require Xbp1 mRNA, suggesting that inhibition 

of IRE1α foci formation in RAC knockdown is not due to a lack of fitness of the Xbp1 

substrate.  

RAC modulates IRE1α  clustering via translation 

Since we also observed that RAC reduces translation rate, we hypothesized that 

the inhibition of IRE1α clustering could result from the slowdown of the global 

translation rate. To test this hypothesis, we pretreated cells with the translation inhibitors, 
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harringtonine and cycloheximide, which inhibit translation initiation and elongation, 

respectively, and then challenged with thapsigargin (0.5 µM). Strikingly, IRE1α 

clustering was dramatically inhibited as early as 1 hr after ER stress in translation-

inhibited cells (Figure 14E), indicating that translation of substrates other than Xbp1 are 

required for IRE1α clustering. Together, these results suggest a model in which RAC 

plays an essential role as a stress-responsive regulator on the ribosome (Figure 15): RAC 

coordinates IRE1α activation, including IRE1α kinase activity, higher-order 

oligomerization and activation of the attendant endonuclease activity, as well as 

ribosomal translational activity, Xbp1-mediated ribosome stalling and substrate fitness.  
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Figure 14-1. Counteract effect of IRE1α  activity by Pelo knockdown in RAC 

knockdown under ER stress 
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Figure 14-2. Counteract effect of IRE1α  activity by Pelo knockdown in RAC 

knockdown under ER stress (continued) 

Cells were transiently transfected with siRNA against vehicle control, Hsp70L1, Pelo, or 

both Hsp70L1 and Pelo for 48 hr.  (A) Quantification of Xbp1 mRNA splicing efficiency 

of designated siRNA knockdown by qRT-PCR upon 4 hr of thapsigargin (0.5 µM) 

treatment in HeLa cells. n=3. Error bars, mean ± SD.  (B) Representative fluorescent 

images and (C, D, E) quantification of IRE1α foci number (top) and foci area size 

(bottom) by ImageJ in T-REx293 IRE1-GFP cell line after designated treatments. IRE1α, 

green. Hoechst, blue. (C) IRE1α foci were monitored after challenge with thapsigargin 

for 4 hr in the designated knockdown cells. Each group was compared to either vehicle 

control or Hsp70L1 siRNA. (D) IRE1α foci were examined through a time course of 0, 1, 

4 hr of thapsigargin treatment after pretreated with either vehicle control or Xbp1 siRNA 

for 48 hr. Each condition was compared to the same time course treatments.  (E) IRE1α 

foci were examined after cells pretreated with either control, harringtonine (2 µg/ml) or 

cycloheximide (100 µg/ml) for 20 min followed by 1, 4 hr of thapsigargin (0.5 µM) 

treatment. Each group was compared to untreated negative control in the same time 

course. Data shown of IRE1α foci are representative of two independent biological 

repeats. Each dot represents one field, 20 fields were analyzed, an average of 60 cells 

were analyzed per condition. The mean was presented. **p<0.01, ***p<0.001, 

****p<0.0001. Scale bar, 10 µm.  
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Figure 15. RAC is an ER stress-responsive regulator 

Proposed model for the mechanism of RAC in the UPR.  RAC is essential for cellular 

adaptation to the UPR by coupling the IRE1α activity, including its kinase, endonuclease 

(RNase), and high-order oligomerization activity, of the UPR with ribosomal activity, 

which reflects by Xbp1-mediated ribosome stalling as IRE1α’s substrate fitness, via 

translation. 
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Discussions 

RAC is an ubiquitous, highly-conserved complex directly anchored to the 

ribosomes near both the polypeptide exit tunnel and the decoding center. Initially, 

homology to canonical cytosolic Hsp70 chaperones led to the suggestion that RAC was 

involved in cytosolic cotranslational folding and response to cytosolic heat shock 

response (HSR). More recently, RAC’s involvement in translational activity has been 

reported (Gribling-Burrer et al., 2019; Lee et al., 2016; Muldoon-Jacobs and Dinman, 

2006; Nelson et al., 1992; Rakwalska and Rospert, 2004). In spite of the structures 

revealing RAC is uniquely positioned to govern protein homeostasis by coordinating co-

translational protein folding and translational activity, to our knowledge, such 

coordination has not been demonstrated. The results presented here demonstrate RAC’s 

role in mediating communication between ER stress, translational activity, and the 

coordinated splicing of the Xbp1 mRNA. Moreover, the data reveal an unexpected and 

critical role of mammalian RAC in the UPR related to these activities. RAC acts as a 

stress-responsive element by coordinating two ribosomal associated activities as required 

for Xbp1 mRNA splicing through modulation of stalling of Xbp1 translation on the 

ribosome and IRE1α clustering as required for splicing. 

RAC is composed of two subunits: Hsp70L1 and Mpp11, a DNAJ homologue. 

Here, both subunits were acutely reduced by transient knockdown of Hsp70L1 with 

siRNA pools in HeLa and HEK293 cells, as Mpp11 stability depends on the presence of 

Hsp70L1.  The use of this transient model reduced the influence of adaptive responses 

observed when RAC was reduced over a longer term.  Knockout lines produced using 
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CRISPR/Cas9 against Hsp70L1 using two independent gRNAs, respectively, in 293T 

cells (Appendix 1) dramatically impaired cell growth. However, the slow growth rate of 

the knockout RAC cells began to recover after continuous cultured, suggesting that 

adaptations are occurring over extended culture times. Together, these results suggest that 

mammalian RAC is an essential gene product and long-term knockout models may not be 

suitable for mechanistic studies.  

Consistent with their homology, mammalian and yeast RAC share some common 

structural and functional features.  Like the yeast RAC, human Hsp70L1 is associated 

with the ribosome via Mpp11 (Appendix 3). RAC deficient human cells exhibited 

profound growth defects consistent with the yeast system (Gautschi et al., 2001; Hundley 

et al., 2005; Jaiswal et al., 2011; Otto et al., 2005; Yan et al., 1998). Human RAC 

deficient cells were sensitized to ER stress by contrast to reduction of RAC sensitized 

both yeast and human cells to translation stress (Jaiswal et al., 2011; Otto et al., 2005). 

Unexpectedly, knockdown of RAC did not activate the cytosolic HSR as predicted by the 

hypothesis that RAC is required for cytosolic cotranslational folding in human cells (Otto 

et al., 2005). Rather the results indicate that one role RAC plays is a central part of the 

ER stress response—knockdown blunting activation of this pathway rather than 

sensitizing cells to stress.  

Rather than a general effect on the UPR, transient reduction of RAC specifically 

inhibited the activation of the IRE1 arm of the UPR in response to several ER stress-

promoting agents. The data indicate that RAC is required for IRE1α oligomerization, but 

does not have significant effects on dimerization of the kinase. While dimerization is 
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required for the early autophosphorylation event, Xbp1 splicing is carried out by IRE1α 

oligomers (Aragon et al., 2009; Kimata et al., 2007; Li et al., 2010), which form 

subsequent to hyperphosphorylation. By contrast, RIDD substrates are spliced by IRE1α 

dimers (Tam et al., 2014), an activity unaffected by RAC knockdown. The unexpected 

role of RAC in modulating IRE1α oligomerization raises the question of how a 

ribosome-associated chaperone is capable of modulating association of IRE1α, an ER 

integral membrane protein whose dimerization is controlled by the luminal chaperone 

BiP, from the cytosol.  

Strikingly, we discovered that knockdown of RAC results in enhancement of 

ribosome stalling on uXbp1 in vitro and in vivo, in addition to more general effects on 

mRNA translation. The data also demonstrated that IRE1 oligomerization requires 

translation, providing a link between RAC, the ribosome and IRE1 activities. Notably, 

the effects of RAC on translation were restricted to endogenous mRNAs as we did not 

detect any differential changes of GFP and Luc activities between wild type and 

knockdown RAC cell-free systems. One possibility may because cells have more 

complex and precise regulation for natural cellular gene, but not toward the non-naturally 

occurring gene in human. Additionally, ribosome profiling data indicated that ribosomes 

stalled at codon Asn261 on uXbp1 in knockdown RAC upon ER stress, and was 

counteracted by knockdown Pelo, suggesting that RAC and Pelo may act on the same 

pathway but work oppositely. Since Pelo recognizes stalled ribosome complexes by 

binding to the ribosome A-site triggering the NGD mRNA surveillance system (Becker et 

al., 2011; Graille et al., 2008; Kobayashi et al., 2010), this suggests that RAC may have a 
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role in modulating ribosome A-site, which is consistent with the structure characteristics 

that yeast Mpp11 interacts with the ES12 of H44 (Leidig et al., 2013; Yan et al., 1998; 

Zhang et al., 2014), where the ribosome A-site originates from. The structural and 

functional data fortifies a potential role of RAC in mRNA quality control.  

In conclusion, RAC has an unexpected and central role as a master ER stress 

sensor through its control of IRE1α clustering and uXBP1 translational stalling. The role 

of RAC in modulating the translation rate of natural substrate mRNAs and its presence on 

most ribosomes suggest this activity is not restricted to XBP1. The reciprocal effects of 

RAC and Pelo knockdown suggest RAC may also play a role in NGD and NSD. Thus, 

the ubiquitously expressed RAC, occupying an evocative position on ribosomes and 

required for optimal growth, likely fills a central axis in governing protein homeostasis 

by coordinating both protein and mRNA quality control pathways.  
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Supplements 

 

 
 

Figure S1. (Related to Figure 9) RAC does not affect the PERK and ATF6 branch of 

the UPR 
Effects of Hsp70L1 knockdown on the molecular details of PERK and ATF6 arms of the 

UPR were examined in HeLa cells. Cells were challenged with thapsigargin (0.5 µM) for 

4 hr and subsequent to pretreatment with either vehicle control or Hsp70L1 siRNA for 48 

hr (A) Representative phos-tag gel analysis of PERK phosphorylation and (B) qRT-PCR 

of BiP mRNA fold change, reflecting the PERK and ATF6 branch, respectively. mRNA 

expression level was shown as fold change (2-ΔΔCT), which normalized to internal control, 

HPRT, relative to vehicle si-control. n=3. ns, not significant. Error bars, mean ± SD. 
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Figure S2-1. (Related to Figure 11) Selective inhibition effect on IRE1α  activity in 

RAC knockdown 
Biological replicates of monitoring IRE1α activities in RAC knockdown using T-REx293 

IRE1-GFP cell line. Cells were pretreated with either vehicle control (black diamond) or 

Hsp70L1 (red circle) siRNA for 48 hr. Cells were challenged with thapsigargin for 1 and 

4 hr after doxycycline (50 ng/µl) induction for 24 hr and quantification of (A) IRE1a foci 

numbers and (B) foci area size by ImageJ. An average of 60 cells per condition. The 

Mean was presented. ****p<0.0001.   
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Figure S2-2. (Related to Figure 11) Selective inhibition effect on IRE1α  activity in 

RAC knockdown (continued) 
(C) Xbp1 mRNA splicing efficiency (%) was analyzed for IRE1a oligomer activity, 

while mRNA fold change of (D) Scara3 and biogenesis of lysosome-related organelles 

complex 1 (Bloc1) were monitored for IRE1a RIDD activity in (E) HEK293 and (F) 
HeLa cells.  

  



 
 

 82 

 
Figure S3-1. (Related to Figure 12) Enhancement of Xbp1 ribosome stalling and 

cellular translation rate in RAC knockdown by in vitro cell-free translation 
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Figure S3-2. (Related to Figure 12) Enhancement of Xbp1 ribosome stalling and 

cellular translation rate in RAC knockdown by in vitro cell-free translation 
(continued) 

Biological replicates of in vitro translation assay. HEK293T cells lysates were collected 

subsequent to either vehicle control (black) or Hsp70L1 (red) siRNA treatment for 48 hr. 

(A) uXbp1, (B) sXbp1, (C) GFP, or (D) luciferase mRNA were translated in cell-free 

lysate analyzed by NuPAGE Bis-Tris gel (left) and quantified using LI-COR. uXbp1, 

sXbp1, and GFP mRNAs were engineered to carry an N-terminal FLAG tag. The stalling 

intermediate was confirmed by adding RNase A to break the peptidyl-tRNA ester bond. 

White box, the shared region of both uXbp1 and sXbp1. Blue box, the segment of the 

spliced intron. Green and magenta box, the distinct domain of uXbp1, sXbp1, 

respectively. ", uXbp1 stalling intermediates. !, non-specific band. #, uXbp1 full-

length product. $, sXbp1 full-length product.  
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Figure S4-1. (Related to Figure 13) Enhancement of Xbp1 ribosome stalling in RAC 

knockdown and counteract effect by Pelo knockdown in RAC knockdown under ER 
stress by ribosome profiling 
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Figure S4-2. (Related to Figure 13) Enhancement of Xbp1 ribosome stalling in RAC 

knockdown and counteract effect by Pelo knockdown in RAC knockdown under ER 
stress by ribosome profiling (continued). 

Ribosome footprints of the Xbp1 transcript from siRNA against vehicle control (black), 

Hsp70L1 (red), Pelo (chartreuse), or both Hsp70L1 and Pelo (orange) in HEK293 Cells 

under basal condition and ER stress treatment. Cells were pretreated with designated 

siRNA for 48 hr and challenge with (A) DMSO or (B) thapsigargin (0.5 µM) for 4 hr. 

Ribosome footprint density was shown as reads per million (RPM), with footprint 

displayed the position of ribosome A-site. First dot line, start site of Xbp1. Second dot 

line, stop codon of Xbp1-u. Third dot line, stop codon of Xbp1-s. Grey box, the Xbp1 

splicing region. !, ribosome stalling at Asn261 of Xbp1-u, one codon prior to Xbp1-u 

stop codon. ", the enhancement of Xbp1 ribosome stalling in Hsp70L1 knockdown cells. 

Scale bar, 200 nt. 

  



 
 

 86 

 

Figure S5. (Related to Figure 14) Counteract effect of IRE1α activity by Pelo 

knockdown in RAC knockdown cells 

Biological replicates of monitoring IRE1α foci number (top) and foci area size (bottom) 

in T-REx293 IRE1-GFP cells after designated treatment by ImageJ. Cells were 

transfected with siRNA against vehicle control, Hsp70L1, Pelo, both Hsp70L1 and Pelo, 

or Xbp1 for 48 hr. IRE1α foci were observed after cells treated with (A) thapsigargin (0.5 

µM) for 4 hr or (B) the indicated time course in knockdown cells. (C) IRE1α foci were 

examined after cells pretreated with control, harringtonine (0.6, 2 µg/ml), or 

cycloheximide (30, 100 µg/ml) for 20 min followed by 1 hr of thapsigargin (0.5 µM) 

treatment. The mean was presented. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

Scale bar, 10 µm.  
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Material and Methods 

Cell culture, transfection and RNA interference experiments 

HeLa Tet-on (Clontech), HEK293 (American Type Culture Collection, ATCC), 

HEK293T (ATCC), and T-REx293 IRE1-GFP cells (Li et al., 2010) were maintained at 

37 °C, 5% CO2 in Dulbecco’s Modified Eagle’s Medium (Sigma) supplemented with 

4500 mg/L glucose, L-glutamine, sodium pyruvate, sodium bicarbonate, 10% fetal 

bovine serum (Sigma), 100 U/ml penicillin, and 100 µg/ml streptomycin (Sigma). T-

REx293 IRE1-GFP cells were kindly provided by Dr. Peter Walter (UCSF/HHMI). 

Transient transfection of plasmid was performed using Lipofectamine 2000 Transfection 

Reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions. 

Transient gene knockdown was accomplished by transfection of small double-stranded 

interfering RNAs (siRNA) into cells using Lipofectamine RNAiMAX Transfection 

Reagent (Thermo Fisher Scientific) according to manufacturer’s instructions. The 

siRNAs were synthesized from Dharmacon and sequence in Table 3. Silencer Negative 

Control No. 1 siRNA (Ambion) or ON-TARGET plus Non-targeting Control siRNA #1 

(Dharmacon) were used as vehicle negative control. 

Cell Viability (MTS assay) 

HeLa cells were transiently transfected with siRNA against either control or 

Hsp70L1 for 48 hr. Cells were plated at a density of 5,000 cells per well in triplicates in 

96-well. Cells were treated with either DMSO control, Celastrol (0.1, 1, 5, 10, 25 µM) or 

Thapsigargin (0.05, 0.1, 1, 5, 50 µM) for 24 hr. Cell viability was measured using 
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CellTiter 96 (Promega), which is an MTS-based assay (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), according to manufacturer's 

instructions. Briefly, 20 µl of CellTiter reagent was added into 100 µl of cell medium at 

the indicated time point, incubated at 37°C for 1 hr, and monitored absorbance at 490 nm 

using SpectraMax plus 384 microplate reader (Molecular Devices). Cell viability (%) was 

normalized to DMSO control of vehicle si-control cells. 

RNA isolation, cDNA synthesis and quantitative real time-PCR  

Total RNA was isolated from cells using the NucleoSpin RNA kit (Machery-

Nagel) according to the manufacturer's instructions. RNA was quantified using 

NanoDrop 2000c Spectrophotometers. cDNA was synthesized from 2 μg of total RNA 

template using the High-Capacity cDNA Reverse Transcription kit (Thermo Fisher 

Scientific). cDNA synthesis conditions were as follows: 25°C for 10 min, 37°C for 120 

min, 85°C for 5 min. qPCR was performed using Power SYBR Green PCR Master Mix 

(Thermo Fisher Scientific) on the 7900HT Fast Real-Time PCR System with 384 well 

block module (Applied Biosystems). qPCR conditions were as follows: 50°C for 2 min, 

95°C for 10 min, 95°C 15 s, 60°C for 1 min, with 40 cycles of amplification. The primers 

used for qPCR measurements are shown in Table 4. Fold change mRNA expression 

levels were determined by the 2-ΔΔCT method (Livak and Schmittgen, 2001). The Ct value 

in each condition was normalized to HPRT internal control and then normalized to 

siRNA vehicle control sample. Each cDNA was measured in triplicate per sample for 

each primer pair.  
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Xbp1 mRNA splicing assay  

Xbp1 mRNA splicing was measured either by PCR amplification flanking the 

intron splicing site or qPCR with spliced and unspliced specific primers. cDNA was used 

as template to amplify the Xbp1 fragments. For PCR amplification, flanking primers 

(Table 4) were used to generate a 474 bp amplicon from unspliced Xbp1, a 448bp 

amplicon from spliced Xbp1. PCR conditions were as follows: 98°C for 30 s, 98°C for 10 

s, 60°C for 30 s, 72°C for 30 s, with 30 cycles of amplification followed by 72°C 10 min. 

The fragments were resolved on 2 % Agarose/1X TBE gel (Lonza, MetaPhor Agarose), 

visualized by ethidium bromide staining, and detected using a GelDoc-It2 imager (UVP). 

For qPCR, specific primers (Table 4) were used. Xbp1 splicing efficacy (%) was 

calculated by: [(spliced Xbp1/unspliced Xbp1) normalized to thsigargin 4h si-control] X 

100 %. 

Protein analysis by immunoblotting  

Cells were lysed in radioimmunoprecipitation assay buffer (RIPA) (50 mM Tris-

HCl, pH 8.0, 150 mM NaCl, 1 % (v/v) NP-40, 0.5 % (w/v) Sodium deoxycholate, 0.1 % 

SDS) supplemented with 1X cOmplete EDTA-free protease and phosphatase inhibitor 

cocktail (Roche). Total cell lysates were cleared by centrifugation at 16,000 g for 10 min 

at 4°C. Total protein concentrations were determined by BCA protein assay (Thermo 

Fisher Scientific). 18 µg of total cell lysates were supplement with 5X Laemmli sample 

buffer (10 % SDS, 250 mM Tris-HCl pH 6.8, 0.1 % (w/v) Bromophenol blue, 50 % 

Glycerol, 500 mM DTT), heated at 95°C for 10 min, analyzed by 10 % Tris-glycine gel, 



 
 

 90 

transferred onto 0.45 µm PVDF membranes (Millipore Immobilon-FL), blocked in 5 % 

(w/v) nonfat dry milk in 1X TBS with 0.1 % Tween-20 for 1 hr in room temperature. 

Blots were incubated with the indicated primary antibodies at 4°C overnight in 1X TBS 

with 0.1 % Tween-20, followed by indicated secondary antibodies at room temperature 

for 1 h in 1X TBS with 0.1 % Tween-20 and visualized by LI-COR Odyssey CLx. 

Phos-tag mobility shift assay 

For phos-tag assay, samples were collected in RIPA buffer as similar as total cell 

lysates and heated at 95°C for 5 min. 25 µg of total cell lysates were analyzed by 6 % 

Tris-glycine gel supplemented with 25 μM Phos-tag acrylamide (Wako) and 50 μM 

MnCl2. SDS-PAGE gels were run constantly at 100 V for 3 hr, transferred onto 0.45 µm 

PVDF membranes (Millipore Immobilon-FL) at 100 V for 1 hr and visualized by LI-

COR Odyssey CLx. 

Subcellular Fractionation  

Cell fractionation was performed by sequential detergent extraction method 

(Jagannathan et al., 2011). HeLa cells were plated onto 6-well plate one day prior to cell 

harvest and were about 70-80% confluent on the harvest day. Cells were washed with 2 

ml cold PBS and pretreated with 100 µg/ml cycloheximide in PBS for 10 min on ice. 

Cells were permeabilized using 200 µl Permeabilization buffer (110 mM KOAc, 25 mM 

K-HEPES, pH 7.2, 2.5 mM Mg(OAc)2, 1 mM EGTA, 0.03 % Digitonin, 1 mM DTT, 50 

µg/ml cycloheximide, 1x cOmplete EDTA-free protease inhibitor cocktail (Roche), 100 
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U/ml RNasin ribonuclease inhibitors (Promega) and incubate on ice for 5 min.  Plates 

were tilted to drain the soluble material and collected as the cytosolic fraction. Cells were 

then washed with 200 µl Wash buffer (110 mM KOAc, 25 mM K-HEPES, pH 7.2, 2.5 

mM Mg(OAc)2, 1 mM EGTA, 0.004 % Digitonin, 1 mM DTT, 50 µg/ml cycloheximide, 

1x cOmplete EDTA-free protease inhibitor cocktail, 100 U/ml RNasin ribonuclease 

inhibitors). Next, cells were treated with 200 µl Lysis buffer (400 mM KOAc, 25 mM K-

HEPES, pH 7.2, 15 mM Mg(OAc)2, 1 % NP-40, 1 mM DTT, 50 µg/ml cycloheximide, 

1x cOmplete EDTA-free protease inhibitor cocktail, 100 U/ml RNasin ribonuclease 

inhibitors) and incubate on ice for 5 min. Plates were tilted to drain the soluble material 

and collected as membrane fraction. Both cytosolic and membrane fractions were 

subjected to centrifugation at 7,500 g for 10 min to remove debris. Samples were 

supplemented with 5x Laemmli sample buffer and DTT, heated at 95°C for 10 min, 

analyzed by SDS-PAGE. For analysis of uXBP1 RNA localization, each fraction was 

subjected to RNA purification by NucleoSpin RNA (Machery-Nagel) followed by cDNA 

synthesis and analysis by qRT-PCR.  

RNA immunopreciptation 

HeLa cells were pretreated with 100 µg/ml cycloheximide in growth medium at 

37°C for 10 min. RNA immunopreciptation was performed as previously described (Sanz 

et al., 2009) with modifications. Cells were washed with cold PBS, solubilized in 

polysome buffer (50 mM Tris-HCl, pH 7.5, 12 mM MgCl2, 100 mM KCl, 1 % NP-40, 1 

mM DTT, 100 µg/ml cycloheximide, 1X EDTA-free protease inhibitor cocktail and 200 
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U/ml ribonuclease inhibitor and incubated on ice for 20 min. Samples were subjected to a 

10,000g centrifugation step for 10 min at 4°C to isolate post-mitochondrial supernatant. 

The resulting supernatants were quantified by BCA assay. 2 mg of supernatants were 

incubated with either rabbit monoclonal anti-Mpp11 antibody or a normal rabbit IgG as 

negative control rotating at 4°C. After 3 hr, 40 µl of Protein G Dynabead (Thermo Fisher 

Scientific) were washed once with polysome buffer and supplement to the supernatants 

and incubation with rotation at 4°C for 16 hr. The beads were placed in a magnet on ice 

to separate the bound and unbound fractions. The beads were washed in high salt buffer 

(50 mM Tris-HCl, pH 7.5, 12 mM MgCl2, 300 mM KCl, 1 % NP-40, 1 mM DTT, 100 

µg/ml cycloheximide, 1X EDTA-free protease inhibitor cocktail and 200 U/ml 

ribonuclease inhibitor) four times for 5 min. The bound and unbound materials were 

divided into two equal portions, either for protein or RNA analysis. For protein analysis, 

the beads were directly eluted with 5X Laemmli sample buffer and heated at 99 °C for 10 

min.  For RNA analysis, RNA was harvested from the beads by NucleoSpin RNA kit 

(Machery-Nagel), subjected to cDNA synthesis, and analyzed by qPCR.  

IRE1α foci imaging  

T-REx293 IRE1-GFP cells were seeded at 3x105/6 well and reverse transfection 

of siRNA against control, Hsp70L1, Pelo, and both Hsp70L1 and Pelo were performed 

using Lipofectamine™ RNAiMAX (Thermo Fisher Scientific) according to 

manufacturer's instructions, respectively. Cells were re-plated onto Poly-L-Lysine coated 

12 mm coverslips (Corning) at 6x104/24 well. Cells were treated with doxycycline 
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(Sigma) and were replaced with normal growth medium after 24h, then treated with 

thapsigargin (0.5 μM) (Sigma) for 0, 1 or 4 hr. Cells were fixed with 4 % 

paraformaldehyde for 20 min at room temperature at indicated time points. Nuclei were 

stained with Hoechst (Thermo Fisher Scientific) for 10 min at room temperature. 

Coverslips were mounted with ProLong diamond antifade mountant  (Thermo Fisher 

Scientific). Images were captured with LSM 880 laser scanning confocal microscope 

(Zeiss). Plan Apochromat 100x/1.4 numerical aperture (NA) oil objective was used. Foci 

were analyzed using ImageJ (Fiji). 

Plasmids 

  To generate the uXbp1 and sXbp1 in vitro transcription plasmids, the uXbp1 and 

sXbp1 human open reading frame (ORF) were designed containing a N-terminal Flag 

epitope and 30 nt poly-A sequence after the Xbp1 stop codon, which is synthesized by 

GenScript, and inserted into pcDNA3.1 (+) downstream of a T7 promoter at HindIII and 

KpnI sites. The GFP and luciferase plasmids, which both containing a T7 promoter and 

30 nt poly-A sequence after stop codon, were previously described (Yang et al., 2019). 

The GFP plasmid was designed containing three tandem Flag-tag at the N-terminus and 

the luciferase gene was codon optimized in the luciferase plasmid. 
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In vitro transcription 

  uXbp1 and sXbp1 templates were generated by plasmids linearized with BamHI 

and eGFP and Luc templates were linearized with EcoRI followed by phenol/chloroform 

extraction and ethanol precipitation. RNA was synthesized by T7 RNA polymerase 

(NEB), capped by 3´-O-Me-m7G(5')ppp(5')G RNA Cap Structure Analog (NEB) and 

purified using RNA Cleanup Kit (NEB). The quality of RNA transcripts was monitored 

by denaturing RNA electrophoresis in 1X TAE agarose gels and quantified by NanoDrop 

2000c Spectrophotometers.  

In vitro translation by mammalian cell-free lysate  

In vitro translation extracts were harvested at 48 hr post-transfection of siRNA 

against either control or Mpp11 in HEK293T cells. Cells were re-plated in 10-cm dishes 

18 hr prior collection. Mammalian cell-free lysate was harvested as previously described 

(Rakotondrafara and Hentze, 2011) with modifications. Cells were collected by trypsin, 

washed with cold DPBS, harvested by centrifugation at 1000 g for 5 min at 4°C, 

resuspended the cell pellet in fresh ice-cold hypotonic buffer (10 mM HEPES-KOH, pH 

7.6, 10 mM potassium acetate, 0.5 mM magnesium acetate, 5 mM DTT, proteasome 

inhibitor cocktail) in a 1:1 volume ratio and incubate on ice for 30 min. Cells were 

homogenized by a 1 ml syringes with a 27 G ¾ needle for 10-20 times until > 95 % cells 

ruptured monitored by trypan blue staining, and potassium acetate was adjusted to a final 

centration of 50 mM. Lysate was collected by centrifugation at 16,000g for 10 min at 

4°C, the supernatant was snap frozen in liquid nitrogen, and store at -80°C before use. 
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Each translation reaction contained 66% in vitro translation lysate, 180 ng of RNA 

templates and buffer to make the final reaction with 1 mM ATP (NEB), 0.2 mM GFP 

(Sigma), 8 mM Creatine phosphate (Sigma), 0.13 units/µl Creatine phosphokinase 

(Sigma), 20 mM HEPES-KOH pH 7.6, 2 mM DTT, 0.83 mM Mg (OAc)2, 0.1 M KOAc, 

20 µM amino acid mixtures (Promega), 500 µM Spermidine (Sigma), 0.4 units/ul RNase 

inhibitor (Thermo Fisher Scientific). The reactions were incubated in a 30°C water bath 

for indicated incubation time and stop by adding 4X Native PAGE sample Buffer 

(Thermo Fisher Scientific). The samples were subsequently analyzed by native 

electrophoresis. For RNase A treatment, 1 µl of 10 mg/ml RNase A (Thermo Fisher 

Scientific) was added to each reaction after indicated translation time and incubated for 

15 min at 37°C. For luciferase assay, each reaction contained Luc RNA template, 0.12 µl 

of Steady-Glo luciferase assay substrate (Promega) in the mammalian cell free translation 

buffer system, and real-time monitoring luciferase activity by FLUOstar OPTIMA 

microplate reader (BMG Labtech) at 30°C.  

Native protein electrophoresis 

To preserve peptidyl-tRNA ester bonds, in vitro translation products were 

denatured with 4X Native PAGE sample Buffer (Thermo Fisher Scientific), run on 

NuPAGE Bis-Tris gels (Invitrogen) with MES-SDS running buffer at 170 V for 2 hr and 

transferred onto 0.45 µm PVDF membranes (Millipore Immobilon-FL #IPFL00010) at 

35 V for 1 h. 
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Pulse labeling global nascent proteins with bioorthogonal non-canonical amino-acid 

tagging 

Cell lysates were harvested at 48 hr post-transfection of siRNA against either 

control or Mpp11 in HeLa cells. Cells were re-seeded in 6-well plate 16 hr prior 

collection. Cells were washed twice with PBS and incubated in DMEM high glucose 

without methionine (Gibco) with 10% dialyzed FBS at 37°C for 30 min and replaced 

with methionine-free medium containing a final concentration of 50 µM Click-IT L-

Azidohomoalanine (AHA) (Thermo Fisher Scientific). After 5 hr, cells were washed 

twice with PBS, lysed in lysis buffer (1 % SDS in 50 mM Tris-HCl, pH 8.0, 1X protease 

inhibitor cocktail, 1X phosphatase inhibitor cocktail), incubated on ice for 15 min, vortex 

for 5 min followed by a 16,000 g centrifugation step for 5 min at 4°C. The supernatants 

were collected and subjected to azide-alkyne ligation (click chemistry) using Biotin-

alkyne (Thermo Fisher Scientific) and Click-iT Protein Reaction Buffer Kit (Thermo 

Fisher Scientific) according to manufacturer's instructions followed by 

methanol/chloroform protein precipitation. Samples were loaded onto 10 % SDS-PAGE, 

transferred onto 0.45 µm PVDF membranes (Millipore Immobilon-FL), blocked in 5 % 

(w/v) bovine serum albumin in 1X TBS with 0.1 % Tween-20 for 1 hr in room 

temperature. Blots were incubated with IRDye 800CW Streptavidin at 4°C overnight in 

1X TBS with 0.1 % Tween-20, and visualized by LI-COR Odyssey CLx.  
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Ribosome profiling 

Ribosome profiling was performed as previously described with few adaptations 

(Ingolia et al. 2012). HEK293 cells were harvested after 48 hr post-transfection of siRNA 

against vehicle control, Hsp70L1, Pelo, or both Pelo and Hsp70L1 and followed by 4 hr 

thapsigargin (0.5 µM) treatment. Cells were washed in ice-cold PBS, lysed in lysis buffer 

(20 mM Tris-HCl, pH7.4, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 1% (v/v) Triton X-

100, and 25 U/ml Turbo DNase I), and incubated on ice for 10 min. Cells were then 

triturated through a 26-G needle ten times and subjected to centrifugation at 16,000g for 

10 min at 4°C. Cell lysates were digested with 100 U RNase I (Ambion) per A260 lysate 

at room temperature for 45 min with gentle agitation and followed by the addition of 200 

U RiboLock RNase Inhibitor (Thermo Scientific). Ribosome protected mRNA fragments 

were isolated by 1M sucrose cushion in polysome buffer (20 mM Tris-HCl, pH7.4, 150 

mM NaCl, 7.5 mM MgCl2, 0.5 mM DTT, 20 U/ml RiboLock RNase Inhibitor) and 

centrifuged at 70,000 rpm for 2 h at 4°C by Beckmen TLA-110 rotor. Ribosome pellets 

containing mRNA footprints were isolated using TRIzol and separated by denaturing 

12% polyacrylamide gel containing 8M urea. RNA was visualized by SYBR Gold 

(Invitrogen), and the size of the fragments ranging from 18 to 34 nt were isolated to 

generate the ribosome-protected fragment library. 3’ oligonucleotide adaptor ligation, 

reverse transcription, circularization, and secondary rRNA depletion using biotinylated 

rRNA depletion oligos were performed as previously described (Ingolia et al. 2012). 

Libraries were barcoded using indexing primers for each sample during PCR 

amplification. 
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Statistical Analysis 

Statistical analyses were performed by unpaired two-tailed Student’s t test using 

GraphPad Prism 8 software. Statistically significant was considered as P-values less than 

0.05. Error bars represent means and standard deviation (SD). The number of 

independent experiments is designated as n in the figure legends. 
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Table 1. Antibodies 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Key reagents 

 

 

 

 

 

 

 

 

 

Reagent Source Identifier 
Mpp11 Cell Signaling 12844 
Hsp70L1 Abcam ab108612 
GAPDH Cell Signaling 2118S 
PERK Cell Signaling 3192 
Calnexin Cell Signaling 2679 
BiP Cell Signaling 3177 
Rpl10 Abnova PAB17331 
SRP54 BD 610940 
IRE1α  Cell Signaling 3294 
Hsp70 Cell Signaling 4872 
Pelo Proteintech 10582-1-AP 
Flag Sigma F1804 
IRDye 680RD 
Secondary Antibodies 
Goat anti-Mouse IgG 

Licor 926-68070 

IRDye 680RD 
Secondary Antibodies 
Goat anti-Rabbit IgG 

Licor 926-68071 

Reagent Source Identifier 
Thapsigargin Sigma T9033 
Celastrol Sigma C0869 
Cycloheximide Sigma C7698 
Homoharringtonine Sigma SML1091-10MG 
Doxycycline Sigma D9891 
Digitonin Millipore 300410 
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Table 3. siRNA sequences  

 
Gene  siRNA target sequence Source Identifier 
Hsp70L1  1 CAGAAAUACAUCGCGGAAA Dharmacon M-021084-01-0005  
 2 UAACAUCGGUGGUGCACAU   
 3 GGAAAUGCGCGAGCCAUGA   
 4 GUAUUGGGCUCAGAUGCAA   
Mpp11  GAACCAAGAUCAUUAUGCA Dharmacon M-025435-02-0005  
 GAAAUCAACUGGUGGAGGU   
 GAACUUGUCGAGAUGGUAA   
 AGGACUGCAUGAAACGAUA   
Pelo GGACACAAGUACUCCCUGA Dharmacon M-019068-00-0005  
 ACACGGAGCCGGUAUGUGA   
 AGGAAGGCCUCGCCCAUAU   
 AGUGAAGACCGACAACAAA   
Xbp1 GGUAUUGACUCUUCAGAUU Dharmacon M-009552-02-0005   
 CGAAAGAAGGCUCGAAUGA   
 CAACUUGGACCCAGUCAUG   
 GCAAGCGGCAGACCCAGAA   
ON-
TARGET 
plus Non-
targeting 
Control 
siRNAs #1 

UGGUUUACAUGUCGACUAA Horizon D-001810-01-20 
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Table 4. Primer sequences 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer  Sequence Purpose 
XBP1 F AAACAGAGTAGCAGCTCAGACTGC XBP1 

splicing 
assay 

 R TCCTTCTGGGTAGACCTCTGGGAG 
Actin F CACCTTCTACAATGAGCTGAG 
 R TAGCACAGCCTGGATAGCAAC 
sXBP1 F CGCTTGGGGATGGATGCCCTG qPCR 
 R CCTGCACCTGCTGCGGACT 
uXBP1 F CAGCACTCAGACTACGTGCA 
 R ATCCATGGGGAGATGTTCTGG 
HPRT F CTGAGGATTTGGAAAGGGTGTT 
 R ATCTCCTTCATCACATCTCGAG 
Hsp70 F TTCCGTTTCCAGCCCCCAATC 
 R CGTTGAGCCCCGCGATGACA 
Bip F TGTTCAACCAATTATCAGCAAACTC 
 R TTCTGCTGTATCCTCTTCACCAGT 
Scara3 F GGCTGACATTCTCTGGCCTT 
 R GCTTGGATTCCTTCCAGGCT 
Bloc1 F TGGTGGAGAACTTCAACCAGG 
 R GCAGCTGCCCTTTGTAGACAT 
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Chapter IV 

Conclusion and Future Directions 

 
The ribosome-associated complex (RAC) directly interacts with the nascent chain 

near the polypeptide exit tunnel on the 60S ribosomal subunit and interacts with the 

decoding center on the 40S subunit. RAC’s unique position spanning both ribosomal 

subunits put it in a perfect location to coordinate nascent polypeptide status and mRNA 

translation. Although RAC had been presumed to be an exclusively cytosolic chaperone, 

knockdown of RAC in mammalian cells did not lead to protein aggregation or induction 

of HSF, which are hallmarks in cytosolic misfolding stress. Surprisingly, contrary to the 

predictions of the hypothesis, knockdown of RAC selectively inhibits IRE1α branch of 

the UPR, including disturbing IRE1α phosphorylation, IRE1α high-order 

oligomerization, Xbp1 translation arrest, and Xbp1 mRNA splicing upon ER stress. 

Notably, the inhibition of IRE1α and Xbp1 activities are counteracted by depletion of 

Pelo, a ribosome rescue factor recognizing stalled ribosomes, in RAC knockdown cells, 

implying RAC and Pelo may play opposing roles in tuning Xbp1 mRNA splicing. 

Collectively, this study reveals a central role of RAC in the UPR modulating IRE1α 

oligomerization and mRNA translation.  
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Mechanism of action of RAC  

This study indicated that RAC regulates the IRE1α activation from the cytosolic 

side of the ER membrane in conjunction with the known luminal mechanisms of 

activation. The experiments conducted in this dissertation demonstrated that RAC is 

enriched on the ER membrane, and Mpp11 re-localizes to cytosol upon ER stress in 

mammalian cells, while Hsp70L1 still localizes on the ER membrane. The molecular 

mechanism of how RAC modulates IRE1α clustering and whether RAC components 

work together or individually regulate ER stress remains obscure. Understanding the 

mechanisms of RAC on IRE1α clustering will facilitate a greater understanding of the 

UPR pathway and may provide a potential target to modulate UPR activity in diseases. 

One model presented in chapter III is that RAC modulates IRE1α clustering by 

regulating global translation. Another possible model could be RAC facilitates IRE1α 

high-order oligomerization by acting as an adapter protein to stabilize the IRE1 oligomer. 

These models may occur concurrently as well as other indirect interaction models.  

Does RAC modulate IRE1 high-order oligomerization by physical interaction? 

To further dissect RAC’s detailed mechanism in regulating IRE1α high-order 

oligomerization, whether RAC and IRE1α are in close proximity was assessed. 

Immunoprecipitation with anti-IRE1α antibody was performed in HeLa cell lysates, and 

a weak Mpp11 signal was detected by immunoblotting in the absence of ER stress 

(Appendix 5A), whereas the signal was undetectable in the presence of ER stress. 

Inversely, immunoprecipitation was performed with anti-Mpp11 antibody to validate the 
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interaction (Appendix 5B). A signal slightly below the predicted molecular weight of 

IRE1α was detected by immunoblotting in the absence and presence of ER stress. 

Whether the band represents IRE1α or a non-specific band needs to be addressed. In 

addition, crosslinking prior to immunoprecipitation to preserve weak and flexible 

interaction could provide insights into the process. Furthermore, an IRE1α mutant with 

deletion of the cytoplasmic domain, where RAC is predicted to interact, could be 

included as a control for immunoprecipitation.  

In contrast, the interaction of RAC and IRE1α was also examined by 

immunofluorescence (Appendix 5C). In the absence of ER stress, the IRE1α-GFP 

reporter’s signal was too weak to draw any conclusion whether Mpp11 and IRE1α are in 

close proximity; in the presence of ER stress, Mpp11 does not co-localize with IRE1α 

foci. However, whether Hsp70L1 co-localizes to IRE1α foci remains to be addressed. To 

enhance the signal for IRE1α at basal conditions, anti-GFP antibody could be used in 

immunofluorescence staining. Preliminary data have supported the model that RAC and 

IRE1α may be in close proximity at basal conditions; however, experiment conditions 

need to be optimized to draw a decisive conclusion.   

What are the roles of RAC on the ribosome? What are the substrates for RAC? 

Although mammalian RAC is a ubiquitous and highly conserved protein 

discovered 15 years ago (Hundley et al., 2005), the function and physiological substrates 

of mammalian RAC remain obscure. The study detailed in this dissertation suggests that 

reduction of RAC enhances Xbp1 ribosome stalling in mammalian cells.  Interestingly, 
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Rospert’s group also indicated that cells lack of RAC increase ribosome pausing on 

reporter containing C-terminus poly-AAG/A sequences in yeast, which may result from 

the absence of RAC distorting the ribosomal peptidyl transferase center (PTC) and the 

decoding center (DC) (Gribling-Burrer et al., 2019). Collectively, these results indicate 

RAC’ role on modulating ribosome stalling is conserved from yeast to mammals and may 

act on a broader set of substrates.  

Notably, the effects of RAC on translation discovered in this dissertation were 

limited to endogenous mRNAs. There is no differential change of GFP and Luc activities 

between wild type and knockdown RAC cells. It is important to note that the GFP and 

Luc reporter genes used in this study were codon-optimized, while Xbp1 contains rare 

codons. RAC’s position on ribosomes interacting with the PTC and the DC supports the 

model that RAC could modulate the translation of rare codons. To test this hypothesis, 

Luc reporter bearing either optimized codons or rare codons could be tested in wild type 

and knockdown RAC in cell-free assays.  

To monitor whether RAC regulates ribosome stalling of other substrates, further 

bioinformatics analyses of the ribosome profiling data performed in this study would be 

revealing. However, it should be noted that based on the ribosome profiling analysis from 

other studies, Xbp1 stalling is one of the strongest translational arrests observed in basal 

physiological condition by ribosome profiling in mammalian cells. This suggests that one 

may not detect other stalling substrates using basal conditions. Since cells trigger mRNA 

quality control mechanisms to prevent aberrant product production when ribosome 

stalling occurs, performing ribosome profiling of cells reduction in the mRNA QC 
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machinery (Pelo, hbs1, ABCE1, Ski complex or Xrn1) may be required to reveal 

potential ribosome stalling sites.  Additionally, whether RAC regulates global translation 

efficiency can be tested by monitoring both ribosome profiling and RNA-sequencing 

data. Understanding the mechanism action of RAC on translation may provide detailed 

information about how the proteostasis network is co-translationally modulated on the 

ribosome. 

To globally dissect the physiological substrates of RAC and disclose where and 

how RAC engages with the nascent chain, selective ribosome profiling (Becker et al., 

2013) could be determined by selectively isolating RAC-associated mRNA-ribosome-

nascent chain complexes followed by ribosome profiling. The interplay of RAC with 

other ribosome-associated factors like SRP has been a long-term puzzle. Since studies 

also suggested that SRP facilitates membrane targeting of Xbp1, together with the studies 

in this dissertation that indicate RAC is on Xbp1 translating ribosome, suggests that Xbp1 

could be a prospective substrate to study the interplay of RAC and SRP. Site-specific 

crosslinking assays of serial deletion of Xbp1 with SRP or RAC could also be performed 

to monitor the interactions of Xbp1 nascent chain with SRP and RAC. 

The unknown in the IRE1 branch 

Is uXbp1 mRNA crucial for maintaining IRE1 inactive in the absence of ER stress? 

This dissertation revealed that knockdown of Xbp1 does not affect IRE1α 

clustering ability upon ER stress in mammalian cells. This demonstrates that IRE1α 

clustering upon ER stress is independent of Xbp1 mRNA, consistent with the finding in 
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the yeast system (Aragon et al., 2009). Unexpectedly, IRE1α clustering is activated in 

knockdown Xbp1 cells even without stress treatment, suggesting lack of Xbp1 leads to a 

smoldering basal ER stress. A study has shown that uXbp1 protein is a negative regulator 

of sXbp1 protein (Yoshida et al., 2006). During the recovery stage of the UPR, uXbp1 

forms a complex with sXbp1 protein triggering proteasome degradation, and shuts off the 

UPR. Although the negative correlation between the protein of uXbp1 and sXbp1 has 

been established, the relationship between the mRNA of uXbp1 and sXbp1 has yet to be 

defined. To better understand the relationship between IRE1 and Xbp1 at basal condition, 

one can re-express either the protein or mRNA of uXbp1 and sXbp1 in a Xbp1 

knockdown model and monitor whether the IRE1 activation is restored.   

IRE1 foci formation depends on the translation of which messages? 

  This study revealed that the formation of IRE1 foci required translation. Since this 

study also indicated that the formation of IRE1 foci does not required its substrate, Xbp1 

mRNA, in mammalian systems, as well as Hac1 mRNA in yeast system shown by Peter 

Walter’s group (Aragon et al., 2009), messages other than Xbp1 could be modulating 

IRE1 foci formation.  To identify the messages regulating IRE1 foci formation, pull 

down of IRE1 followed by analyzing IRE1 associated RNAs could be performed. 

Interestingly, Walter’s group has reported that IRE1 associated to numbers of RNAs 

using photoactivatable ribonucleoside enhanced crosslinking and immunoprecipitation 

(PAR-CLIP) followed by RNA-sequencing in the absence or presence of ER stress, 

induced by tunicamycin for 4 hr, in HEK293 cells (Acosta-Alvear et al., 2018). Notably, 
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there are some translation related IRE1-bound substrates induced in the presence of ER 

stress, such as eukaryotic translation initiation factor 4E binding protein 1 (EIF4EBP1), 

eukaryotic translation elongation factor 2 (EEF2), and YARS (tyrosyl-tRNA 

synthetase/ligase). These could be the potential targets that modulate the translation 

dependent IRE1 foci formation. IRE1 foci formation could be monitored in the presence 

of ER stress in knockdown of these genes, respectively.  

Physiological function and disease relevance of RAC 

Emerging studies have indicated that Zuo1 transcriptionally activates pleiotropic 

drug resistance 1 (Pdr1) gene to adapt to nutrient limited conditions by exporting quorum 

sensing molecules in S. cerevisiae (Ducett et al., 2013; Prunuske et al., 2012). 

Additionally, Mpp11 directly interacts with ubiquitinated histone H2A transcriptionally 

and induces polycomb-repressed genes that govern cell fate decisions, including self-

renewal and differentiation of mouse pluripotent embryonic stem cells (ESC) (Aloia et al., 

2013; Aloia et al., 2014; Aloia et al., 2015b; Richly et al., 2010).  

The role of RAC in cancer 

In mice, Mpp11 was originally named mouse Id associate 1 (MIDA1) due to its 

ability to directly interact with Id1 helix-loop-helix (HLH) protein (Shoji et al., 1995), 

which is a master cell growth regulator (Norton, 2000). Reduction of Mpp11 retards cell 

growth as well as accumulates cells in S phase and blocks cells entering G2-M phase in 

murine erythroleukemia cells (Inoue et al., 1999, 2000; Shoji et al., 1995). This is 
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consistent with the notion that Mpp11 is first identified as an M phase phosphoprotein in 

human cell lines (Matsumoto-Taniura et al., 1996) and decreases cell growth in Mpp11 

reduction cells (Jaiswal et al., 2011; Otto et al., 2005).  

Accumulating clinical patients data have demonstrated that Mpp11 is 

overexpressed in head and neck squamous cell carcinoma (HNSCC) (Resto et al., 2000), 

acute myeloid leukemia (AML) (Demajo et al., 2014; Greiner et al., 2004), chronic 

myeloid leukemia (CML) (Greiner et al., 2004; Schmitt et al., 2006), and B-cell chronic 

lymphocytic leukemia (Aloia et al., 2015a; Giannopoulos et al., 2006). A study has 

indicated that depletion of Mpp11 inhibits cell proliferation and increases apoptosis in 

human AML cells and decreases leukemogenesis in a xenograft mouse model via 

modulating retinoic acid (RA) pathway by interacting with RA receptor α (RAR α) and 

controls histone acetylation (Demajo et al., 2014), suggesting that Mpp11 could serve as 

an oncogene. In contrast, another study has suggested that depletion of Mpp11 impairs 

activation at the INK4A-ARF locus bypassing oncogene-induced senescence in human 

and mouse fibroblasts (Braig and Schmitt, 2006; Gorgoulis and Halazonetis, 2010; 

Ribeiro et al., 2013), indicating that Mpp11 could also act as a tumor suppressor gene. 

The contradictory role of Mpp11 may imply its distinct functions in benign and 

malignant cell models, yet the molecular mechanism of Mpp11 in cancer remains 

obscure.  

Moreover, other studies have suggested that Hsp70L1 is a potent T helper cell 

(Th1) polarizing adjuvant for antitumor immune responses (Fang et al., 2011; Liu et al., 

2018; Wan et al., 2004; Wu et al., 2005). Hsp70L1 directly binds to toll like receptor 4 
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(TLR4) on the surface of dendritic cells (DC), activates mitogen activated protein kinase 

(MAPK) and nuclear factor kappa-B (NF-kB), induces secretion of tumor necrosis factor-

α (TNF-α), cytokines interleukin 12p70 (IL-12p70), IL-1β, and chemokine IP-10 and 

leads to DC maturation and activation (Fang et al., 2011; Husebye et al., 2006; Kagan et 

al., 2008; Wan et al., 2004). However, the molecular mechanism of Hsp70L1 in cancer is 

less well understood.  

The emerging role of IRE1 in cancer 

Growing evidence indicates that prolonged ER stress may play a central role 

various diseases, such as inflammation, diabetes, neurodegenerative disorders, including 

Alzheimer and Parkinson disease, as well as cancer (Limia et al., 2019; Lin et al., 2008; 

Madden et al., 2019; Navid and Colbert, 2017; Ozcan and Tabas, 2012). To adapt to rapid 

proliferation needs and the hypoxic and nutrient-deprived tumor microenvironment, 

cancer cells trigger the activation of the UPR to meet the increased demands of lipid and 

protein production and quality control. When the ER stress induces severe and 

irreversible cell damage, the UPR switches from a pro-survival to pro-apoptotic 

mechanism. However, tumor cells manage to circumvent the apoptotic switch and exploit 

the UPR in favor of cancer progression (Sheng et al., 2019), metastasis (Li et al., 2015; 

Tanjore et al., 2011) and chemoresistance (Chen et al., 2017; Feng et al., 2011; Jiang et 

al., 2009; Logue et al., 2018; Salaroglio et al., 2017).  

Constitutive IRE1 RNase activity in metastatic and poorly differentiated tissue 

samples in colorectal cancer have been reported (Jin et al., 2016; Mhaidat et al., 2015), 



 
 

 111 

breast cancer (Li et al., 2015; Logue et al., 2018), oral squamous cell carcinoma (Hsu et 

al., 2018; Sun et al., 2018), esophageal squamous cell carcinoma (Xia et al., 2016), 

hepatocellular carcinoma (Wu et al., 2018), and multiple myeloma (Harnoss et al., 2019). 

A recent study indicated that IRE1 branch is essential for c-Myc signaling in prostate 

cancer (Sheng et al., 2019). Additionally, studies indicated that activation of IRE1 branch 

promotes cancer metastasis and invasion via modulating cytokine production of VEGF-

A, IL-1β, IL-6, IL-8, TGF-β2 and CXCL3 (Auf et al., 2010; Logue et al., 2018), Xbp1s 

transcriptional induction of cell cycle gene cyclin D1 (Jin et al., 2016), epithelial-to-

mesenchymal transition (EMT) genes, such as snail, twist, vimentin (Li et al., 2015; Wu 

et al., 2018), extracellular matrix (ECM) remodeling proteins, such as MPP-1, 3, and 9 

(Sun et al., 2018; Xia et al., 2016), as well as VEGF-R2 expression (Mhaidat et al., 

2015).  

However, another study indicated that the expression of dominant-negative IRE1 

induces tumor cell migration via inhibiting RIDD activity resulting in increasing in its 

target gene extracellular matrix protein SPARC expression in U87 glioma cells (Dejeans 

et al., 2012). Additionally, a recent study also indicated that the tumor of Xbp1 high and 

RIDD low activity has more metastatic ability and a lower survival rate than the tumor of 

Xbp1 low and RIDD high activity in Glioblastoma multiforme (Lhomond et al., 2018). 

These studies highlight the diverse roles of IRE1 substrates, Xbp1 and RIDD activity, in 

cancer metastasis.  

Interestingly, treatment of an IRE1α RNase-specific inhibitor, MKC8866, 

potently reduced prostate cancer viability in preclinical models as a monotherapy or 
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combination therapy with current prostate cancer drugs (Sheng et al., 2019). Another 

study also indicated that an IRE1α kinase inhibitor, 18, selectively inhibited patient-

derived multiple myeloma cell proliferation while sparing normal cells (Harnoss et al., 

2019). These findings accentuate the importance of understanding the physiological role 

and dual functions of IRE1 activity in the tumor and its surrounding microenvironment 

and also the need to develop therapeutic interventions that enable selectively targeting of 

the IRE1 RNase downstream Xbp1 and RIDD activity. 

The potential role of RAC in cancer therapeutics  

Does Mpp11 function as a J protein for Hsp70L1 in cell proliferation? 

Studies have indicated that cells lacking Mpp11 results in reduced cell growth in 

human cell lines as well as interfering with cells entering the G2-M phase in murine 

erythroleukemia cells. However, whether the cell inhibition effect is due to Mpp11 

function as a J protein for its hsp70L1 partner remains undefined in mammalian cells. 

Understanding the mechanism action of RAC in cell growth in human cell lines may 

provide detailed mechanistic information to modulate cancer cell progression.	To test this 

hypothesis, one can re-express Mpp11 mutant that abolishes interaction with its Hsp70L1 

chaperone, and monitor whether the mutant can compensate for the cell growth inhibition 

in Mpp11 depletion cell line. 

Studies have also indicated that Mpp11 is overexpressed in numbers of cancers, 

yet whether both RAC components overexpressed in cancer remain undefined. If RAC 

plays a crucial role in cancer progression, one can design molecules to interfere with the 
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Mpp11-Hsp70L1 interactions site, or target depletion of RAC. Based on the gene 

expression analysis by RNA-seq from the TCGA and the GTEx database, Mpp11 and 

Hsp70L1 are both overexpressed across common cancer types when comparing patient 

tumor samples to normal tissues, including lymphoid neoplasm diffuse large B-cell 

lymphoma, pancreatic adenocarcinoma, and thymoma. However, whether the RNA 

expression level directly correlates to protein levels remains undefined. The concurrence 

of RAC overexpression in the same patient tissues and the cancer progression of RAC 

could be further analyzed in detail using available protein and RNA databases.  

RAC could serve as a dual pathway drug candidate in cancer  

Recent studies have indicated that IRE1α RNase/kinase inhibitors selectively 

inhibit cancer cell proliferation and spare normal cells in prostate cancer and multiple 

myeloma (Harnoss et al., 2019; Sheng et al., 2019). Accumulating evidence also suggests 

that the constitutive activation of IRE1, especially the activity of Xbp1, results in a more 

metastatic tumor phenotype and has a lower overall patient survival rate. Additionally, 

the study in this dissertation revealed a central role of RAC in the IRE1 branch of UPR 

selectively modulating Xbp1 activity, suggesting that RAC could serve as a potential 

target to selectively modulate IRE1 activity. Furthermore, RAC is overexpressed in a 

wide variety of malignant tumors, and studies have indicated a crucial role of RAC in cell 

proliferation. RAC’s central role in cell proliferation and UPR makes it an attractive dual 

pathway drug candidate in cancer.  



 

114 

Appendix  

 

 

 

Appendix-1. RAC knockout in mammalian cells 
Representative western blot analysis by LI-COR of RAC components from whole cell 

lysates in (A) stable Hsp70L1 knockout system in HEK293 cells by CRISPR/Cas9 and 

(B) conditional Hsp70L1 knockout system in HEK293 cells or Hela cells by DD-Cas9, an 

FKBP12 destabilizing domain fused to Cas9 that induced rapid proteasome degradation 

of Cas9 in the absence of an FKBP12 ligand (Shield-1, 200nM) (Banaszynski et al., 

2006).  
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Appendix 2. Knockdown RAC does not lead to protein aggregation 

Cells were harvested after 48 hr of siRNA treatment against either vehicle control, 

Mpp11, Hsp70L1, or both Mpp11 and Hsp70L1 in HeLa cells. Protein aggregates were 

isolated by sedimentation and analyzed by SDS-PAGE and visualized by silver staining.  
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Appendix-3. Hsp70L1 associated to the ribosome via Mpp11 in mammalian cells 
Subcellular fractionation of HeLa cells pretreated with either vehicle control or Mpp11 

siRNA for 48 hr and harvested by sequential detergent extraction method. 10% of total 

lysate was loaded, cytosol, cytosolic ribosome, and ER membrane-bound fraction were 

collected and loaded equal amount in each lane. Representative western blot images of 

subcellular fractionation (left). Rpl10 was used as ribosome marker, BiP as ER lumen 

marker, Calnexin as ER membrane marker, and GAPDH as cytosol marker. 

Quantification of subcellular localization of Hsp70L1 (right) by LI-COR. The segmented 

bar chart represents relative Hsp70L1 protein localization (%) in each condition.  
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Appendix-4. Colocalization of RAC to the ER 

Subcellular distribution of RAC in HeLa cells. (A) Representative immunostaining 

images of RAC using anti-Mpp11 antibody and transiently expression of mcherry-

Sec61α after 18 hr in HeLa cells (top row). Nuclei were visualized using Hoechst stain. 

Scale bar, 10 µm. High magnification images of the region were framed by white squared 

area (bottom row). Scale bar, 1 µm. Colocalization analysis was performed using Person's 

correlation coefficient (PCC) from three images. PCC (Mpp11/ Sec61α) = 0.43. (B) RAC 

is enriched on canine pancreas rough microsomes (CRM) from two biological repeats. 

CRM from previously described (Karamyshev et al., 2014).  
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Appendix-5. RAC may be in close proximity to IRE1α 

Immunoprecipitation was performed in HeLa cells immunoprecipitated with antibody 

against IgG control of IRE1α (A) or Mpp11 (B). Representative western blot of bound 

and unbound fraction of IP. 1% total lysate as input.  GAPDH as loading control. (C) 

Immunostaining images of RAC using anti-Mpp11 antibody in T-REx293 IRE1-GFP 

cells after DMSO control or thapsigargin treatment for 4 hr. Nuclei were visualized using 

Hoechst stain.  
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Appendix-Materials and methods 

Generation of knockout cell lines by CRISPR/Cas9  
For Hsp70L1 knockout cell lines, guide RNA (5’-GAACTCCGATGGCCGCC 

ATG-3’) was cloned into lentiCRISPR v2 (Addgene #52961) as described previously 

(Shalem et al., 2014). EGFP guide RNA (5’-GGGCGAGGAGCTGTTCACCG-3’) was 

used as non-targeting negative control (a gift from Dr. Joshua T. Mendell’s lab at 

UTSW). To generate lentivirus, 6x105 of 293T cells were plated into 6-well followed by 

total 1 μg plasmids transfection of LentiCRISPR, psPAX2 (Addgene #12260), and pMD2 

(Addgene #12259) (at 5:3:2 ratio) via FuGENE HD as previously described (Golden et 

al., 2017). Post-transfection 48 hr, virus-containing medium was collected and filtered 

through a 0.45 μm SFCA membrane. Filtered virus-containing medium was diluted with 

fresh medium at 1:1 ratio and infected to HCT116 cells for 8 hr with polybrene at a final 

concentration of 8 μg/mL. Post-infection 48 hr, cells were plated into puromycin (1 

μg/mL) selection medium for 48 hr. Clonal knockout cell lines were generated by serial 

dilution in 96-well plates. Knockout conditions were analyzed by western blot using 

Hsp70L1 antibody (Abcam #ab108612). For conditional knockout cell lines, guild RNA 

was cloned into modified lentiCRISPR v2 fusing with a human mutant FKBP12 

destabilizing domain to Cas9 (DD-Cas9) (Senturk et al., 2017), which the destabilizing 

domain induced rapid proteasome degradation in the abstracted of an FKBP12 ligand 

(Shield-1) (Banaszynski et al., 2006). In the presence of Shield-1 (200 nM), the plasmid 

shields from degradation and conditionally expresses the gene-editing construct.  
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Subcellular localization of RAC by immunofluorescence    

HeLa cells were plated at 5x104 cells/6 well 1-day prior transfection. Cells were 

transfected with either siRNA control or MPP11 using Lipofectamine RNAiMAX 

(Thermo Fisher Scientific #13778-150) according to the manufacturer's instructions the 

following day. Cells were replated at 3x104 onto 12 mm coverslips (Fisher Scientific #12-

545-80). Cells were transfected with mcherry-Sec61β using Lipofectamine™ 2000 

(Thermo Fisher Scientific #11668019) according to the manufacturer's instructions the 

next day. After 18h transfection, cells were fixed with 4% paraformaldehyde for 20 min 

at room temperature, permeabilized with 0.05% Triton-X100 for 10 min at room 

temperature, blocked in 10% normal goat serum (Thermo Fisher Scientific #50-062) for 

30 min at room temperature, and incubated with Mpp11 antibody (gift from Dr. Rospert) 

using 1:500 dilution in blocking buffer overnight at 4 °C. Anti-rabbit IgG secondary 

antibody Alexa Fluor 488 (Thermo Fisher Scientific #A11034) were used as 1:500 

dilution in blocking buffer for 1h at 4 °C. Nuclei were stained with Hoechst (Thermo 

Fisher Scientific #33342). Coverslips were mounted with ProLong diamond antifade 

mountant  (Thermo Fisher Scientific #P36965). Images were captured with LSM 880 

laser scanning confocal microscope (Zeiss). Plan Apochromat 100x/1.4 Oil DIC M27 

objective was used. 
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Analysis of protein aggregates 

Post-transfection 48hr of siRNA, cells were harvested in lysis buffer (20 mM 

sodium phosphate, pH 6.8, 1 mM EDTA, 0.1% Tween, 10 mM DTT) (Koplin et al., 

2010) supplemented with 1X cOmplete protease inhibitor and incubated on ice for 20 

min. Protein aggregates were isolated by centrifuging at 16,000 g for 20 min at 4°C, and 

supernatants were collected. Protein aggregated were washed in buffer (2 % NP-40, 20 

mM sodium phosphate, pH 6.8, 1X cOmplete protease inhibitor), sonicated, and 

centrifuged at 16,000 g for 20 min at 4°C. Protein aggregates were boiled in 5X Laemmli 

sample buffer, separated by SDS-PAGE (Biorad, Any kD Mini-PROTEAN TGX Gel 

#456-9033), and analyzed by silver staining (Pierce #24612). 
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