
 1 

The Role of XBP1s in the Unfolded Protein Response and N-Linked Glycosylation 
 
 

by 
 

Kenny Chen 
 

B.S. Chemistry 
University of California, Los Angeles, 2014 

 
 

SUBMITTED TO THE DEPARTMENT OF CHEMISTRY 
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF 

 
DOCTOR OF PHILOSOPHY IN CHEMISTRY 

AT THE 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

 
September 2020 

 
 

© 2020 Massachusetts Institute of Technology. All rights reserved. 
 
 
 
 
 
 
 
 

Signature of Author: ___________________________________________________________________ 
 Department of Chemistry 
 May 27, 2020 
 
 
Certified by: _________________________________________________________________________ 
 Matthew D. Shoulders 
 Associate Professor of Chemistry 
 Thesis Supervisor 
 
Accepted by: _________________________________________________________________________ 
 Robert W. Field 
 Haslam and Dewey Professor of Chemistry 
 Chair, Departmental Committee on Graduate Students  



 2 

This doctoral thesis has been examined by a committee of the 
 

Department of Chemistry as follows: 
 
 
 
 
 
 
 
 
 
 ____________________________________________________________________________________ 
 Laura L. Kiessling 
 Novartis Professor of Chemistry 
 Thesis Committee Chair 
 
 
 
 
 
 
 
 
 
 ____________________________________________________________________________________ 
 Matthew D. Shoulders 
 Associate Professor of Chemistry 
 Thesis Supervisor 
 
 
 
 
 
 
 
 
 
 ____________________________________________________________________________________ 
 Barbara Imperiali 
 Class of 1922 Professor of Chemistry and Biology 
 Thesis Committee Member  



 3 

The Role of XBP1s in the Unfolded Protein Response and N-Linked Glycosylation 
 

by 
 

Kenny Chen 
 

Submitted to the Department of Chemistry 
on June 10, 2020 in Partial Fulfillment of the 

Requirements for the Degree of Doctor of Philosophy 
in Chemistry 

 

Abstract 

 
The secretory pathway processes approximately one-third of the cellular proteome, modifying 

proteins with diverse chemical structures such as carbohydrates. These modifications can help guide protein 
folding and expand the functional diversity of the proteome, ultimately influencing intracellular signaling 
and extracellular interactions. The endoplasmic reticulum (ER) is the site of protein folding along the 
secretory pathway, featuring a suite of chaperones to assist protein folding and quality control factors for 
degrading misfolded proteins. Co- and post-translational modifications such as N-glycosylation take place 
in the ER, and glycoproteins are further processed in the Golgi to yield a vast array of N-glycan structures. 

During both normal physiology and disease, cells encounter environments that can result in 
proteotoxic stress. The proteostasis network safeguards against protein misfolding stress through the 
upregulation of chaperones and quality control factors. The unfolded protein response (UPR) regulates the 
ER’s proteostasis network through the activity of transcription factors that remodel the expression of 
proteostasis regulators. Prior studies in our lab have established a role for the UPR’s XBP1s transcription 
factor in N-glycan maturation, demonstrating that XBP1s bridges ER stress with the molecular architecture 
of N-glycans. However, these studies were limited to analyzing ectopically expressed model proteins. This 
thesis examines the role of XBP1s in regulating the structural distribution of N-glycans in endogenous 
systems, and explores the mechanisms by which XBP1s activation is regulated. 

We employed stress-independent activation of XBP1s and glycomic analyses by lectin microarrays 
and mass spectrometry to show that XBP1s drives significant changes in sialylation and bisecting GlcNAc 
in HEK293 cells, and in high-mannose, branched, and core fucosylated N-glycans in HeLa cells. We also 
inhibited formation of XBP1s in breast cancer cells displaying constitutively high levels of XBP1s to show 
that glycosylation features associated with malignancy are modestly affected when XBP1s formation is 
blocked. Lastly, we demonstrated that pharmacological activation of the IRE1-XBP1s signaling axis cannot 
be sustained despite loss of co-chaperones negatively regulating IRE1. Our results demonstrate that XBP1s 
is a significant regulator of both the UPR and N-glycosylation, and they emphasize the importance of 
studying the regulation of IRE1-XBP1s signaling for understanding disease targets. 
 
 
Thesis Supervisor: Matthew D. Shoulders 
Title: Associate Professor of Chemistry  
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Chapter 1 

Crosstalk between the Unfolded Protein Response and N-Linked Glycosylation 

 

Summary 

Protein homeostasis (proteostasis) is orchestrated by numerous players, including chaperone 

proteins that enhance folding, quality control factors that facilitate degradation, and enzymes that install 

post-translational modifications that affect protein stability and function. Proteostasis is tightly regulated in 

the cell, and proteostatic dysfunction is associated with many diseases such as neurodegeneration and 

cancer. Proteostasis influences, and is influenced by, a multitude of cellular pathways including 

glycosylation, but the crosstalk between pathways is not yet well-understood. Glycosylation, one of the 

most common post-translational modifications, presents several challenges to its study, including template-

free biosynthesis, structurally similar building blocks, and highly branched structures. Glycosylation is 

regulated at multiple levels, and emerging evidence shows that upstream transcription factors may control 

the final molecular architecture of sugars used to modify proteins. There are data demonstrating that 

proteostasis and glycosylation are linked, but relatively little mechanistic work has been performed to probe 

the underlying biology. Notably, dysregulation of both proteostasis and glycosylation contributes to the 

development of cancer. In this chapter, we discuss the crosstalk between proteostasis and glycosylation, 

focusing on their roles in diseases such as cancer.  
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Introduction to Protein Folding and Disease 

Cells dynamically synthesize, fold, and degrade proteins with assistance from the proteostasis 

network (Figure 1.1).1-2 The vast majority of proteins adopt defined three-dimensional structures to exert 

their biological functions.3 Even proteins with intrinsically disordered regions must be maintained in 

functional states and often still must fold to function in their roles as molecular switches,4-5 regulatory hubs 

for protein–protein interaction networks,6-8 and components of membrane-less organelles.9-10 Protein 

misfolding is known to cause a number of diseases, such as cystic fibrosis.11-12 Additionally, diseases 

associated with amyloid aggregates, such as Alzheimer’s and Parkinson’s, have been linked to the decline 

in proteostasis that accompanies aging.13-14 Furthermore, cancers often feature dysregulated proteostasis 

and upregulation of cytoprotective elements that enhance cancer cell survival in conditions that would 

otherwise cause protein misfolding injury and oxidative stress. The importance of proteostasis in cancer is 

highlighted by the overexpression of the BiP Hsp70 chaperone, which plays a central role in the unfolded 

protein response (UPR),15 in many types of cancers,16-20 as well as overexpression of numerous other 

chaperones.21-27  

Figure 1.1: Protein homeostasis is a dynamic process. During and after translation, proteins can undergo 
folding to adopt defined three-dimensional structures. Misfolded proteins lack function and can also lead 
to the formation of amyloid fibrils and amorphous aggregates, which have been associated with pathology. 
Steps between folding intermediates, native states, and misfolded states are mediated by players such as 
chaperone proteins and protein disulfide isomerases. Cells feature mechanisms for quality control of 
misfolded proteins such as the ubiquitin-proteasome system (UPS), ER–associated degradation (ERAD), 
and autophagy. Co-translational and post-translational modifications can impart new biological activity or 
enhanced stability to proteins, but can also contribute to pathology. Post-translational modifications are 
also used to facilitate protein degradation, as in the case for ERAD and the UPS. Disease can occur when 
there is proteostasis imbalance. 
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Active research on proteostasis has led to breakthrough therapies, including small molecules to 

treat the underlying cause of cystic fibrosis, correcting and potentiating misfolded and non-functional forms 

of the CFTR chloride ion channel.28-29 On the other hand, clinical trials for antibodies targeting downstream 

consequences of failed proteostasis, such as amyloid-b oligomers and fibrils in Alzheimer’s disease, have 

failed to achieve cognitive benefit.30-31 These clinical setbacks with Alzheimer’s disease are just a few 

examples of our limited understanding of diseases associated with proteostasis, but do suggest the need to 

correct proteostasis in cells, before irreversible protein aggregation has occurred. Proteostasis modulators 

for cancer treatment include the blockbuster drug bortezomib, a proteasome inhibitor approved for multiple 

myeloma.32 However, resistance to bortezomib treatment can result from alterations in cellular metabolism 

and glycosylation.33-34 

Here, we introduce the proteostasis network, post-translational modifications with focus on N-

linked glycosylation, and the hallmarks of cancer. Furthermore, we provide the conceptual framework for 

crosstalk between the endoplasmic reticulum’s (ER’s) unfolded protein response and N-glycosylation using 

cancer as an exemplar biological context. 

 

The Proteostasis Network 

Cellular proteostasis is regulated by many elements, and different subcellular compartments are 

controlled by distinct regulators. Within the cytosol, protein folding capacity is maintained by a number of 

chaperone systems, including ribosome-associated chaperones, the heat shock factor 1 (HSF1)-regulated 

Hsp40/70/90 systems, and the TRiC/CCT chaperonins.35  

Among the proteostasis networks of a eukaryotic cell, that of the secretory pathway is of particular 

interest, as roughly one-third of the proteome passes through the ER and Golgi for processing and 

maturation in these specialized subcellular compartments.36 The secretory pathway begins with 

translocation of nascent polypeptides into the ER membrane, followed by further processing in the Golgi, 

and finally export to cellular membranes, the lysosome, or the extracellular milieu. The proteostasis network 

in the ER is regulated by the unfolded protein response, which safeguards the ER from protein misfolding 

stress.15 In cases of unresolved ER stress, the UPR commits cells to apoptosis via signaling through Bcl-2 

family members, TRAIL receptors, death receptors, and activation of caspases.37-41 

The UPR is comprised of the three ER transmembrane sensor proteins IRE1, ATF6, and PERK, 

each of which signals to its downstream transcriptional effector XBP1s, cleaved ATF6 (ATF6f), and ATF4, 

respectively, through distinct mechanisms (Figure 1.2).15 Each of the three branches of the UPR induces 

expression of certain genes and biological responses with some overlap,42-47 including but not limited to 

genes encoding chaperone proteins, quality control factors including components of the ubiquitin-

proteasome system, and genes involved in metabolism and glycosylation.48-49 
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The mitochondrion coordinates its own unfolded protein response50 that induces expression of 

mitochondrial chaperones and proteases, with consequences seen in immunity, metabolism, cell survival, 

and aging.51-52 Interestingly, cytosolic proteostasis has been linked to protein import into mitochondria,53 

and the ER makes extensive contact sites with mitochondria,54-56 hinting at the possibility of crosstalk 

between the cytosolic, ER, and mitochondrial proteostasis networks.57-59 

Due to the widespread influence of dysregulated proteostasis in biology and disease, it is 

unsurprising that the proteostasis network is a drug target for many diseases beyond the aforementioned 

cystic fibrosis and neurodegenerative disorders. For example, there is great interest in targeting the 

proteostasis network for treating the lysosomal storage disorders Gaucher disease and Tay-Sachs disease,60 

and liver diseases caused by aggregates of alpha-1 antitrypsin (AATD).61 Furthermore, chaperones are often 

necessary for folding metastable oncogenes such as v-Src62-64 and other cancer-related client proteins.65 ER 

proteostasis in particular is a cancer target, with inhibitors for the Grp94 Hsp90 chaperone in development.66 

 

Chemical Tools to Control the Unfolded Protein Response 

Professional secretory cells, such as B cells and pancreatic b-cells, rely on upregulation of the 

unfolded protein response (Figure 1.2) in accordance with their roles in secreting antibodies and insulin, 

Figure 1.2: The unfolded protein response safeguards ER proteostasis through three distinct 
pathways. PERK, IRE1, and ATF6 are ER transmembrane sensor proteins that signal to their respective 
transcription factors ATF4, XBP1s, and ATF6f. PERK activation can also lead to blocking protein 
translation. Each pathway involves a distinct mechanism, including phosphorylation of eIF2a (PERK-
ATF4), splicing of XBP1 mRNA (IRE1-XBP1s), and cleavage of ATF6. The XBP1s and ATF6f 
transcription factors upregulate the ER proteostasis network via induced expression of genes for proteins 
involved in protein folding, such as chaperones, to mitigate ER stress. Unresolved stress can lead to 
apoptosis via the ATF4 transcription factor. 
 



 25 

respectively. Additionally, normal physiology including embryogenesis and development require robust 

proteostasis and dependence on protein folding capacity. Furthermore, ER proteostasis plays important 

roles in disease,67 especially in a variety cancers.68-70 In order to fully understand the functions of the UPR 

in biology and disease, stress-independent methods of activation are required beyond those that induce the 

global UPR. 

Classic tools used to induce ER stress include the compounds thapsigargin, tunicamycin, and 

Brefeldin A.71 Such compounds activate global ER stress by blocking calcium ion import into the ER 

(thapsigargin), blocking protein N-glycosylation (tunicamycin), or blocking protein transport from the ER 

to the Golgi (Brefeldin A). These ER stressors can lead to massive protein misfolding, thus activating all 

three branches of the UPR. Applications of such compounds have led to dissection of the effects of ER 

stress on autophagy and other aspects of biology,72 but their global consequences for cell health make 

branch-specific effects difficult to analyze. Moreover, ER stressors are not viable therapeutic drugs for UPR 

modulation, as they are highly cytotoxic. 

Chemical genetic methods have been developed to modulate ER proteostasis without global UPR 

induction,42, 44 allowing elucidation of branch-specific biology. Screening methods for small molecule, 

pharmacologic control of ATF6 have identified compounds that selectively activate ATF6.73-74 Molecules 

that activate IRE1 have largely proven to be quite cytotoxic or pleiotropic,75 and lacking in sustained 

potency.76-78 The search for potent, selective activators of IRE1 is ongoing, with promising first-in-class 

compounds recently identified from high-throughput screening.79 Pharmacologic control of ATF6 and IRE1 

have shown promising effects in conferring protection from heart damage following myocardial 

ischemia/reperfusion in vivo, and in reducing secretion of toxic amyloid precursor protein (APP) in cellular 

models, respectively.73, 79  Extensive overviews of tools and methods to control the UPR and cellular 

proteostasis have been reported elsewhere80-81 and will not be further discussed in this chapter.  

 

Post-Translational Modifications  

Owing to compartmentalization of the ER and Golgi, secretory pathway proteins are presented 

unique environments for protein maturation, including glycosylation by a suite of enzymes (i.e., 

glycosyltransferases and glycosidases) and disulfide bond formation by protein disulfide isomerases. Such 

co- and post-translational modifications can impart enhanced stability and functional diversity. For 

example, proteins undergoing glycosylation are covalently modified with sugars to yield linear or branched 

sugar structures called glycans (Figure 1.3). Glycans attached to proteins (or to other glycoconjugates such 

as lipids) help comprise the layer of sugars on the cell surface called the glycocalyx. The glycocalyx 

contributes to cell–cell recognition and cell–matrix interactions.82 Glycans also affect the function of 

proteins, influencing downstream biology (further discussed in the following section). 
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Proteins can also be modified with ubiquitin, a small regulatory protein that can direct other 

proteins for proteasomal degradation when polyubiquitinated (i.e. modified with a chain of ubiquitin 

molecules) (Figure 1.3A). Ubiquitin-mediated protein degradation takes place as a quality control 

mechanism for misfolded proteins (Figure 1.1), such as those in the ER destined for ER–associated 

degradation (ERAD).83 In contrast to polyubiquitylation, monoubiquitylation of proteins does not target 

proteins for degradation, but instead can affect protein localization and endocytic trafficking.84 Additional 

post-translational modifications include phosphorylation, acetylation, and hydroxylation (Figure 1.3A),85 

which can confer additional levels of regulation and dramatically alter the structure and function of proteins, 

acting as molecular switches or rheostats for tuning activity. The entire repertoire of post-translational 

modifications is too grand to be described in detail here. We will focus on N-linked glycosylation in 

particular for its emerging connections to the unfolded protein response. 

 

N-Linked Glycosylation 

Unlike macromolecules such as nucleic acids (DNA and RNA) or proteins, glycans are synthesized 

without templates, instead relying on the biosynthesis of nucleotide-activated monosaccharides as building 

Figure 1.3: Post-translational modifications are chemical groups attached to proteins via covalent 
linkages. A: Such modifications are diverse and only a small selection is presented here. Some 
modifications such as phosphorylation, acetylation, and hydroxylation use small chemical moieties (shown 
in red), but their effects on protein conformation and function can be profound. Others, such as 
glycosylation and ubiquitylation, use larger chemical groups (sugars and proteins, respectively) to build 
linear or branched structures. These modifications are installed or removed by specific enzymes. Examples 
of the roles of post-translational modifications are highlighted. B: Chemical structures of common 
monosaccharide building blocks used in protein glycosylation. Several are structural isomers, such as the 
hexose sugars (mannose, glucose, and galactose) and the HexNAc sugars (GlcNAc and GalNAc). 
 



 27 

blocks,86-87 their associated transporters,88 and enzymes that mediate the addition and removal of 

monosaccharides.89 Structural isomers of monosaccharides are often the building blocks of glycans (Figure 

1.3B), making discrimination of these sugars based on molecular weight alone challenging.90 Researchers 

have developed chemical tools and methods to study glycosylation, utilizing bioorthogonal chemistry, 

metabolic and chemoenzymatic engineering, array-based technologies, and mass spectrometry.91-96 

Several forms of glycosylation occur in cells, including O-linked glycosylation, C-linked 

mannosylation, S-linked glycosylation, glypiation (glycosylphosphatidylinositol anchor attachment), and 

phosphoglycosylation. N-Linked glycosylation of asparagine is, however, the most common.97 Again, we 

focus on N-linked glycosylation here owing to its emerging connections to ER proteostasis and the UPR. 

N-Glycosylation features step-wise synthesis of a precursor oligosaccharide, en bloc transfer of the 

precursor, followed by further step-wise processing (Figure 1.4A),98 with the potential to create highly 

branched structures. N-Glycosylation is evolutionary conserved99 and has wide-ranging effects in health 

and disease.100 All kingdoms of life feature N-glycosylation, but may utilize specialized building blocks 

depending on the organism.101 Initial studies had suggested that over half of the proteome is N-

glycosylated,102 but more recent analyses suggest one-fifth as the upper limit.97 

N-Glycans can adopt various structures that influence protein function (Figure 1.4B). They 

contribute to the formation of distinct proteoforms103 with glycan-dependent functions in immunity, 

development and beyond.104-105 For example N-glycans can influence the threshold of immune activation. 

Specifically, a deficiency in MGAT5, a b1,6-branching GlcNAc transferase, lowers the activation threshold 

of T cells and increases the incidence of autoimmunity by enhancing T cell receptor clustering that results 

from altered N-acetyllactosamine levels and galectin binding.106 N-Glycans have also been reported to affect 

viral escape from the immune system. The HIV gp120 envelope glycoprotein is heavily glycosylated with 

high-mannose glycans, which protect it from proteolytic processing required for antigen presentation and 

cytotoxic T cell priming.107 Additionally, the N-glycans on gp120 help form the protective glycan shield 

that allows HIV to evade neutralizing antibodies.108 Other N-glycan epitopes that modulate immune 

function include core fucose, which was shown to be required for T cell activation.109 The core fucose 

epitope is further required during development, evidenced by the poor survival of mice lacking Fut8, the 

fucosyltransferase enzyme responsible for initiating core fucosylation, due to growth and respiratory 

defects.110-111 These examples provide just a snapshot of the many roles of N-glycans in biology and disease. 

Therapeutic antibodies are often engineered to display desired N-glycan modifications, which can 

function as structural rheostats and thus modulated accordingly. For example, a monoclonal antibody 

against EGFR was chemoenzymatically engineered to display desired sialylated and non-fucosylated 

(afucosylated) glycans, optimizing binding affinity and enhancing cytotoxic activity against human skin 
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cancer cells.112 Afucosylated glycans have emerged as prominent determinants of enhanced antibody-

dependent cell cytotoxicity113-115 and are often desirable for antibodies used as anti-cancer therapeutics. 

 

N-Glycans in Protein Quality Control 

 Early in the secretory pathway, N-glycans mediate protein folding and quality control by allowing 

access to the lectin-based protein chaperones calnexin and calreticulin in the ER,116 as well as to their partner 

proteins in folding, oxidation, and glycan trimming.117-118 Glycoproteins with the specific glycan structure 

Figure 1.4: Protein N-linked glycosylation is a co- and post-translational modification that installs 
glycans onto asparagine side chains of proteins. A: A 14-residue precursor oligosaccharide is first 
synthesized in a step-wise fashion while attached to a dolichol pyrophosphate molecule on the ER 
membrane. Monosaccharide substrates in the form of nucleotide sugars are each added to the growing sugar 
chain by their respective transferase enzymes, and the biosynthesis of the precursor requires the action of 
flippase enzymes after attachment of the seventh monosaccharide. After the 14-residue precursor is 
biosynthesized, it is added to a nascent glycoprotein by the oligosaccharyltransferase complex as the 
polypeptide translocates from the ribosome to the ER. After installation of the precursor, initial trimming 
occurs in the ER and the nascent glycoprotein is trafficked to the Golgi for further processing. B: 
Glycosylation enzymes in the Golgi process the N-glycan with sequential removal and addition of 
monosaccharides by specific enzymes, ultimately yielding a vast array of potential glycan structures, 
including hybrid glycans, complex glycans, core fucosylated glycans, and sialylated glycans. The specific 
identity of the glycan has important and varied effects on cellular communication and the function of 
proteins. Emerging evidence shows that certain transcription factors may coordinately remodel the 
expression of enzymes to yield specific glycan structures. 
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of Glc1Man9GlcNAc2 (Glc, glucose; Man, mannose; GlcNAc, N-acetylglucosamine) cycle through 

calnexin/calreticulin binding until the terminal glucose is trimmed from the structure, thereby preventing 

re-entry into the folding cycle. Proper folding and re-entry into the cycle is monitored by the UGGT 

glucosyltransferase enzyme that can re-install the terminal glucose for another cycle of folding. 

Additionally, glycans serve as signals for ER–associated degradation whereby glycoproteins that fail to 

properly fold are processed by the EDEM mannosidase enzymes, retrotranslocated to the cytosol with the 

help of lectin receptors, and tagged for ubiquitin-mediated proteasomal degradation.83 

 

Deciphering Regulation of Glycosylation 

Our current understanding of how glycosylation is regulated is quite poor. Hundreds of genes are 

involved in N-glycosylation, and how the cell regulates all of these players in a coordinated fashion is not 

well-understood, though the roles of transcription factors and miRNA in regulating glycosylation are 

emerging. Evidence of transcription factors controlling glycosylation-related gene (glycogene) expression 

is in general lacking, with information available for only about two dozen glycogene–transcription factor 

interactions.119 Examples of transcription factors controlling glycogene expression include the HNF1a and 

ATF2 transcription factors, which can regulate the expression of fucosyltransferase and fucose biosynthesis 

genes.120-122 

Regulation of gene expression by miRNA can also control the expression of individual 

glycogenes.123 A recent analysis of sequencing reads from the human genome and experimental validation 

suggested that 2,300 true human mature miRNAs exist, half of which were annotated in the miRBase 

database at the time of publication.124 Currently 80 glycogenes are known to be regulated by miRNAs123 

but because accurate miRNA prediction algorithms are currently lacking, most studies have focused on 

individual miRNAs. Looking forward, the development of focused CRISPR-Cas9 libraries targeting human 

miRNAs125 could make high-throughput screens for miRNA–glycosylation biology more feasible. 

 

A Novel Connection: XBP1s and Glycosylation 

Previous studies had shown that XBP1s can activate the hexosamine biosynthetic pathway (HBP), 

a glucose metabolic pathway that generates the UDP-GlcNAc metabolite used for protein glycosylation, 

but it was unknown whether XBP1s influences either the extent of protein N-glycosylation or the final 

structure of glycans decorating proteins.87, 126 Our lab discovered that XBP1s activation can remodel the 

expression of glycosylation enzymes.127 As one of the major regulators of the unfolded protein response, 

XBP1s plays instrumental roles in controlling the expression of chaperone proteins and quality control 

factors, but it was surprising to discover that XBP1s can also coordinate the expression of multiple 

glycogenes that influence glycan structures. 
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Using stress-independent activation of XBP1s and glycomic profiling by mass spectrometry, our 

group went on to show that XBP1s alters the structural distribution of N-glycans installed on a secreted 

glycoprotein domain derived from the CD2 adhesion protein, shifting from majority oligomannose N-

glycans to predominantly hybrid N-glycans.127 XBP1s activation also influenced terminal N-glycan epitopes 

such as LacdiNAc (N,N’-diacetyllactosamine) and fucosylated LacdiNAc. Pulse-chase studies 

demonstrated that synthesis and trafficking of the model protein were not affected, thus the observed N-

glycan changes were due to alterations in N-glycan maturation, likely mediated by shifts in glycogene 

expression. We demonstrated that the effects of XBP1s in shifting glycoform distributions were 

generalizable to the secreted collagen-a1(I) C-propeptide domain.127 These findings suggest that 

intracellular stress signaling, and XBP1s in particular, can coordinately regulate the molecular architecture 

of N-glycans. However, the CD2 and collagen protein domains used in these initial studies127 were 

ectopically expressed and, in the case of CD2 involved a domain that is not normally glycosylated, 

rendering the biological relevance of XBP1s-dependent remodeling of glycosylation uncertain at the time. 

Nonetheless, these studies demonstrated that XBP1s bridges ER proteostasis with N-glycan maturation, 

which has potential to influence disease progression. Both ER stress and glycosylation contribute to the 

development of cancer128-130 and resistance to cancer therapies,131-136 suggesting a potential role for crosstalk 

between ER stress and glycosylation. 

 

The Hallmarks of Cancers 

Cancers are heterogeneous diseases distributed across the body,137-139 and are the second leading 

cause of death (after heart disease) in the United States.140 There are over 100 types of cancer,141 among 

which the most common are colorectal, lung, breast, and prostate cancer.140 Despite this heterogeneity, all 

cancers feature uncontrolled cell division and a dysregulation of normal tissue homeostasis that can lead to 

metastasis, or the spread to distant body parts. Cancer cells grow continuously and overcome biological 

safeguards such as apoptosis and senescence, while feedback mechanisms such as cell cycle checkpoints 

are broken. Metastatic cancer can lead to organ damage, and weakened immune systems associated with 

cancer treatments lead to higher risk of complications such as infections and sepsis.142 

The Hallmarks of Cancer describe eight biological alterations that enable transformation of healthy 

cells into malignant cells.141, 143 These principles include (1) sustaining proliferative signaling, (2) evading 

growth suppressors, (3) resisting cell death, (4) enabling replicative immortality, (5) inducing angiogenesis, 

(6) activating invasion and metastasis, (7) reprogramming of energy metabolism, and (8) evading immune 

destruction (Figure 1.5A). These hallmarks encompass the effects of oncogenes such as Ras, PI3K, and 

EGFR;103, 144-147 inactivation of tumor suppressors such as Rb, p53, and Hippo;148-150 upregulation of anti-
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apoptotic factors;151 expression of telomerase;152 induction of angiogenesis in hypoxic conditions;153-154 

EMT transition states;155 metabolic rewiring and oncometabolites;156-157 and immunoediting.158 

Defining the Hallmarks of Cancer provides a framework to study the disease and to identify 

potential therapeutic targets. These hallmarks have been updated over time,143 reflecting progress in our 

understanding of cancer. As cancer research advances, we may expect to add to the list of cancer hallmarks 

(Figure 1.5B).129, 159-162 

Figure 1.5: Emerging cancer hallmarks and new connections. A: The Hallmarks of Cancer describe 
eight alterations in healthy cells that enable transformation into malignant cells. B: Many biological 
processes have been proposed as emerging cancer hallmarks, including ER stress and glycosylation. C: 
Work in our lab has suggested that XBP1s may be a master regulator of both ER stress and protein 
glycosylation, potentially linking two emerging cancer hallmarks. 
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Connection between Emerging Hallmarks of Cancer: ER Stress and Glycosylation 

Emerging hallmarks of cancer include DNA replication stress,159 ER stress,129 glycosylation,160-161 

and circadian regulation.162 Tumors undergo significant stress conditions, including nutrient deprivation 

and hypoxia, which affect metabolism, glycosylation, protein synthesis,163-164 and can impede the cell’s 

protein folding capacity, leading to ER stress.165-166 Additionally, ER stress responses can negatively 

regulate anti-tumor immunity.167-169 XBP1s activity inhibits the capacity of dendritic cells to support T cell 

function, and the UPR transcription factor CHOP regulates the activity of immune-suppressive myeloid-

derived suppressor cells (MDSCs). Inducing ER stress in mice with thapsigargin enhances tumor growth 

by increasing the immunosuppressive capacity of MDSCs. These observations suggest that targeting ER 

stress might be an effective strategy to enhance existing cancer immunotherapies. 

Another attractive target for cancer therapy is glycosylation,170 given that the surface of every cell 

is covered with a layer of sugars (i.e., the glycocalyx) that can modulate various biological processes, and 

that glycosylation is often dysregulated in cancer, leading to tumor-associated carbohydrate antigens that 

can serve as biomarkers.171-172 For example, the sugars on the cancer cell surface are often transformed to 

display more sialic acid, mannose, or fucose residues. Since cancer cells often feature upregulation of 

proteostasis factors such as XBP1s, it is possible that the transcriptional remodeling of glycogenes resulting 

from XBP1s activation127 may also induce changes in glycan structure that contribute to malignancy. Thus, 

XBP1s may bridge ER stress and glycosylation as connected cancer hallmarks (Figure 1.5C).  

 

Conclusions 

The UPR and glycosylation each modulate biological processes that contribute to a multitude of 

diseases. Our current understanding of the interplay between the UPR and glycosylation is nascent, but 

such a conceptual framework will help illuminate future studies. Protein glycosylation is regulated at many 

levels, including by transcription factors, but our overall understanding of which transcription factor–

glycogene pairs exist and contribute to biology is incomplete, with mechanistic work available for only 

about 15 glycogenes.119 In the following chapters, we combine stress-independent activation of XBP1s in 

cells with glycomic analyses to profile glycosylation changes on endogenous proteins (Chapter 2). We 

then describe the results of direct, pharmacological inhibition of IRE1 to prevent formation of endogenous 

XBP1s in breast cancer cells, and report on the associated glycomic changes (Chapter 3). Lastly, we 

explore the negative feedback loop regulating IRE1 activity as a mechanism that prevents sustained 

pharmacological IRE1 activation (Chapter 4). Our results demonstrate that XBP1s is a significant player 

in regulating glycosylation, with varying effects across cell types. In addition, our findings on IRE1 

regulation emphasize the importance of continued research to identify regulators of the IRE1-XBP1s 

signaling axis for target discovery.  
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Chapter 2 

XBP1s Activation Can Globally Remodel N-Glycan Structure Distribution Patterns 

 

Summary 

Classically, the unfolded protein response (UPR) safeguards secretory pathway proteostasis. The 

most ancient arm of the UPR, the IRE1-activated spliced X-box binding protein 1 (XBP1s)-mediated 

response, has roles in secretory pathway maturation beyond resolving proteostatic stress. Understanding 

the consequences of XBP1s activation for cellular processes is critical for elucidating mechanistic 

connections between XBP1s and development, immunity, and disease. Here, we show that a key functional 

output of XBP1s activation is a cell type-dependent shift in the distribution of N-glycan structures on 

endogenous membrane and secreted proteomes. For example, XBP1s activity decreased levels of sialylation 

and bisecting GlcNAc in the HEK293 membrane proteome and secretome, while substantially increasing 

the population of oligomannose N-glycans only in the secretome. In HeLa cell membranes, stress-

independent XBP1s activation increased the population of high-mannose and tetraantennary N-glycans, and 

also enhanced core fucosylation. mRNA profiling experiments suggest that XBP1s-mediated remodeling 

of the N-glycome is, at least in part, a consequence of coordinated transcriptional resculpting of N-glycan 

maturation pathways by XBP1s. The discovery of XBP1s-induced N-glycan structural remodeling on a 

glycome-wide scale suggests that XBP1s can act as a master regulator of N-glycan maturation. Moreover, 

because the sugars on cell-surface proteins or on proteins secreted from an XBP1s-activated cell can be 

molecularly distinct from those of an unactivated cell, these findings reveal a potential new mechanism for 

translating intracellular stress signaling into altered interactions with the extracellular environment. 
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Introduction 

The unfolded protein response (UPR) is classically responsible for maintaining proteostasis in the 

secretory pathway.1 In the metazoan UPR, three transmembrane proteins (IRE1, PERK, and ATF6) act to 

detect protein misfolding stress in the endoplasmic reticulum (ER). Once stress is detected, activation of 

each sensor results in the production of a distinctive transcription factor—spliced X-box binding protein 1 

(XBP1s), ATF4, or ATF6(1–373), respectively.2 The targets of these transcription factors include a suite of 

ER chaperones and quality control factors that can resolve proteostatic challenges caused by physiologic 

and environmental changes. The central role of the UPR in maintaining secretory proteostasis has catalyzed 

extensive efforts to delineate relevant mechanisms of induction,3 define cellular effects of UPR activation, 

and create tools to modulate individual UPR arms.4-6 

The IRE1-XBP1s pathway is the most ancient UPR arm.2 Recent work continues to define essential 

functions for the XBP1s transcription factor, in particular, that are distinctive from proteostasis 

maintenance. For example, XBP1s is critical for development, immune response, memory formation, and 

cell-nonautonomous ER stress signaling.7-10 Moreover, chronic up-regulation of the XBP1s transcription 

factor is a pathologic hallmark of numerous malignancies.11 Consistent with its diverse regulatory functions, 

the IRE1-XBP1s arm can be activated independent of PERK-ATF4 and ATF6 in response to assorted 

stimuli.1 Attaining mechanistic understanding of these diverse processes requires first comprehensively 

defining the molecular consequences of XBP1s induction. 

The majority of proteins traversing the secretory pathway are co- or post-translationally N-

glycosylated.12 A 14-residue oligosaccharide with the structure Glc3Man9GlcNAc2 (Glc, glucose; Man, 

mannose; GlcNAc, N-acetylglucosamine) is installed on Asn residues within specific amino acid sequons. 

XBP1s may modulate the extent to which N-linked glycans are installed by the cell,13 thereby potentially 

assisting N-glycoprotein trafficking and directly enhancing proteostasis by providing improved access to 

the ER’s lectin-based chaperone and quality control machineries. Downstream of N-glycan installation, the 

immature sugar is processed in both the ER and the Golgi to yield the vast array of high- and oligomannose, 

hybrid, and complex N-glycan structures presented on secreted and cell-surface proteins.14 The molecular 

architecture of this N-glycome is dynamic, with consequences for both normal and pathologic processes, 

including cell motility and adhesion, cell–cell interactions, and immune system function.15-17 However, our 

understanding of how intracellular signaling pathways coordinately define N-glycan maturation and thereby 

regulate these processes remains incomplete. 

We previously reported that stress-independent activation of XBP1s can significantly modify the 

structural distribution of N-glycans installed at the single N-glycosylation site of a soluble, secreted 

glycoprotein domain derived from the CD2 adhesion protein.18 The observed changes were specifically 

caused by XBP1s-mediated alterations in N-glycan maturation, not by modified CD2 protein synthesis or 
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trafficking. These findings hint at the possibility that XBP1s may regulate the molecular architecture of the 

endogenous N-glycome in a coordinated manner. However, the CD2 protein domain used in our prior 

studies was an ectopically expressed, soluble, and glycosylation-naïve protein variant,18 rendering the 

biological relevance of the observed XBP1s-dependent remodeling of N-glycan maturation uncertain. 

Here, we ask (i) whether induction of the transcription factor XBP1s results in altered N-glycan 

structures on endogenous proteins, and (ii) whether such remodeling is sufficiently significant to be 

observed in a glycome-wide experiment, not just on individual, purified glycoproteins. We find that stress-

independent XBP1s activation can substantially alter the composition of the N-glycome in a cell type- and 

proteome-dependent manner. The resulting changes in the distribution of N-glycan structures indicate that 

XBP1s-activated cell membranes, and proteins secreted from XBP1s-activated cells, are often 

distinguishable at the molecular level from those of cells with basal levels of UPR signaling. These 

observations suggest a new mechanism to translate intracellular stress signaling to the extracellular milieu, 

a phenomenon with important implications for our emerging understanding of how the UPR shapes higher-

order biological activities (e.g., organismal development and immune response) beyond just the 

maintenance of ER proteostasis. 

 

Results 

Experimental Platform and Workflow to Scrutinize Effects of XBP1s on the N-Glycome 

Our objective here was to test the hypotheses that XBP1s-mediated remodeling of N-glycan 

structures (i) occurs on endogenous glycoproteins and (ii) is sufficiently significant to be observed in 

experiments surveying the glycome. Application of a traditional ER stress inducer such as thapsigargin (Tg) 

does cause XBP1s activation, and is therefore one possible experimental approach. However, the 

pleiotropic consequences of ER stressors, including extensive ER protein misfolding and high cytotoxicity, 

limit the reliability and interpretation of the resulting data. Selective induction of XBP1s using chemical 

genetics is an alternative strategy that we and others have employed to elucidate consequences of XBP1s 

activity.4, 19 This strategy results in XBP1s induction in the absence of global UPR activation by ER stress. 

Such selective and chronic XBP1s activation is observed in numerous relevant settings, including 

development, the immune response, and cancer.7-8, 11 

In this work, we employed two cell lines engineered for ER stress-independent induction of XBP1s 

transcriptional activity. In both cell lines, XBP1s was placed under control of the tetracycline repressor, 

providing doxycycline (dox)-regulated expression of XBP1s. The first stable cell line we used, termed 

HEKXBP1s, was derived from the human embryonic kidney cell line and was reported previously.4 The 

second cell line, developed for this study, was a stable HeLa cell line (derived from the cervical epithelial 

line) termed HeLaXBP1s. In both HEKXBP1s (Supporting Figure S.1A) and HeLaXBP1s (Supporting Figure S.1B) 
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cells, treatment with dox up-regulated mRNA expression for the established XBP1s target genes ERDJ4 

and SEC24D to levels similar to those induced by treatment with the classic ER stressor Tg. In both cases, 

XBP1s activation occurred independent of global UPR induction, as well-known transcripts induced by the 

PERK-ATF4 arm of the UPR were not up-regulated (e.g., CHOP and GADD34; Supporting Figure S.1 A 

and B). 

In previous work, we characterized the consequences of sustained XBP1s activation for the 

transcriptome and proteome of HEKXBP1s cells.4 As the HeLaXBP1s cell line was newly developed, we 

sequenced mRNA from vehicle-, dox-, or Tg-treated HeLaXBP1s cells in biological triplicate. Hierarchical 

clustering of differentially expressed coding genes showed that XBP1s activation preferentially clustered 

with vehicle-treated rather than Tg-treated samples, indicating that the transcriptional consequences of 

chronic XBP1s activation were significantly muted relative to treatment with an ER stressor (Supporting 

Figure S.1C). As expected (Supporting Figure S.1D), and in line with our previous observations for 

HEKXBP1s cells,4 gene set enrichment analysis revealed specific gene sets enriched in the XBP1s-activated 

lines alone (e.g., the unfolded protein binding gene set), others that were enriched in both XBP1s-activated 

and Tg-treated cells (e.g., the response to ER stress gene set), and a third group of gene sets enriched only 

in Tg-treated cells (e.g., the intrinsic apoptotic signaling in response to the ER stress gene set) (see Appendix 

1, Dataset S.1 A–D for full results). HEKXBP1s and HeLaXBP1s cells thus provide two distinct cell types in 

which we can induce sustained XBP1s activity over the time period required for an intracellular signal like 

XBP1s-mediated transcription to propagate to the mature N-glycoproteome. 

With appropriate cell lines in hand, we devised an experimental workflow to test for effects of 

XBP1s activation on N-glycan maturation. As illustrated in Figure 2.1A, we treated HEKXBP1s cells in 

complete media with vehicle (control), dox (to activate XBP1s), or Tg (to induce ER stress and the global 

UPR), followed by isolation of the membrane fraction by ultracentrifugation. Alternatively, we treated 

HEKXBP1s cells identically in a serum-free media formulation (FreeStyle media) such that we could harvest 

and concentrate the secreted proteome for downstream glycomic analyses while minimizing contamination 

from serum glycoproteins. We used FreeStyle media instead of serum-free Dulbecco’s modified Eagle’s 

medium (DMEM) because we have observed that serum-free DMEM causes significant cell stress over 

longer treatments such as the 24 h used here. Grp78 was detected in the FreeStyle media only upon XBP1s 

activation (Supporting Figure S.2), suggesting that the presence of any ER proteins in the XBP1s-activated 

secretome is a consequence of UPR activity, as has previously been observed by others.20 For HeLaXBP1s 

cells, we carried out an identical workflow but isolated only the membrane fraction, as in our observation 

HeLa cells are less secretory than HEK cells. 

After isolating membrane and secreted protein fractions, we next carried out two types of glycomic 

experiments on the samples: (i) lectin microarray analysis, which enabled us to directly compare relative 
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levels of glycan motifs/substructures,21 and (ii) mass spectrometry, which provided a more detailed analysis 

of glycan structures. We used dual-color lectin microarrays (Figure 2.1B) on biological triplicates to gain 

insight into potential glycome remodeling owing to XBP1s activation and/or Tg treatment. We measured 

the relative binding of fluorescently labeled glycoproteome samples and an orthogonally labeled common 

reference to immobilized lectins on our microarray. The lectin microarrays we employed were composed 

of ∼90 unique lectins with diverse sugar-binding specificities (see Appendix 1, Dataset S.2 for a complete 

list). Samples were labeled with Alexa Fluor 647 or 555, mixed with an equal amount of an orthogonally 

labeled common reference sample (a mix of all replicates for all conditions), and incubated with the 

microarray. The resulting data leverage the known glycan-binding preferences of lectins to gain insight into 

Figure 2.1: Experimental workflows for glycomic analyses. (A) Experimental workflow for 
glycoproteome extraction and analysis. (B) Glycan analysis by lectin microarrays. (C) MS analysis of N-
glycomes. 
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changes in the levels of glycan substructures, providing a systems-level perspective on differences in glycan 

epitopes via relative quantitation of the glycan epitopes/substructures recognized by a particular lectin 

across sample conditions.21 

We also used MALDI-TOF MS and TOF/TOF MS/MS (Figure 2.1C) to obtain a molecular-level 

view of N-glycome composition in our samples. We performed GC-MS linkage analyses in parallel, 

yielding further detail by characterizing specific sugar linkages. All MS analyses were performed in a 

minimum of biological duplicate. These MS techniques provide detailed structural information to validate 

and enhance the lectin microarray findings. Notably, while MS can pinpoint shifts in the overall 

composition of the glycome within a sample (i.e., what percentage of overall glycans in a given sample 

have sialic acid), the methods used here do not provide direct comparison of a specific glycan’s absolute 

abundance between two samples (e.g., how much sialic acid is expressed in sample 1 vs. sample 2). Thus, 

percentage changes from MS represent shifts in the profile whereas percentage changes from the lectin 

microarray represent changes in the overall levels of an epitope. By combining the ability of lectin 

microarrays to provide collective expression changes for glycan motifs (regardless of parent glycan 

backbone) with the capacity of MS to supply detailed structural analysis of individual glycans, we were 

able to evaluate at high resolution whether and to what extent XBP1s modulates glycome architecture. 

Results from these complementary analyses are presented below. 

 

XBP1s Remodels the HEKXBP1s Cell-Membrane N-Glycome 

We began by assaying the N-glycome of HEKXBP1s cell membranes upon XBP1s activation or Tg 

treatment, following the workflow in Figure 2.1A. Lectin microarray analysis of selective XBP1s activation 

in HEKXBP1s membranes (Appendix 1, Dataset S.3A) revealed a significant decrease in a2,6-sialylation 

(Figure 2.2A and Supporting Figure S.3A, Left). The a2,6-sialic acid-specific lectins SNA-I, TJA-I, and 

PSL-I showed an average 29% decrease in binding relative to the vehicle-treated control. Our engineered 

recombinant lectin diCBM40, which binds both a2,3- and a2,6-linked sialic acids with similar affinity,22 

showed a 35% loss in binding, further supporting a decrease in a2,6-sialylation. XBP1s activation also 

decreased bisecting N-glycans, as indicated by decreasing PHA-E signal (Figure 2.2A and Supporting 

Figure S.3A, Left). 

Fully consistent with the lectin microarray analyses, MALDI-TOF MS analysis confirmed that 

XBP1s activation of HEKXBP1s cells resulted in reduced sialylation of cell-membrane N-glycans and 

provided additional detail to the specific epitopes affected. Specifically, in XBP1s-activated cells, the 

relative abundance of ions at m/z 3054 and 3415 (green peaks in Figure 2.2B, Top versus Figure 2.2B, 

Middle)—corresponding to triantennary N-glycans with one or two NeuAc (N-acetylneuraminic acid) 

residues, respectively—decreased substantially (e.g., ∼84% for m/z 3054) with respect to the relative 
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abundance of the ion at m/z 2693, an undecorated triantennary N-glycan. Similar results were observed for 

tetraantennary N-glycans in XBP1s-activated cells (red peaks in Figure 2.2B, Top versus Figure 2.2B, 

Middle). Specifically, the relative abundance of ions at m/z 3503, 3864, and 4226, which correspond to 

singly, doubly, and triply sialylated structures, decreased substantially (e.g., ∼85% for m/z 3503) upon 

XBP1s activation compared with the relative abundance of the undecorated tetraantennary N-glycan at m/z 

3142. Similar but less intense reductions in sialylation were also observed for higher-mass N-glycans 

(Supporting Figure S.3B). For example, in XBP1s-activated cells, the ions at m/z 5124 and 5485—

corresponding mainly to tetraantennary N-glycans with two additional LacNAc (N-acetyllactosamine) 

repeats and three or four NeuAc residues—decreased by ∼22 and ∼44%, respectively, compared with the 

relative abundance of the ion at m/z 4763, which only has two NeuAc residues (Supporting Figure S.3B, 

Top versus Supporting Figure S.3B, Middle). Lower-mass biantennary glycans also displayed an ∼80% 

decrease in sialylation (Supporting Figure S.3C, Left versus Supporting Figure S.3C, Middle). 

We also performed GC-MS analysis (Supporting Table S.1) to add linkage details to our findings 

from the MALDI-TOF MS, and to further evaluate our lectin microarray findings. The detection of 6-linked 

galactose showed that a portion of NeuAc residues were a2,6-linked. The abundance of these a2,6-linked 

NeuAc residues substantially decreased in XBP1s-activated HEKXBP1s cells (23.6% in vehicle samples 

versus 4.0% in XBP1s-activated samples), in concordance with the lectin microarray data that specifically 

indicated reduced a2,6-sialylation (Figure 2.2A). We also identified 3,4,6-linked mannose by GC-MS, 

verifying the presence of minor amounts of bisecting N-glycans in HEKXBP1s cell membranes. The 

abundance of these epitopes also decreased upon XBP1s activation in HEKXBP1s cells (Supporting Table 

S.1), again in agreement with the observation of decreased bisecting N-glycans by lectin microarrays 

(Figure 2A). 

Collectively, these data reveal that XBP1s activation in HEKXBP1s cells substantially remodeled the 

composition of the membrane N-glycome, as summarized in Figure 2C and Supporting Table S.2. 

Moreover, XBP1s-induced changes in the N-glycome were consistently detected both via lectin microarrays 

and MS. In particular, we observed a strong reduction in sialylation, specifically a2,6-sialylation, as well 

as a reduction in bisecting N-glycans. 

Next, to ask whether induction of ER protein misfolding, and therefore all UPR pathways, has 

related effects on N-glycome composition, we performed the same analyses on membrane N-glycans from 

Tg-treated HEKXBP1s cells. We found that the overall glycomic profile closely mirrored that of selective 

XBP1s activation in that we observed reduced sialylation and a reduction in bisecting GlcNAc (Appendix 

1, Dataset S.3A). However, the magnitude of the changes was less substantial. SNA-I and diCBM40 still 

showed statistically significant decreases in binding (19 and 40%, respectively; Figure 2.2A and Supporting 

Figure S.3A, Right). In contrast, while other a2,6-sialic acid-binding lectins (e.g., PSL and TJA-I) also   
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Figure 2.2: Analysis of the HEKXBP1s membrane glycoproteome. Full caption on the following page. 



 56 

displayed reduced overall binding, they did not meet the statistical cutoff. A reduction in sialylation was 

also observed in the MALDI-TOF MS data, evident both in the relative abundance of sialylated to 

undecorated triantennary N-glycans (green peaks in Figure 2.2B, Top versus Figure 2.2B, Bottom) and the 

relative abundance of sialylated to undecorated tetraantennary N-glycans (red peaks in Figure 2.2B, Top 

versus Figure 2.2B, Bottom). Sialylation of biantennary N-glycans also decreased substantially upon Tg 

treatment (Supporting Figure S.3C, Left versus Supporting Figure S.3C, Right). GC-MS linkage analysis 

(Supporting Table S.1) confirmed a decrease in a2,6-linked NeuAcs, evidenced by a shift in the relative 

abundance of 6-linked galactose from 23.6% on vehicle-treated HEKXBP1s cells to 4.1% on Tg-treated cells. 

Like XBP1s, activation of global ER stress by Tg also caused a loss of bisecting GlcNAc, observed by 

reduced PHA-E binding in lectin microarrays (Figure 2.2A and Supporting Figure S.3A, Right) and by a 

decrease in 3,4,6-mannose by GC-MS analysis (Supporting Table S.1). Notably, a gain in core 1/3 O-

glycans was also observed upon Tg treatment, evidenced by increased binding to the lectins AIA, MPA, 

and MNA-G (Figure 2.2A and Supporting Figure S.3A, Right). Detailed O-glycan analysis was not 

performed using MALDI-TOF MS here, but this last result suggests that further investigation may reveal 

interesting ER stress-mediated changes to O-linked glycoforms, in addition to N-linked glycoforms. The 

Tg-mediated alterations in the HEKXBP1s membrane glycome are summarized in Supporting Table S.3. 

 

XBP1s Remodels HeLaXBP1s Membrane N-Glycoproteomes in a Cell Type-Dependent Manner 

We next asked whether activation of the XBP1s transcription factor has broader consequences for 

N-glycome composition across cell types. In particular, because cells derived from different tissues often 

have very different baseline N-glycome profiles,23-24 we were interested in the consequences of XBP1s 

activation in distinctive cellular contexts. To address this question, we employed our HeLaXBP1s cells 

following the workflow in Figure 2.1A. We first confirmed that the baseline glycome profiles of HEKXBP1s 

versus HeLaXBP1s cells were different. By lectin microarray analysis, HEKXBP1s and HeLaXBP1s cells 

Figure 2.2: Analysis of the HEKXBP1s membrane glycoproteome. (A) Heatmap of lectin microarray data 
generated from HEKXBP1s membrane glycoproteomes. Full lectin names, print concentration, and sources 
are listed in Appendix 1, Dataset S.2A. Color intensity represents normalized log2 ratio data relative to a 
pooled sample reference. Each column represents one biological replicate of the indicated sample. Select 
lectin groups with shared binding specificities are annotated (Right). See also Supporting Figure S.3A and 
Appendix 1, Dataset S.3A. (B) Partial MALDI-TOF mass spectra from the HEKXBP1s membrane proteome. 
Green and red peaks correspond to tri- and tetraantennary N-glycans with various levels of sialylation. 
Green- and red-shaded areas highlight the distribution shift of sialylation toward fewer NeuAcs on tri- and 
tetraantennary N-glycans. Structures above a bracket were not unequivocally defined. “M” and “m” 
designations indicate major and minor abundances, respectively. Putative structures are based on 
composition, tandem MS, and knowledge of biosynthetic pathways. All molecular ions are [M+Na]+. High-
mass spectra are presented in Supporting Figure S.3B, with GC-MS data in Supporting Table S.1. (C) 
Summary of XBP1s-induced changes to the HEKXBP1s membrane N-glycome (see also Supporting Tables 
S.2 and S.3). 
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displayed strikingly different levels of oligomannose N-glycans (Man7 to Man5) and sialylation epitopes 

(Supporting Figure S.4). Additionally, we found using MALDI-TOF/TOF MS/MS that, whereas high-mass 

poly-LacNAc N-glycans in HEKXBP1s membranes consisted of linear LacNAc repeats (Supporting Figure 

S.3D), in HeLaXBP1s cell membranes the high-mass N-glycans consisted of I-branched poly-LacNAc repeats 

(Supporting Figure S.5 A and B). GC-MS linkage analysis confirmed the presence of 3,6-linked galactose 

in HeLaXBP1s cells, in concordance with the presence of I-branched LacNAcs (Supporting Table S.1). 

Coincident with these quite distinctive baseline N-glycome profiles, lectin microarray analysis 

revealed a unique shift in the membrane glycomic profile upon XBP1s activation in HeLaXBP1s cells (Figure 

2.3A, Supporting Figure S.5C and Appendix 1, Dataset S.3B) relative to that observed in HEKXBP1s cells. 

XBP1s-activated HeLaXBP1s membranes exhibited increased levels of less processed N-linked glycans 

relative to vehicle-treated controls, based on increased signal from several high- (Man9 to Man7) and 

oligomannose-binding lectins (rGRFT, HHL, NPA, GNL, and Calsepa).25 Additionally, XBP1s activation 

resulted in increased core fucosylation (PSA and LcH) and b1,6-GlcNAc branching (PHA-L, which binds 

tri- and tetraantennary glycans). No shift in sialylation was observed. 

MALDI-TOF MS analysis was fully consistent with these observations. Similar to the microarray 

data, no significant changes in sialylation were observed. For example, the ratio of ions at m/z 3054, 3415, 

and 3776 (corresponding to triantennary N-glycans with one to three NeuAc residues, respectively) over 

the ion at m/z 2693 (corresponding to nonsialylated triantennary N-glycan) did not shift upon XBP1s 

activation (comparing the intensity of the green peaks within the green-shaded areas in Figure 2.3B, Top 

versus Figure 2.3B, Middle). Similarly, no change was observed in sialylation of the tetraantennary N-

glycans (comparing the intensity of the red peaks within the red-shaded areas in Figure 2.3B, Top versus 

Figure 2.3B, Middle). Instead, consistent with the lectin microarrays, the most striking consequence of 

XBP1s activation for the HeLaXBP1s membrane glycome was a 97% increase in the relative abundance of 

tetra- versus triantennary N-glycans (intensity of all of the red versus all of the green peaks in Figure 2.3B, 

Top versus Figure 2.3B, Middle). GC-MS linkage analysis further confirmed the MALDI-TOF MS and 

microarray data, demonstrating (i) an increase in tetraantennary N-glycans revealed by increased 2,4- and 

2,6-linked mannose in the partially permethylated alditol acetates (Supporting Table S.1) and (ii) an 

increase in core fucosylation revealed by increased levels of 4,6-linked GlcNAc (Supporting Table S.1). 

As performed here, MALDI-TOF MS does not permit quantitation of relative high- and 

oligomannose levels between two samples, and so we were unable to further validate that particular finding 

from the lectin microarray using the MS data. Moreover, the experimental strategy of cell-membrane 

isolation by ultracentrifugation can be problematic when assessing changes in levels of less processed N-

glycans on membrane proteins, as all cell membranes are isolated in the ultracentrifugation step. Therefore, 

to further evaluate the increase in high-mannose levels observed via lectin microarrays upon XBP1s  
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Figure 2.3: Analysis of the HeLaXBP1s membrane glycoproteome. Full caption on the following page. 
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activation (Figure 2.3A), we turned to a lectin-based flow cytometry approach.26 We incubated live 

HeLaXBP1s cells, treated with dox or vehicle as above, with biotinylated HHL, a lectin that preferentially 

binds high-mannose N-glycans.27 We then stained cells with Cy5-streptavidin to enable quantitative 

fluorescence detection of high-mannose N-glycans. XBP1s-activated HeLaXBP1s cells displayed a modest 

but significant increase in HHL signal compared with vehicle-treated control cells (Supporting Figure S.6A, 

Left and Middle). We confirmed that HHL was detecting bona fide high-mannose N-glycans by showing 

that (i) inhibiting lectin binding with methyl a-D-mannopyranoside reduced the signal (Supporting Figure 

S.6A, Right) and (ii) the mannosidase I inhibitor 1-deoxymannojirimycin28 increased HHL binding without 

causing a loss of cell viability (Supporting Figure S.6 B–D). 

Collectively, these data reveal that XBP1s activation in HeLaXBP1s cells substantially remodels the 

HeLa membrane N-glycome, as summarized in Figure 2.3C and Supporting Table S.2. In particular, we 

observed strong increases in both core fucosylation and the abundance of tetraantennary N-glycans via both 

lectin microarray and MALDI-TOF MS analyses. In addition, the combination of lectin microarrays and 

lectin flow cytometry experiments revealed that XBP1s activation increased levels of high- and 

oligomannose N-glycans on the HeLaXBP1s cell surface. 

Stress-induced, global UPR activation via Tg treatment of HeLaXBP1s cells also caused increases in 

high-mannose levels (Figure 2.3A and Supporting Figure S.5C, Right; see also Appendix 1, Dataset S.3B), 

demonstrated by significantly increased binding of the a1,2-mannose–specific antiviral lectins rSVN and 

rCVN, in addition to rGRFT. However, Tg treatment also induced a loss of b1,6-branched N-glycans based 

on decreased signal from PHA-L, revealing a distinct difference from the XBP1s-induced signal (Figure 

2.3A and Supporting Figure S.5C, Right). Again, no changes in sialylation were observed. These 

observations were fully confirmed by our MALDI-TOF MS analysis, in which Tg-treated cells did not 

display increased tetraantennary N-glycans relative to vehicle-treated cells (red versus green shading in 

Figure 2.3B, Top versus Figure 2.3B, Bottom). Instead, as anticipated from the lectin microarray work 

(Figure 2.3A), a decrease in 2,4- and 2,6-linked mannose was observed by GC-MS, the latter being 

Figure 2.3: Analysis of the HeLaXBP1s membrane glycoproteome. (A) Heatmap of lectin microarray data 
generated from HeLaXBP1s membrane glycoproteomes. Full lectin names, print concentration, and sources 
are listed in Appendix 1, Dataset S.2B. Color intensity represents normalized log2 ratio data relative to a 
pooled sample reference. Each column represents one biological replicate of the indicated sample. Select 
lectin groups with shared binding specificities are annotated (Right). See also Supporting Figure S.5C and 
Appendix 1, Dataset S.3B. (B) Partial MALDI-TOF mass spectra from the HeLaXBP1s membrane proteome. 
Green and red peaks correspond to tri- and tetraantennary N-glycans with various levels of sialylation. 
Green- and red-shaded areas highlight the increased abundance of tetraantennary N-glycans. The 
designation “vm” indicates very minor species; see Figure 2.2B legend for description of other annotations. 
High-mass spectra and selected MS/MS fragmentations are presented in Supporting Figure S5 A and B, 
with GC-MS data in Supporting Table S.1. (C) Summary of XBP1s-induced changes to the HeLaXBP1s 
membrane N-glycome (see also Supporting Tables S.2 and S.3). 
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consistent with a loss of b1,6-branched N-glycans (Supporting Table S.1). The Tg-mediated alterations in 

the HeLaXBP1s membrane glycome are summarized in Supporting Table S.3. 

In summary, the ability of XBP1s (or even stress-induced UPR activation) to globally remodel the 

N-glycome extends beyond just a single cell type. The molecular nature of the resulting changes in N-glycan 

distribution patterns is cell type-dependent, likely owing at least in part to differences in baseline N-glycome 

composition. The magnitude of the effects can be quite substantial. 

 

XBP1s Remodels the N-Glycan Composition of the HEKXBP1s Secretome 

The observation that XBP1s activation alters the structure distribution pattern of N-glycans on cell 

surfaces in a cell type-dependent manner suggests that cell–cell interactions, cell adhesion, and receptor 

signaling could all be modified by XBP1s. Beyond cell membranes, a large portion of the N-glycoproteome 

is composed of soluble, secreted proteins. Alterations in the N-glycans on secreted proteins could provide 

a mechanism for long-distance transmission of cell stress signals, or engender other important phenotypes. 

Therefore, we next asked whether XBP1s-mediated remodeling extends to the secreted N-glycome. 

The secretome from XBP1s-activated HEKXBP1s cells displayed substantial N-glycome remodeling 

when analyzed by lectin microarrays (Figure 2.4A, Supporting Figure S.7, Left, and Appendix 1, Dataset 

S.3C). A decrease in both b1,6 N-glycan branching (PHA-L) and bisecting GlcNAc (PHA-E) was observed, 

similar to our findings for the HEKXBP1s membrane N-glycome. A modest (27%) but not statistically 

significant decrease in binding to a2,6-sialylation epitopes based on the lectins SNA-I and diCMB40 was 

also observed. These results were confirmed by our MALDI-TOF MS and GC-MS analyses (see below). 

We also observed a significant increase in binding to oligomannose-targeting lectins (HHL, UDA, NPA, 

Calsepa, and GNA). 

MALDI-TOF MS analysis (Figure 2.4B) revealed that N-glycans isolated from the secretome of 

HEKXBP1s cells featured abundant core fucosylated bi- (purple peaks; m/z 2244, 2605, and 2966), tetra- (red 

peaks; m/z 3142, 3503, 3864, 4226, and 4587), and, to a lesser extent, triantennary (green peaks; m/z 2693, 

3054, 3415, and 3776) N-glycans. Upon XBP1s activation, the tri- and tetraantennary, but not the 

biantennary, N-glycans exhibited reduced sialylation (Figure 2.4B, Top versus Figure 2.4B, Middle). For 

example, the relative abundance of molecular ions at m/z 3503, 3864, 4226, and 4587 compared with m/z 

3142 was reduced from vehicle-treated levels in the XBP1s-activated secretome (red peaks in Figure 2.4B, 

Top versus Figure 2.4B, Middle). GC-MS analysis confirmed a small reduction in a2,6-sialylation overall 

(Supporting Table S.1; 6-linked galactose: vehicle 98.9% versus XBP1s 63.8%), consistent with our lectin 

microarray analysis. The decreases in bisected N-glycans and b1,6-branching observed by microarray were 

also confirmed by our GC-MS data (Supporting Table S.1; 3,4,6-linked mannose: vehicle 4.7% versus 

XBP1s 2.3%; 2,6-linked mannose: vehicle 105.8% versus XBP1s 71.1%). 
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Figure 2.4: Analysis of the HEKXBP1s secreted glycoproteome. Full caption on the following page. 
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Collectively, these data reveal that XBP1s activation in HEKXBP1s cells substantially remodels the 

composition of the secreted N-glycome, as summarized in Figure 2.4C and Supporting Table S.2. Lectin 

microarray analyses revealed an increase in oligomannose levels. Both lectin microarray and MALDI-TOF 

MS analyses demonstrated a decrease in bisecting N-glycans. MALDI-TOF MS showed a loss of sialylation 

on specific N-glycan epitopes (for tri- and tetraantennary but not biantennary N-glycans), suggesting 

possible protein-specific effects influencing loss of sialylation. While the reduction in bisecting N-glycans 

and a loss of sialylation are both consistent with our observations for the HEKXBP1s membrane N-glycomes 

(Figure 2.2C), the increase in oligomannose levels is limited to the secretome. This observation highlights 

the importance of separately evaluating membrane and secreted N-glycans in glycomic experiments, as we 

have also noted in prior work.29-30 

 We also analyzed the consequences of stress-induced, global UPR activation via Tg treatment on 

the composition of the secreted N-glycome in HEKXBP1s cells. The secreted N-glycome of Tg-treated 

HEKXBP1s cells was similar to that of XBP1s-activated cells in that reduced levels of b1,6 N-glycan 

branching (decreased binding to PHA-L) and bisecting GlcNAc (decreased binding to PHA-E) were 

observed (Figure 2.4A and Supporting Figure S.7, Right; see also Appendix 1, Dataset S.3C). MALDI-TOF 

MS and GC-MS analyses (Figure 2.4B, Top versus Figure 2.4B, Bottom and Supporting Table S.1) 

confirmed the decreases in levels of tri- and tetraantennary N-glycans (b1,6 N-glycan branching shown by 

changes in 2,4-linked mannose and 2,6-linked mannose levels). There was no impact on overall a2,6- 

sialylation, although a decrease in a2,3-sialylation was observed via reduced binding to MAL-I, MAL-II, 

and diCBM40 (Figure 2.4A). In contrast to the secretome of XBP1s-activated cells, Tg treatment did not 

induce an increase in oligomannose levels. These Tg-mediated alterations in the HEKXBP1s secreted 

glycoproteome are summarized in Supporting Table S.3. 

 

Figure 2.4: Analysis of the HEKXBP1s secreted glycoproteome. (A) Heatmap of lectin microarray data 
generated from HEKXBP1s secreted glycoproteomes. Full lectin names, print concentration, and sources are 
listed in Appendix 1, Dataset S.2A. Color intensity represents normalized log2 ratio data relative to a pooled 
sample reference. Each column represents one biological replicate of the indicated sample. Select lectin 
groups with shared binding specificities are annotated (Right). See also Supporting Figure S.7 and Appendix 
1, Dataset S.3C. (B) Partial MALDI-TOF mass spectra from the HEKXBP1s secretome. Purple, green, and 
red peaks correspond to bi, tri-, and tetraantennary N-glycans with various levels of sialylation. Purple-, 
green-, and red-shaded areas highlight the distribution shift of sialylation on the corresponding bi-, tri-, and 
tetraantennary N-glycans. Noncore fucosylated structures corresponded to residual FBS-derived N-glycans 
that we characterized previously (brown peaks; m/z 2792, 3602, and 3964).31 These FBS-derived N-glycans 
were observed consistently in all samples and were excluded from the analyses as previously described.32 
GC-MS data are presented in Supporting Table S.1. See Figure 2.2B legend for description of other 
annotations. (C) Summary of XBP1s-induced changes to the HEKXBP1s secreted N-glycome (see also 
Supporting Tables S.2 and S.3). 
 



 63 

XBP1s Does Not Significantly Alter the Proteomic Composition of the HEKXBP1s Secretome 

We questioned whether XBP1s-driven changes in the N-glycan architecture of the HEKXBP1s 

secretome could be attributed to changes in the composition of the proteome caused by XBP1s activation. 

To assess this hypothesis, we induced XBP1s by dox treatment for 24 h and then collected conditioned, 

serum-free DMEM after a 6-h incubation of vehicle-treated or dox-treated cells in biological triplicate. We 

used serum-free DMEM, not FreeStyle media optimized for HEK cell growth, because FreeStyle media 

contain various proprietary peptides that interfere with MS analysis. The use of serum-free DMEM limited 

us to a 6-h incubation instead of the longer incubation used in our glycomic experiments, to avoid extensive 

autophagy induction and cell toxicity. We precipitated total protein from the collected media, followed by 

denaturing, reducing, alkylating, and trypsinizing peptides. The digested samples were then labeled with 

isobaric mass tags to permit quantitative assessment of proteome composition and identify any XBP1s-

mediated changes. Using this approach, we were able to quantify 700 secreted proteins across all samples 

(Appendix 1, Dataset S.4). Using significance thresholds of unadjusted p value ≤ 0.05 and fold change ≥ 

1.5, we found that levels of only 16 of these 700 proteins were changed by XBP1s activation [we further 

note that no proteins qualified using a false discovery rate (FDR) threshold of 10% by Benjamini–Hochberg 

analysis]. Of those 16 proteins, only 9 are annotated in UniProtKB as being N-glycosylated. These data led 

us to conclude that the observed changes in the secreted glycome are unlikely to be driven by changes in 

the composition of the secreted proteome. Instead, we hypothesized that altered biosynthesis of N-glycans 

is the controlling factor. 

 

Selective XBP1s Induction Remodels the Glycogene Transcriptome 

Control mechanisms of N-glycan biosynthesis are not well-understood. One possible way in which 

induction of XBP1s could lead to an altered glycome is via enhanced flux through the secretory pathway 

that overwhelms the N-glycan maturation machinery and causes uncoordinated changes in structure 

distribution patterns. However, global changes in protein secretion that might suggest the Golgi N-glycan 

maturation pathway is overwhelmed upon XBP1s activation have not been detected (see Appendix 1, 

Dataset S.4 and work by Wiseman and coworkers4). Moreover, while the changes in oligomannose levels 

in HeLaXBP1s membranes and HEKXBP1s secretomes could possibly be linked to increased flux overwhelming 

the N-glycan maturation pathway, it seems unlikely that many of the other changes observed (e.g., increases 

in core fucosylation, alterations in N-glycan branching, and changes in specific types of sialylation) could 

be explained by this hypothesis. Thus, although we cannot completely exclude the possibility, we believe 

the “overwhelming flux” hypothesis is unlikely to be correct. 

A second possible explanation is that XBP1s activation either directly (as it is a transcription 

factor), or indirectly (as it can alter the expression of other transcription factors)4, 33-34 modifies the 
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expression of enzymes involved in N-glycan maturation and biosynthesis (known as glycogenes), leading 

to transcriptionally encoded changes in N-glycome architecture. This explanation would be consistent with 

prior work showing that alterations in the expression of glycogene transcripts can induce changes in the N-

glycome.24, 35 To evaluate this possibility, we used both previously published data for HEKXBP1s cells4 and 

our new RNA-sequencing (RNA-seq) data for HeLaXBP1s cells to characterize the glycogene transcript-level 

changes induced by chronic, selective XBP1s activation in vehicle- versus dox-treated cells. In both 

HEKXBP1s cells and HeLaXBP1s cells, gene set enrichment analysis (GSEA) highlighted N-linked 

glycosylation as a highly enriched pathway under conditions of chronic, selective XBP1s activation 

(Appendix 1, Dataset S.1C).4 Indeed, GO groups related to protein glycosylation are the most enriched gene 

sets in XBP1s-activated cells, after XBP1s- and IRE1-regulated aspects of the classical unfolded protein 

response. Furthermore, standard GSEA indicated strong enrichment of genes involved in biosynthesis of 

the lipid-linked oligosaccharide in both HEKXBP1s and HeLaXBP1s cells (Supporting Figure S.8 and Appendix 

1, Dataset S.1E). However, our data suggest that XBP1s activation does not globally alter transcripts 

involved in N-glycan maturation, as examination of a comprehensive gene set involved in N-glycan 

trimming and elaboration showed no global enrichment in XBP1s-activated cells (Supporting Figure S.8 

and Appendix 1, Dataset S.1E). This observation suggests that XBP1s regulates specific subsets of these 

glycogenes, consistent with the changes in levels of only specific epitopes observed in our glycomic 

analyses. 

We next manually curated a list of 1,310 genes related to protein N-glycosylation from gene 

ontology datasets (the gene sets used and full list of N-glycosylation–related genes analyzed are shown in 

Appendix 1, Dataset S.5 A and B, respectively). These N-glycosylation–related genes included not just 

enzymes involved in N-glycan biosynthesis, trimming, and modification but also sugar transporters, 

monosaccharide synthases, and catabolic enzymes. We plotted the changes in expression levels of these 

individual glycogenes upon XBP1s activation for HEKXBP1s and HeLaXBP1s cells in the volcano plots in 

Figure 2.5 A and C, respectively. As some glycogenes are expressed at low levels,36 we also employed a 

commercially available Qiagen RT2 Profiler Human Glycosylation PCR Array to analyze transcript levels 

of selected glycogenes. For transcripts that were detected by multiple methods, we used the qPCR array 

results, rationalizing that the latter is more sensitive.37 

For HEKXBP1s cells, 39 of 950 expressed glycogene transcripts were significantly altered by chronic 

XBP1s activation (teal in Figure 2.5A; see Appendix 1, Dataset S.5C for a complete list of results). This 

analysis (i) confirms the remodeling of the glycogene transcriptome induced by XBP1s activation in 

HEKXBP1s cells, especially for a number of glycogenes directly involved in N-glycan maturation, and (ii) is 

in concordance with key features of the N-glycome remodeling caused by XBP1s activation in both the 

membrane and secretome of HEKXBP1s cells (Figures 2.2C and 2.4C, respectively). 
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Specifically (Figure 2.5B), reduced levels of MGAT3 (shown in pink in Figure 2.5A), which encodes the 

enzyme responsible for introduction of bisecting GlcNAc residues,38 correlate with the reduction in bisected 

N-glycans observed most significantly in the HEKXBP1s membrane N-glycome (Figure 2.2C), but also in 

the secreted N-glycome (Figure 2.4C). Although below the threshold for significance, there was also a 

decrease in the transcripts of the a2,6-sialyltransferase gene ST6GAL1 (0.69-fold for XBP1s-activated 

HEKXBP1s versus control, p = 0.23) and an increase in transcript levels for the sialidase gene NEU1 (1.4-

Figure 2.5: Glycogene analysis in HEKXBP1s and 
HeLaXBP1s cells. (A) Volcano plot showing XBP1s 
activation-induced changes in glycosylation-related 
transcripts in HEKXBP1s cells. Glycogenes analyzed 
are listed in Appendix 1, Dataset S.5B. Data shown 
were obtained either from the Qiagen Human 
Glycosylation qPCR Array or, if a transcript of 
interest was not included in the qPCR array, 
extracted from previously published HEKXBP1s 
microarray data.4 Transcripts shown in teal meet 
significance and fold-change thresholds of FDR or p 
value ≤ 0.05 and fold change ≥ 1.5 upon XBP1s 
activation. Gene symbols are shown for outliers and 
transcripts of particular interest. (B) Decreased 
expression of MGAT3 (shown in pink in A), a 
GlcNAc transferase,38 could account for the loss in 
bisecting GlcNAc observed on HEKXBP1s secreted 
and membrane glycoproteins upon XBP1s 
activation. Decreased expression of ST6GAL1 and 
increased expression of NEU1 could account for the 
reduced sialylation observed for HEKXBP1s secreted 
and membrane glycoproteins upon XBP1s 
activation. (C) Volcano plot showing XBP1s 
activation-induced changes in glycosylation-related 
transcripts in HeLaXBP1s cells. Glycogenes analyzed 
are listed in Appendix 1, Dataset S.5B. Data shown 
were obtained either from the Qiagen Human 
Glycosylation qPCR Array or, if a transcript of 
interest was not included in the qPCR array, 
extracted from the RNA-seq data. Transcripts shown 
in blue meet significance and fold-change thresholds 
of FDR or p value ≤ 0.05 and fold change ≥ 1.5 upon 
XBP1s activation. Gene symbols are shown for 
outliers and transcripts of particular interest. (D) 
Increased expression of GFPT1, PGM3, SLC35A3, 
or UAP1, which are enzymes involved in regulating 
UDP-GlcNAc availability (shown in orange in C), 
could contribute to increased tetraantennary N-
glycans observed on HeLaXBP1s membranes upon 
XBP1s activation. 
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fold for XBP1s-activated HEKXBP1s versus control, p = 0.25) that together may contribute to the loss of 

a2,6-sialylation, especially on more branched structures, that we observed (Figure 2.5B). 

For HeLaXBP1s cells, 155 of 1,075 expressed glycogene transcripts were significantly altered by 

chronic XBP1s activation (blue in Figure 2.5C; see Appendix 1, Dataset S.5D for a complete list of results). 

As was also the case in the HEKXBP1s transcriptome data, this analysis is again in concordance with at least 

one key feature of the N-glycome remodeling caused by XBP1s activation in HeLaXBP1s cell membranes 

(Figure 2.3C). Specifically (Figure 2.5D), XBP1s-activated HeLaXBP1s cells exhibited increased expression 

of genes affecting nucleotide sugar availability (Supporting Figure S.9 and Appendix 1, Dataset S.5D). 

Among the genes significantly overexpressed, we observed plasma membrane glucose transporters, such 

as GLUT1 and GLUT3 (encoded by SLC2A1 and SLC2A3, respectively), which could potentially increase 

glucose availability in the cytosol. We also identified genes in the hexosamine biosynthetic pathway 

required for the biosynthesis of the UDP-GlcNAc sugar donor,39 including PGM3 (4.35-fold increase), 

UAP1 (2.12-fold increase), and the rate-limiting GFPT1 (3.15-fold increase).40 The increased expression 

of these enzymes, which collectively regulate cytosolic levels of UDP-GlcNAc (Supporting Figure S.9), 

was accompanied by an increase in the Golgi UDP-GlcNAc transporter SLC35A3, thus increasing potential 

UDP-GlcNAc availability for Golgi glycosyltransferases.41 Levels of UDP-GlcNAc have been shown to 

affect the levels of tri- and tetraantennary N-glycans.39 It is therefore likely that, even in the absence of 

altered MGAT5 expression, the abundance of tetraantennary N-glycans observed in HeLaXBP1s cells might 

increase with XBP1s activation owing to increased UDP-GlcNAc concentrations in the Golgi. The 

connection between changes in UDP-GlcNAc levels and MGAT5-dependent b1,6-branching, in the 

absence of protein expression changes, is well-established.42 In further support of this hypothesis, changes 

in the level of functional PGM3 have been correlated with altered N-glycomic profiles in human 

neutrophils,43 and increased expression of UAP1 in human prostate cancer cells has been correlated with 

increase abundance of UDP-GlcNAc.44 

Collectively, these transcript-level results provide insights into the detailed mechanism of some of 

the XBP1s-induced changes in cellular N-glycome architectures. XBP1s activation results in a coordinated 

remodeling of the glycogene transcriptome at multiple levels, particularly for specific subsets of genes 

involved in N-glycan maturation and the availability of nucleotide sugar donors. In several cases, the 

alterations in glycogene transcript levels are in concordance with N-glycome–level changes induced by 

XBP1s activation. It should be noted, however, that N-glycosylation is regulated at many levels—not just 

transcriptionally, but also at the levels of translation (via microRNA), enzyme localization, and sugar 

metabolism/transport.13, 24, 36, 45-47 Thus, it is to be expected that XBP1s-induced changes in the glycogene 

transcriptome would be unlikely to directly explain all of the N-glycome changes we observed. 
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Discussion 

Previous work has revealed the paradigmatic role of XBP1s in resolving protein misfolding stress 

and in expanding the secretory pathway. The impact of XBP1s activation on N-glycan maturation for 

specific ectopically overexpressed secreted proteins and possibly on N-glycan site occupancy has also been 

demonstrated.13, 18 However, it remained unclear whether or not selective XBP1s activation could alter N-

glycan maturation on endogenous proteins. Strikingly, our data show that chronic XBP1s activation can 

generate changes of sufficient magnitude to be detected in glycome-wide assays that assess global 

carbohydrate composition in cell membranes and in the secretome. 

XBP1s-mediated changes in N-glycome composition occur across multiple cell types. The nature 

of these changes displays some cell-type specificity, likely owing to the very different baseline N-glycome 

compositions of different cells. As summarized in Supporting Table S.2, upon stress-independent XBP1s 

activation in three different sets of samples, we observed increases in oligomannose levels in two sample 

sets (HEKXBP1s secretomes and HeLaXBP1s membranes), reductions in sialylation in two sample sets 

(HEKXBP1s membranes and HEKXBP1s secretomes), decreases in bisecting GlcNAc in two sample sets 

(HEKXBP1s membranes and HEKXBP1s secretomes), and increases in core fucosylation and tetraantennary N-

glycans in one sample set (HeLaXBP1s membranes). These results were consistently observed by multiple 

analytical methods, including lectin microarrays, MALDI-TOF MS, GC-MS, and lectin flow cytometry. 

We note that, in many cases, related changes were also induced by global, stress-mediated UPR activation 

using Tg treatment (Supporting Table S.3). However, the capacity of XBP1s activation alone to remodel 

the N-glycome indicates the key role of this transcription factor in driving N-glycome remodeling. ER stress 

is not required. 

XBP1s-induced alterations in N-glycome architectures appear to reflect, at least in part, a 

coordinated response owing to remodeling of the glycogene transcriptome. In particular, changes in the 

expression of specific transcripts encoding enzymes directly involved in N-glycan maturation were induced 

by XBP1s activation. N-Glycome remodeling driven by changes in glycogene transcript levels is consistent 

with observations that differential expression of glycosylation-related transcripts,24 or even individual 

glycogenes,48 can give rise to cell type- and disease-specific glycosylation profiles. However, full prediction 

of how glycogene transcriptome changes will be reflected in secreted and cell-membrane N-glycome 

architectures remains very challenging, likely owing to the fact that multiple variables, and not just 

glycogene transcript levels, play a role in N-glycan biosynthesis.13, 24, 36, 45-47 Thus, unsurprisingly, although 

some features of the XBP1s-remodeled N-glycome correlate with transcript-level changes in glycogene 

expression (Figure 2.5 B and D), a direct correlation with all features does not exist. Further studies to fully 

detail the intermediate steps that propagate XBP1s activation to an altered N-glycome are an important 

subject for future work. 
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Another interesting aspect of our data is the differential impact of XBP1s activation on membrane 

versus secreted glycoproteins, particularly with respect to an increase in oligomannose levels in the 

secretome. Secreted glycoproteins on exosomes have been shown to have a glycosylation phenotype 

distinct from that of the originating cell membranes.29 Moreover, high- and oligomannose glycans are 

enriched in exosomes, and there are data indicating that glycosylation can act as a trafficking marker for 

these secreted vesicles.49 In the body, secreted glycoproteins can impact biology at sites distant to the cell, 

and there are many glycan-binding proteins involved in innate immunity. Cell-nonautonomous UPR 

signaling has been observed in metabolic regulation, immune system activation, and tumorigenesis,50 all 

processes that are also responsive to target- and/or epitope-specific glycosylation.17, 51-52 Cumulatively, 

these observations raise the intriguing possibility that cells may use XBP1s-enacted changes in 

glycosylation in the secretome to signal for immune system functions or for cell-nonautonomous stress 

signaling.8, 10 

Selective activation of the IRE1-XBP1s arm of the UPR, even in the absence of ER protein 

misfolding stress, is a widely observed biological phenomenon. For example, selective XBP1s activation 

is involved in both memory formation and circadian clock regulation.9, 53 Similarly, selective induction of 

the XBP1s arm of the UPR plays a critical role in aspects of the immune response and in development.7-8 

The molecular mechanisms by which XBP1s activity influences these processes continue to be investigated. 

Our results indicate that a functional role for XBP1s-altered glycosylation must be considered. Beyond 

these phenomena, selective, chronic XBP1s activation is also commonly observed in malignancies.11 It is 

noteworthy that another common feature of cancer cells is modified N-glycosylation.16, 52 Our findings open 

the possibility of a mechanistic connection between chronic XBP1s activity in cancer and metastasis-

promoting, neoplastic N-glycosylation patterns. 

In conclusion, the capacity of XBP1s-mediated transcriptional regulation to remodel the molecular 

architecture of the N-glycome provides a potential new pathway for intracellular stress signaling to be 

propagated to the extracellular milieu. XBP1s-induced changes to the N-glycome may also hold 

implications for pathologic processes, such as development of neoplastic glycosylation patterns that support 

cancer metastasis. In ongoing work, we are using glycoproteomic strategies to identify the specific 

endogenous proteins whose N-glycans are altered by XBP1s, and characterizing the functional 

consequences of such N-glycome remodeling. 

 

 



 69 

Materials and Methods 

Cells and Reagents 

HEKXBP1s cells were cultured as previously described.18 HeLa-TREx cells were obtained from 

Invitrogen and cultured in complete DMEM supplemented with 10% fetal bovine serum (FBS), as well as 

geneticin sulfate (G418, 500 µg/mL) to maintain the tetracycline repressor. A pLenti4.XBP1s construct, 

along with a linear marker for puromycin resistance, was transfected into HeLa.TREx cells using Xfect 

(Clontech). Stable HeLaXBP1s cell lines were selected by culturing in puromycin (0.5 µg/mL). An optimized 

single colony was selected and characterized by Western blot and qPCR before use in these experiments.  

 

Lectin Microarray Glycomic Analyses 

Lectin microarrays were generated as previously described.54 Briefly, they were manufactured in-

house with a Nano-plotter v2.0 piezoelectric non-contact array printer (GeSiM) using a nano A-J tip. Arrays 

were printed on Nexterion Slide H (Schott Nexterion) under 50% relative humidity at a surface temperature 

of 12 °C. Commercial lectins and antibodies were purchased from Vector Labs, R&D Systems, Santa Cruz, 

TCI, AbCam, E.Y. Labs, or Sigma-Aldrich. The recombinant lectins rGRFT, rCVN, and rSVN were 

generous gifts from Dr. B. O’Keefe (NCI Frederick). For a list of all printed lectins see Appendix 1, Dataset 

S.2. We note that while the diversity of printed lectins allows for a wide range in the detection of glycan 

epitopes, we are unable to observe some epitopes (e.g. a2,8-linked sialic acids) on our current array. 

Prior to sample hybridization, lectin microarray slides were blocked for 1 h with 50 mM 

ethanolamine in 50 mM sodium borate buffer (pH 8.8) followed by three washes with 0.005% PBS-T (pH 

7.4). Sample protein concentration and the degree of fluorescent label incorporation was determined by 

measuring absorbances at 280, 555, and 650 nm per the manufacturer’s instructions on a NanoDrop ND-

2000c spectrophotometer (Thermo Scientific). Equal protein amounts (5 µg) of sample and contrasting 

labeled reference were mixed in 0.005% PBS-T (pH 7.4) for a final concentration of 67 ng/µL of protein. 

Slides were then loaded into a hybridization cassette (Arrayit) to isolate individual arrays (24 per slide). 

Samples were loaded onto individual arrays along with one array for the reference vs reference sample per 

slide. Samples were hybridized for 2 h at 25 °C with gentle agitation. After hybridization, samples were 

removed and arrays were washed 4× with 0.005% PBS-T (pH 7.4) for 10 min each. Slides were removed, 

submerged in ddH2O, and spun dry. Arrays were scanned using a GenePix 4300A array scanner (PMT 550 

laser power 100% for both fluorescent channels). 

Background-subtracted median fluorescence intensities were extracted using GenePix Pro v7.2. 

Non-active lectins were defined as having an average of both channel SNRs < 3 in > 90% of the data and 

removed prior to further analysis. Data were median-normalized in each fluorescent channel and the log2 
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of the sample/reference ratio was calculated for each technical replicate for each lectin. Technical replicates 

were then averaged for each lectin within each array. The ratios across individual biological triplicates per 

lectin were compared across treatments using a two-tailed Student’s t-test.           

 

MALDI-TOF MS and TOF/TOF MS/MS Glycomic Analyses 

All samples were treated as described previously.55 Briefly, each sample was subjected to 

sonication in the presence of detergent (CHAPS), reduction in 4 M guanidine-HCl (Pierce, Cramlington, 

Northumberland, UK), carboxymethylation, and trypsin digestion. The digested glycoproteins were then 

purified by HLB plus C18-Sep-Pak (Waters Corp, Hertfordshire, UK; 186000132). N-Glycans were released 

by peptide N-glycosidase F (E.C. 3.5.1.52; Roche Applied Science, Burgess Hill, UK) digestion. Released 

N-glycans were permethylated using the sodium hydroxide procedure and purified by classic C18-Sep-Pak 

(Waters, WAT051910). Permethylated N-glycans were eluted at the 50% acetonitrile fraction. We note that 

polysialylated structures deriving from the activity of a2,8-sialyltransferase (ST8SIA2) enzyme were not 

analyzed from the above released N-glycans.56 

MS and MS/MS data were acquired using a 4800 MALDI-TOF/TOF (Applied Biosystems, 

Darmstadt, Germany) mass spectrometer. Permethylated samples were dissolved in 10 µL of methanol and 

1 µL of dissolved sample was premixed with 1 µL of matrix (10 mg/mL 3,4-diaminobenzophenone in 75% 

(v/v) aqueous acetonitrile), spotted onto a target plate and dried under vacuum. For the MS/MS studies the 

collision energy was set to 1 kV, and Ar was used as the collision gas. The 4700 Calibration standard kit, 

calmix (Applied Biosystems), was used as the external calibrant for the MS mode and [Glu1] fibrinopeptide 

B human (Sigma-Aldrich) was used as an external calibrant for the MS/MS mode. 

MS and MS/MS data were processed using Data Explorer 4.9 Software (Applied Biosystems). The 

processed spectra were subjected to manual assignment and annotation with the aid of a 

glycobioinformatics tool, GlycoWorkBench.57 The proposed assignments for the selected peaks were based 

on 12C isotopic composition together with knowledge of the biosynthetic pathways. The proposed structures 

were then confirmed by data obtained from MS/MS and linkage analysis experiments. 

For MALDI-TOF analysis of secretome samples, we note that even in commercial “serum-free” 

media, MS detects serum-derived glycoproteins.31 In prior work we have shown that the FBS-derived 

glycans can be identified and removed from the analysis without impacting analysis of other glycan 

structures, just as we have done here.32, 58 Thus, the presence of these peaks does not significantly impact 

detection of other glycan structures in the secretome. 
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GC-MS Glycan Linkage Analyses 

Partially methylated alditol acetates (PMAAs) were prepared as previously described.55 Linkage 

analyses of PMAAs were performed on a Scion 456-GC SQ instrument (Bruker) fitted with a BR-5ms fused 

silica capillary column (15 m × 0.25 mm i.d.; Bruker). The sample was dissolved in ~20 µL of hexanes and 

injected manually (4–5 µL) at a split ratio of 1/10. Injector temperature was set at 250 °C. Helium was used 

a carrier gas at constant flow of 1 mL/min. PMAAs were eluted with the following linear gradient oven: 

initially the oven temperature was set at 60 °C for 1 min, heated to 300 °C at a rate of 8 °C per min, then 

held at 300 °C for 1 min. 

 

RNA Extraction and Real-Time qPCR 

HEKXBP1s and HeLaXBP1s cells were plated and treated as for lectin microarray analysis (below). 

After 72 h of XBP1s activation with 1 µg/mL dox (or 24 h of treatment with 0.1% DMSO or 750 nM Tg), 

cells were washed with PBS and RNA was extracted using the Omega E.Z.N.A. Total RNA extraction kit. 

cDNA was prepared from 500 ng RNA, normalized for all samples in each run, using an Applied 

Biosystems Reverse Transcriptase cDNA Kit in a BioRad Thermocycler. Samples were run on a Light 

Cycler 480 II Real Time PCR Instrument in the MIT BioMicro Center using previously described primers 

and data were analyzed as described previously.4, 18 For qPCR arrays, HEKXBP1s and HeLaXBP1s cells were 

treated for 48 h with 1 µg/mL dox or 0.1% DMSO prior to harvesting. RNA was then extracted using the 

Qiagen RNeasy kit, cDNA was prepared from equal amounts of RNA using the Qiagen RT2 First Strand 

Kit in a BioRad Thermocycler, and samples were loaded on an RT2 Profiler PCR Array for Human 

Glycosylation (Qiagen PAHS-046Z). Analyses were performed in a Light Cycler 480 II Real Time PCR 

Instrument in the MIT BioMicro Center. Data from three biological replicates were analyzed using the 

DDCt method. A list of glycogenes was manually curated from the HEKXBP1s microarray4 and HeLaXBP1s 

RNA-Seq data, and then combined with detected glycogenes from the PCR array (Appendix 1, Dataset S.5). 

Significance cut-offs used were FDR or p-value ≤ 0.05 and fold-change ≥ 1.5. 

 

RNA-Seq 

HeLaXBP1s cells were plated in biological triplicate at a density of 6 × 105 cells per well in 6-well 

plates and allowed to adhere overnight. Cells were then treated for 48 h with vehicle or 1 µg/mL dox, or 

for 24 h with 750 nM Tg. Cells were harvested and RNA was extracted using the RNeasy Plus Mini Kit 

(Qiagen). RNA quality was confirmed using a Fragment Analyzer (Advanced Analytical). RNA samples 

were then loaded on a HiSeq cartridge as a 50 base single-end run with 6 + 6 nucleotide indexes. H. sapiens 

RNA-Seq reads were aligned to hg19 with bowtie version 1.0.159 and expression was summarized using 
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rsem version 1.2.2660 using the ensemble gencode annotation release 75. Differential expression analysis 

was done with deseq2 version 1.10.061 running under R version 3.2.3. Default options were selected for 

deseq2 runs, except Cooks Cutoff and Independent Filtering were both set to false during results 

preparation. Gene Set Enrichment Analysis62 Java command-line version 2.3.0 beta was run in both pre-

ranked and standard mode using the stat output from deseq2 to order genes. Custom gene sets and a selected 

subset from MSigDB version 5.2 were analyzed; these gene sets are provided in Appendix 1, Datasets S.1E 

and S.5A. Hierarchical clustering was performed with Spotfire 7.6.1, using counts of transcripts with highest 

expression for each gene. 

 

Membrane Proteome Preparation 

HeLaXBP1s or HEK293XBP1s cells were plated in 10 cm dishes at a density of 1 × 106 cells per plate 

and allowed to adhere overnight. The next day, XBP1s expression was induced by treatment with 1 µg/mL 

dox. Vehicle and Tg-treated plates received fresh media and either DMSO or 750 nM Tg for 24 h before 

harvesting. After 72 h of induction, cells were harvested by scraping in 1× PBS + 1 mM EDTA, sonicated 

to disrupt cells, and then centrifuged at 35k RPM at 4 °C for 1 h to pellet the membrane fraction. Pellets 

were resuspended in 100 µL PBS, homogenized with 21G and 27G needles, and protein concentrations 

were measured via A280 on a NanoDrop ND-1000 spectrophotometer.  

 

Secretome Preparation from HEKXBP1s Cells 

Prior to plating cells, 15 cm dishes were coated with 0.05 mg/mL of poly-D-lysine hydrobromide 

(Sigma P6407) for 10 min at room temperature. Each dish was washed three times with PBS before seeding 

with 10 × 106 HEKXBP1s cells in complete medium. After 24 h, media were changed to add the appropriate 

compounds: 1 µg/mL dox for XBP1s activation or 0.1% DMSO for control. After another 24 h, media were 

removed and cells were washed with PBS (containing Ca2+ and Mg2+) three times. Cells were then incubated 

in Freestyle medium (Gibco) with either 1 µg/mL dox, 0.1% DMSO, or 750 nM of Tg. Conditioned media 

were harvested from cells after a total of 48 h with dox or DMSO, or 28 h with Tg. Medium samples were 

filtered through 0.2 µm PES membranes (VWR) and concentrated in 3 kDa MWCO centrifugal units 

(Millipore Amicon Ultra). For immunoblotting analysis of the secretome, 6 × 105 HEKXBP1s cells were 

plated per well on poly-D-lysine coated 6-well plates and treated with dox or vehicle as described above. 

After 24 h, cells were washed with PBS (containing Ca2+ and Mg2+) three times and then incubated in 

DMEM (+10% FBS, L-glutamine) or Freestyle media, with or without 1 µg/mL dox. Conditioned media 

were collected after 48 h, spun at 1.5k RPM at 4 °C for 5 min to pellet cell debris, and then run on 4/8% 

SDS-PAGE gels. Proteins were transferred to nitrocellulose membranes and incubated with an a-KDEL 
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(recognizes both Grp78 and Grp94, Enzo ADI-SPA-827) antibody. Blots were developed with the 

appropriate 800CW secondary antibody (LI-COR) prior to scanning on an Odyssey infrared imager (LI-

COR).  

 

Lectin Flow Cytometry 

HeLaXBP1s cells were treated with or without dox for 72 h, then very briefly trypsinized. Cells were 

washed twice with 2% FBS in PBS, and 1 × 106 cells/sample were incubated for 30 min at 4 °C with HHL-

biotin (Vector Labs) at 5 µg/mL. Competitive sugars (200 mM a-methylmannoside, Sigma-Aldrich) were 

pre-incubated 30 min with lectins at room temperature for inhibitory controls. Cells were washed and 

resuspended in 20 µg/mL of Cy5-streptavidin (Thermo Fisher Scientific) for 20 min at 4 °C in the dark. 

Cells were resuspended in 1 mL of 2% FBS/PBS, passed through cell strainers (Falcon), and analyzed on 

a BD Accuri C6 flow cytometer. 

 

CellTiter-Glo Assay 

HeLaXBP1s cells were cultured with or without doxycycline (1 µg/mL, 72 h) or 1-DMM (80 µg/mL, 

24 h). Cells were counted and plated at 1 × 104 cells/well 24 h prior to carrying out the assay according to 

the manufacturer’s instructions (Promega). In brief, cells were cultured in 100 µL of culture media and an 

equal volume of reagent was added to lyse cells for 2 min. After incubation at room temperature for 10 min, 

luminescence measurements were taken.  

 

Resazurin Assay 

HeLaXBP1s cells were cultured with or without doxycycline (1 µg/mL, 72 h) or 1-DMM (80 µg/mL, 

24 h). Cells were counted and plated at 1 × 104 cells/well 24 h prior to measurements. Resazurin was added 

to cells at a final concentration of 0.03 mg/mL for 60 min at 37 °C. Fluorescence readings were taken at 

560 nm excitation, 590 nm emission.  

 

Secretome Proteomics Analysis 

HEKXBP1s cells were treated with either vehicle or doxycycline for 16 h, washed well, and incubated 

in DMEM without serum for 6 h. Proteins were then precipitated from conditioned media with 10% TCA 

for 1.5 h at 4 °C and resolubilized using 1% aqueous Rapigest (Waters) in 100 mM HEPES pH 8.0. Proteins 

were reduced with 5 mM TCEP (Sigma) for 30 min at 37 °C, alkylated with 10 mM iodoacetamide (Sigma) 

for 30 min in the dark at room temperature, digested with 0.5 µg trypsin overnight at 37 °C and 600 rpm, 

labeled with appropriate isotopic TMT reagent in 40% CHC3N for 1 h, quenched with 0.4% ammonium 
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bicarbonate for 1 h, pooled, evaporated, resuspended in buffer A (5% CHC3N, 0.1% formic acid), brought 

to pH < 2 with formic acid, heated at 37 °C to precipitate Rapigest, and stored at -80 °C prior to LC/LC-

MS/MS analysis. 

Nanopure water and mass spectrometry grade solvents were used for all preparations. MudPIT 

loading columns were prepared by briefly dipping 250 µm inner diameter (ID) undeactivated fused silica 

capillaries (Agilent) in 3:1 Kasil 1624 (PQ Corp) : formamide, curing overnight at 100 °C, and trimming 

the frit to 1 mm. The columns were then rinsed with MeOH, loaded under pressure with 2.5 cm strong 

cation exchange resin (SCX Luna, 5 µm diameter, 125 Å pore size, Partisphere), and loaded with another 

2.5 cm reversed phase resin (C18 Aqua, 5 µm diameter, 125 Å pore size, Phenomenex). The columns were 

rinsed well with methanol and buffer A prior to loading the peptide digest, and further washed with buffer 

A. Analytical columns were prepared by pulling 100 µm ID-fused capillaries to a 5 µm ID on a P-2000 tip 

puller (Sutter Instrument Co.) and loaded with 15 cm of reversed phase resin, followed by methanol rinsing 

and equilibration in buffer A. For LC-MS/MS, each loading column was connected to the analytical column 

by a zero-dead-volume union, and connected to the HPLC through a tee junction that allowed connection 

to the 2.5 kV ESI voltage. A flow rate of 300 nL/min was maintained through a 1:1000 split flow line from 

an Agilent 1200 pump. MuDPIT experiments were performed where each step corresponds to 0, 10, 20, 

30, 40, 50, 60, 70, 80, 90, and 100% buffer C being run for 4 min at the beginning of each gradient of buffer 

B. Electrospray was performed directly from the analytical column by applying the ESI voltage at a tee 

(150 mm ID, Upchurch Scientific) directly downstream of a 1:1000 split flow used to reduce the flow rate 

to 300 nL/min through the columns. Electrospray directly from the LC column was done at 2.5 kV with an 

inlet capillary temperature of 275 °C.  

Data-dependent acquisition of MS/MS spectra were performed with the following settings: eluted 

peptides were scanned from 300 to 1600 m/z with resolution 30000 and the mass spectrometer in a data 

dependent acquisition mode. The top ten peaks for each full scan were fragmented by HCD using a 

normalized collision energy of 45%, a 100 ms activation time, and a resolution of 7500. Dynamic exclusion 

parameters were 1 repeat count, 30 ms repeat duration, 500 exclusion list size, 120 s exclusion duration, 

and exclusion width between 0.51 and 1.51. Protein and peptide identification and protein quantitation were 

done with the Integrated Proteomics Pipeline - IP2 (Integrated Proteomics Applications, Inc., San Diego, 

CA. http://www.integratedproteomics.com/). Tandem mass spectra were extracted from raw files using 

Raw Xtractor 1.9.13 and were searched against a database containing 20245 human sequences (longest 

entry for the IPI database for each protein) with reversed sequences using ProLuCID. 

Carbamidomethylation (+57.02146 Da) of cysteine and TMT tagging of N-termini and of lysine residues 

(+229.1629 Da) were considered as static modifications. Peptide candidates were filtered using 

DTASelect2 (version 2.0.27) for a false positive (decoy) peptide ratio of ~1%. Quantitation was performed 
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using Census7, followed by deconvolution of isotopic impurity as reported in the lot analysis supplied by 

Thermo Fisher, and finally normalization of ratio values based on the mode. Redundant peptides were 

generally assigned to all proteins. The heavy to light ratio was quantified by Census.63 

 

Appendix and Online Materials 

Details on datasets referenced in this chapter can be found in Appendix 1.  

 

Data Deposition 

The RNA-sequencing analysis reported in this paper has been deposited in the Gene Expression 

Omnibus (GEO) database, https://www.ncbi.nlm.nih.gov/geo/ (accession no. GSE112589). 
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Figure S.1: Characterization of HEKXBP1s and HeLaXBP1s cell lines. 

Figure S.2: Freestyle and complete DMEM media Western blot. 

Figure S.3: Analysis of the HEKXBP1s membrane glycoproteome. 

Figure S.4: Differences in baseline HEKXBP1s and HeLaXBP1s membrane glycoproteomes. 

Figure S.5: Analysis of the HeLaXBP1s membrane N-glycoproteome. 

Figure S.6: Lectin flow cytometry confirms that XBP1s activation increases high-mannose N-glycans on 

HeLaXBP1s cells. 

Figure S.7: Analysis of the HEKXBP1s secreted glycoproteome. 

Figure S.8: XBP1s impacts expression of genes involved in lipid-linked oligosaccharide biosynthesis. 

Figure S.9: XBP1s impacts expression of genes involved in nucleotide sugar donor biosynthesis. 
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Figure S.1: Characterization of HEKXBP1s and HeLaXBP1s cell lines. Transcript levels of genes regulated 
by the IRE1-XBP1s arm (ERDJ4 and SEC24D) or the PERK-ATF4 arm (CHOP and GADD34) of the UPR 
were measured in HEKXBP1s cells (A) and HeLaXBP1s cells (B) by qRT-PCR. (C) RNA-Seq highlights 
distinctive effects of stress-mediated global UPR activation versus stress-independent XBP1s activation. 
Hierarchical clustering of differentially expressed protein-coding genes. HeLaXBP1s cells were plated at a 
density of 6 × 105 cells per well in 6-well plates and allowed to adhere overnight. Cells were then treated 
with dox (1 µg/mL, 48 h), DMSO (0.1%, 24 h), or thapsigargin (Tg; 750 nM, 24 h), total RNA was extracted 
with the Qiagen RNeasy Plus Mini Kit, and samples were loaded on a HiSeq cartridge. Supervised 
hierarchical clustering was performed using Ward’s method implemented in Spotfire 7.6.1 with row-
centered log2 FPKM data for genes differentially expressed in at least one of the following comparisons: 
Tg vs vehicle, XBP1s vs vehicle, or XBP1s vs Tg. For the hierarchical clustering, differentially expressed 
genes were defined as those having absolute log2 fold-change > 1 and FDR adjusted p-values < 0.05. (D) 
Selected GSEA enrichment plots for XBP1s versus vehicle and Tg versus vehicle showing distinct effects 
of XBP1s-activation versus global UPR activation with the ER stressor Tg.  
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Figure S.2: Freestyle and complete DMEM media Western blot. Western blot of conditioned media 
from HEKXBP1s cells cultured in complete DMEM or Freestyle media, shown at both low and high exposure. 
HEKXBP1s cells were plated at a density of 6 × 105 cells per well on poly-D-lysine coated 6-well plates and 
allowed to adhere overnight. Cells were then treated with or without dox (1 µg/mL, 24 h), after which plates 
were washed three times with PBS (containing Ca2+ and Mg2+) prior to treatment with either full DMEM 
(+10% FBS, L-glutamine) or Freestyle media, with or without 1 µg/mL dox. Conditioned media was 
collected for 48 h, spun at 1.5k RPM at 4 °C for 5 min to pellet cell debris, and then run on 4/8% SDS-
PAGE polyacrylamide gels. Grp78 signal was detectable in Freestyle media samples, but only upon XBP1s 
activation.  
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Figure S.3: Analysis of the HEKXBP1s membrane glycoproteome. Full caption on the following page. 
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Figure S.3: Analysis of the HEKXBP1s membrane glycoproteome. (A) Lectin microarray analysis of 
membrane proteomes isolated from HEKXBP1s cells showed decreased sialylation and a loss of bisecting 
GlcNAc upon XBP1s activation (Left). Tg treatment (Right) also showed decreases in sialylation and 
bisecting GlcNAc, along with an increase in core 1/3 O-glycans. Spot colors correspond to lectin sugar 
specificity, as indicated; the dotted line represents a significance cutoff of p-value ≤ 0.05 across three 
biological replicates. (B) MALDI-TOF MS spectra of high mass N-glycans. Red, yellow and green peaks 
correspond to tetra-antennary N-glycans with 2, 3 and 4 additional LacNAc repeats, respectively, with 
various levels of sialylation. Yellow and green shaded areas, manually inserted, highlight the shift towards 
fewer NeuAc residues. Structures outside a bracket have not been unequivocally defined, and “M,” “m,” 
and “vm,” designations indicate major, minor and very minor abundances, respectively. Putative structures 
were assigned based on glycan composition, tandem mass spectrometry data, and knowledge of 
biosynthetic pathways. (C) Zoomed-in MALDI-TOF MS spectra indicating bi-antennary N-glycans (red 
peaks) with varying levels of sialylation. Putative structures were assigned based on glycan composition, 
tandem mass spectrometry data, and knowledge of biosynthetic pathways. (D) MALDI-TOF/TOF MS/MS 
spectra (selected from corresponding panels in Figure S.3B) for vehicle, XBP1s-activated, and Tg-treated 
HEKXBP1s membrane proteomes. Spectra depict fragments of the [M+Na]+ molecular ion found at m/z 5124. 
Structures above each horizontal dashed arrow indicate loss of the designated N-glycan sequence from the 
molecular ion; vertical dashed lines indicate the corresponding fragment ion peak. All molecular and 
fragment ions are [M+Na]+. Cartoon structures were drawn according to the Consortium for Functional 
Glycomics (http://www.functionalglycomics.org) guidelines. For the molecular ion at m/z 5124, note the 
fragment ions at m/z 4300, 3850, 3401 and 2952 that correspond to loss of sialylated-LacNAc, sialylated-
LacNAc2, sialylated-LacNAc3 and sialylated-LacNAc4 respectively. The presence of such fragment ions 
suggests the existence of structural isomers corresponding mainly to tetra-antennary (and to a lesser extent 
tri-antennary) N-glycans. The relative abundance of these fragment ions did not shift between vehicle-
treated, XBP1s-activated and Tg-treated HEKXBP1s cells, further suggesting that the ratio of structural 
isomers remained relatively constant.  
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Figure S.4: Differences in baseline HEKXBP1s and HeLaXBP1s 
membrane glycoproteomes. Heat map of lectin microarray data 
generated from isolated HEKXBP1s and HeLaXBP1s membrane 
glycoproteomes under vehicle-treated conditions. Samples were 
run on the same lectin microarray slide. Color intensity represents 
normalized log2 ratio data relative to a pooled (in this case, multi-
cell line) sample reference. Each column represents one biological 
replicate of the indicated sample.  
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Figure S.5: Analysis of the HeLaXBP1s membrane N-glycoproteome. Full caption on the following page. 
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Figure S.5: Analysis of the HeLaXBP1s membrane N-glycoproteome. (A) MALDI-TOF MS spectra of 
high mass N-glycans and (B) MALDI-TOF/TOF MS/MS spectra (selected from corresponding panels in 
Figure S.5A) for vehicle, XBP1s-activated, and Tg-treated HeLaXBP1s membrane proteomes. MALDI-
TOF/TOF MS/MS spectra depict fragments of the [M+Na]+ molecular ion found at m/z 5300. (C) Lectin 
microarray analysis of membrane proteomes isolated from HeLaXBP1s cells showed an increase in high-
mannose N-glycans upon XBP1s activation (Left), as well as increases in core fucosylation and tetra-
antennary N-glycans (b1,6-GlcNAc). Tg activation (Right) showed a similar gain of high-mannose N-
glycans, but not increased b1,6-GlcNAc branching. Spot colors correspond to lectin sugar specificity; the 
dotted line represents a significance cutoff of p-value ≤ 0.05 across three biological replicates.  
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Figure S.6: Lectin flow cytometry confirms that XBP1s activation increases high-mannose N-glycans 
on HeLaXBP1s cells. (A) Lectin flow cytometry on live HeLaXBP1s cells confirmed the increase in levels of 
high-mannose N-glycans on the cell surface (Left, histogram; Middle, quantification). Inhibitory sugar 
controls (Right) were performed with methyl-mannose. Cell viability analyzed by CellTiter-Glo (B) or 
resazurin assay (C) was not significantly affected by treatment with dox (1 µg/mL, 72 h) or 1-
deoxymannojirimycin (1-DMM, Sigma-Aldrich; 80 µg/mL, 24 h). 1 × 104 HeLaXBP1s cells were seeded for 
each well 24 h prior to measurements. Error bars represent SEM from four replicates. (D) To verify that 
HHL recognized high-mannose glycans, HeLaXBP1s cells were treated with 80 µg/mL of 1-DMM for 12 h 
to inhibit mannosidase-I and thus increase high-mannose N-glycan levels prior to analysis. 
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Figure S.7: Analysis of the HEKXBP1s secreted glycoproteome. Lectin microarray analysis of the 
HEKXBP1s secretome showed a decrease in bisecting GlcNAc and an increase in early processed N-glycans 
upon XBP1s activation (Left). Tg treatment (Right) showed a decrease in multi-antennary N-glycans with 
no gain in high-mannose structures. Spot colors correspond to lectin sugar specificity; the dotted line 
represents a significance cutoff of p-value ≤ 0.05 across three biological replicates.   
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Figure S.8: XBP1s impacts expression of genes involved in lipid-linked oligosaccharide biosynthesis. 
(A) GSEA enrichment plots for HEKXBP1s microarray data upon XBP1s activation using the custom gene 
sets listed in Appendix 1, Dataset S.1E. Standard GSEA was run using signal-to-noise ratio as a ranking 
metric. (B) Enrichment plots for HeLaXBP1s RNA-Seq data upon XBP1s activation using the custom gene 
sets listed in Appendix 1, Dataset S.1E. Standard GSEA was run using signal-to-noise ratio as a ranking 
metric.  
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Figure S.9: XBP1s impacts expression of genes involved in nucleotide sugar donor biosynthesis. 
Simplified biosynthetic pathway of nucleotide sugars depicting the enzymes/transporters that are 
significantly upregulated upon XBP1s activation in HeLaXBP1s cells. Transcripts shown in green (all with 
significant expression changes based on FDR or p-value ≤ 0.05) encode enzymes or transporters with a 
fold-change ≥ 1.5, while genes in black encode enzymes with fold-change between 1.0–1.5-fold. Note that 
GNPDA1, which together with GNPDA2 catalyzes the reverse reaction of GFPT1, was significantly 
decreased (0.79-fold) in HeLaXBP1s cells (Appendix 1, Dataset S.5D). Biosynthetic pathway adapted from 
Freeze et al.64 and the KEGG database (Homo sapiens nucleotide sugar metabolism, http://www.kegg.jp). 
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Supporting Tables 

 
Supporting Table S.1: GC-MS linkage analysis of partially methylated alditol acetates (PMAA) from 
vehicle, XBP1s-activated, and thapsigargin-treated membrane (HEKXBP1s and HeLaXBP1s) and secreted 
(HEKXBP1s) glycoproteins. 
 
Supporting Table S.2: Summary of observed changes to the HEKXBP1s and HeLaXBP1s N-glycomes with 
XBP1s activation. 
 
Supporting Table S.3: Summary of observed changes to the HEKXBP1s and HeLaXBP1s N-glycomes with 
global UPR activation by treatment with Tg. 
 
  



 89 

 
 
 
 
 
 
 
 
Supporting Table S.1: GC-MS linkage analysis of partially methylated alditol acetates (PMAA) from 
vehicle, XBP1s-activated, and thapsigargin-treated membrane (HEKXBP1s and HeLaXBP1s) and secreted 
(HEKXBP1s) glycoproteins. N-Linked glycans were permethylated, hydrolyzed, reduced, acetylated and 
analyzed by GC-MS. 
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Supporting Table S.2: Summary of observed changes to the HEKXBP1s and HeLaXBP1s N-glycomes with 
XBP1s activation. 
 

 
 
 
 
 
 
 
Supporting Table S.3: Summary of observed changes to the HEKXBP1s and HeLaXBP1s N-glycomes with 
global UPR activation by treatment with Tg. 
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Chapter 3 

IRE1 Inhibition Leads to Modest Effects on the Triple-Negative Breast Cancer Glycome 

 

Summary 

 Upregulation of the unfolded protein response is a common feature of cancer cells. Pro-survival 

pathways within the unfolded protein response, and the XBP1s transcription factor in particular, have been 

shown to promote breast cancer progression through a variety of mechanisms, including enhancing 

proteostasis and forming XBP1s–HIF1a or XBP1s–Myc transcriptional complexes. Aberrant 

glycosylation, such as hypersialylation, has also been implicated in breast cancer tumorigenesis. We aimed 

to determine whether XBP1s mechanistically links endoplasmic reticulum proteostasis and glycosylation 

phenotypes associated with triple-negative breast cancer. Here, we inhibited formation of endogenous 

XBP1s in breast cancer cell lines by direct inhibition of the IRE1 endoribonuclease responsible for 

generating the active, spliced variant of XBP1. Furthermore, we analyzed the glycomic profile of triple-

negative breast cancer cell lines and compared them to luminal (non–triple-negative) breast cancer cell 

lines. We found that certain glycosylation features were shared among the triple-negative breast cancer cell 

lines, and that IRE1 inhibition can lead to modest, cell line-dependent changes to the glycome. 
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Introduction 

Cancers are heterogeneous diseases resulting from the multistep process of malignant 

transformation, in which cells accumulate mutations1-4 that engender the development of tumorigenic 

features collectively referred to as the Hallmarks of Cancer.5-6 While several of the described hallmarks, 

including evading growth suppressors and resisting cell death, are long-recognized, reprogramming energy 

metabolism and escaping immune destruction are more recent additions to the collection of hallmarks.6 

Consistent with our continually expanding knowledge of cancer, additional features have been proposed as 

emerging hallmarks of cancer, including endoplasmic reticulum (ER) stress, DNA replication stress, protein 

glycosylation, and circadian regulation.7-12 

Breast cancer is one of the leading types of cancer,13 with the triple-negative breast cancer (TNBC) 

subtype being particularly difficult to treat due to the lack of the estrogen and progesterone receptors and 

the absence of HER2 (also referred to as Neu/ErbB-2), a member of the epidermal growth factor receptor 

(EGFR) family. About 10% of all breast cancer cases in the United States are classified as TNBC.14 While 

treatment advances for other breast cancer subtypes have led to therapies such as the blockbuster 

monoclonal antibody trastuzumab (Herceptin) targeting HER2, less than 20% of invasive breast cancers 

are positive for HER2. Thus, existing cancer treatments are limited to certain patient populations. TNBC 

patients receive poorer prognoses, and advances in treating TNBC have lagged behind those of other 

subtypes due to difficulty in developing targeted therapies.15 With advances in immuno-oncology, efforts 

have turned to immune checkpoint inhibition for treating TNBC, and have resulted in the first FDA approval 

of immunotherapy for any type of breast cancer in 2019. The monoclonal antibody atezolizumab 

(Tecentriq) was approved to target PD-L1 in advanced TNBC, used in combination with the microtubule 

inhibitor paclitaxel.16-17 However, the combination of atezolizumab and paclitaxel was reported to have at 

best a 10.3% complete response rate in patients.17 A better understanding of breast cancer and its molecular 

signatures is needed to develop more effective therapies. 

Advances in genomics have led to the mapping of all known breast cancer susceptibility regions 

and identification of genetic variants likely to be causal targets,18 revealing target genes overrepresented in 

DNA integrity and immune system pathways, including TRAIL signaling and NF-kB signaling as novel 

pathways. Predicted target genes also include known cancer drivers and transcription factors, including 

FGFR2, GATA3, MAP3K1, MYC, and XBP1.18-19 The spliced variant of the XBP1 transcription factor 

(henceforth denoted as XBP1s) has been shown to promote TNBC by assembling transcriptional complexes 

with HIF1a to regulate expression of hypoxia target genes, and with Myc to enhance XBP1s transcriptional 

activity to resolve proteotoxic stress.20-21 Furthermore, XBP1s signaling was shown to contribute to the 

angiogenic switch in TNBC through HIF1a and by remodeling the tumor microenvironment, including the 

composition of pericytes, cancer-associated fibroblasts, and myeloid-derived suppressor cells.20, 22 These 
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studies suggest that TNBC reliance on XBP1s may be a promising vulnerability to exploit in combination 

with anti-angiogenic therapies. XBP1s is also involved in the progression of several other cancers, including 

multiple myeloma, prostate cancer, and colon cancer.23-25 

The dependence on XBP1s in various cancers is unsurprising given its prominent role in the 

unfolded protein response (UPR)26 and in a myriad of diverse biological processes regulating cellular and 

organism homeostasis, including immunity and pain, memory formation, circadian regulation, and even 

food perception.27-35 As a key player in the UPR, XBP1s can upregulate the expression of chaperone 

proteins to mitigate ER stress induced by accumulation of misfolded proteins, thus acting in a pro-survival 

manner. The rapid cell division and protein synthesis mandated by cancer cells would suggest that co-opting 

the UPR is one mechanism cancers use for survival, a hypothesis consistent with the finding that the UPR 

is upregulated in many cancers.36 The various roles of XBP1s in biology have led to great interest in 

understanding the molecular mechanisms underlying the effects of XBP1s in disease. 

We previously showed that, in addition to upregulating the expression of chaperone proteins, 

XBP1s is also capable of remodeling the expression of glycosylation-related genes (glycogenes), such as 

MGAT3 which encodes a GlcNAc transferase, and for mediating shifts in N-glycosylation patterns when 

profiled in HEK293 and HeLa cells (Chapter 2).37 Glycosylation is one of the most common post-

translational modifications, and it modulates numerous biological processes including immunity and 

tumorigenesis by modifying the activity and function of proteins with sugars.10, 38 Many aspects of biology 

are regulated by both XBP1s and glycosylation, leading to our hypothesis that perhaps ER proteostasis and 

protein glycosylation are linked in cancer, and that XBP1s sits at a critical node that regulates responses to 

ER stress and aberrant glycosylation patterns in cancer (Figure 3.1A). In prior work, we employed stress-

independent activation of XBP1s using engineered cell lines with tetracycline-inducible expression of 

XBP1s to show that XBP1s plays a role in N-glycan structural remodeling.37, 39-40 In this current study, we 

sought to ask whether we could detect changes to the breast cancer glycome by inhibiting formation of 

endogenous XBP1s. Because TNBC cells were previously shown to feature heightened expression of 

XBP1s compared to luminal (non–triple-negative) breast cancer cell lines,20 we were motivated to 

investigate whether constitutive expression of XBP1s in TNBCs could be responsible for malignant 

glycosylation signatures associated with TNBC. 

We hypothesized that small molecule-mediated inhibition of IRE1 in TNBC cells featuring 

constitutive XBP1s activation could alter the expression of glycosylation signatures associated with 

malignancy. We blocked XBP1s formation by treating cells with 4µ8C,41 an inhibitor of the IRE1 

endoribonuclease that sits upstream of XBP1s and is responsible for splicing XBP1 mRNA to generate the 

active, spliced variant (Figure 3.1 A and B).42-44 In addition to 4µ8C, other IRE1 inhibitors include 

compounds that allosterically inhibit the IRE1 RNase domain.45 However, because these compounds   
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allosterically modulate IRE1, it is possible that inhibition is only partial. Moreover, these compounds can 

exhibit off-target inhibition of the receptor tyrosine kinase c-KIT at concentrations that overlap with IRE1 

inhibition.46 4µ8C is one of the most well-characterized and utilized IRE1 inhibitors,27, 41, 47-55 and although 

it features an aldehyde moiety that could lead to potential off-target activity, the inhibitor was shown to be 

particularly selective for IRE1 due to its reactivity towards a lysine in the RNase domain, forming a 

particularly stable Schiff base that is protected due to solvent inaccessibility of the resulting imine bond.41 

We treated cells with 4µ8C and employed a combination of lectin microarrays and mass spectrometry to 

profile the breast cancer glycome.56-57 We observed that across 6 breast cancer cell lines (3 TNBC and 3 

non-TNBC), TNBC cells exhibited less fucosylation, more a2,3 sialylation, and more bisected N-glycans. 

Furthermore, IRE1 inhibition led to modest, cell line-dependent changes in fucosylation and sialylation 

phenotypes. 

 

 

Figure 3.1: XBP1s bridges the unfolded protein response and glycosylation. A: The RNase domain of 
IRE1 removes a 26-nucleotide intron from XBP1 mRNA, leading to formation of the active transcription 
factor XBP1s. XBP1s upregulates proteostasis regulators such as the BiP Hsp70 chaperone and the ERdj4 
Hsp40 co-chaperone. Additionally, XBP1s can remodel glycogene expression and alter the glycans 
displayed on proteins. Thus, we propose that XBP1s is a critical node bridging ER stress responses and 
aberrant glycosylation features in cancer. B: Pharmacologic inhibition of IRE1 by the small molecule 4µ8C 
prevents XBP1 splicing. C: ER stress and activation of the three branches of the UPR (IRE1-XBP1s, ATF6, 
and PERK-ATF4) can be induced by the Ca2+ ATPase inhibitor thapsigargin. 
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Results 

TNBC Cells Exhibit Heightened XBP1 Splicing 

We decided to take advantage of differential XBP1 splicing across breast cancer subtypes to test 

whether blocking endogenous XBP1s formation is sufficient to drive changes in glycosylation. Prior work 

has shown that TNBC cell lines exhibit increased levels of XBP1 splicing compared to luminal, non-TNBC 

cell lines, and that XBP1s is responsible for driving tumorigenicity by cooperating with HIF1a.20 

Specifically, when surveyed by RT-PCR, the TNBC cell lines HCC1937, MDA-MB-231, SUM149PT, Hs 

578T, MDA-MB-436, and MDA-MB-157 were found to have enhanced XBP1 splicing compared to the 

luminal breast cancer cell lines MCF7, ZR-75-1, T-47D, and BT-474. We leveraged the clear distinction in 

XBP1 splicing between the TNBC and non-TNBC cell lines by pairing this cellular model with direct, small 

molecule-mediated inhibition of IRE1 with 4µ8C.41 We employed a pharmacological approach in favor of 

a genetic approach to avoid potential cytotoxicity associated with transfection or transduction, and for 

tighter temporal control and dosability associated with direct inhibition.58 Furthermore, IRE1 inhibitors 

including 4µ8C have been successfully applied to elucidate novel biology, including demonstrating that 

XBP1s drives natural killer (NK) cell responses against infections and cancer cells.27, 47 

 We characterized three TNBC (HCC1937, MDA-MB-231, Hs 578T) and three non-TNBC (MCF7, 

ZR-75-1, T-47D) cell lines by immunoblotting nuclear lysates for XBP1s (Figure 3.2A) and by performing 

qRT-PCR (Figure 3.2 B and C). Consistent with prior RT-PCR results demonstrating that TNBC cell lines 

have enhanced XBP1 splicing,20 our survey of TNBC cell lines shows enhanced levels of XBP1s relative 

to total XBP1 at both the protein and RNA levels (Figure 3.2). We observed that by immunoblot, the ZR-

75-1 non-TNBC cell line did feature XBP1s levels comparable to the TNBC cell lines (Figure 3.2A, Left). 

At the RNA level, the relative amount of splicing (spliced XBP1 divided by total XBP1) in ZR-75-1 was 

comparable to the other non-TNBC cell lines (Figure 3.2B). It is possible that the high levels of unspliced 

XBP1 (XBP1u) in ZR-75-1 cells interact with XBP1s, keeping it in an inactive state (Figure 3.2A, Left).44, 

59-60 Positive controls included upregulation of XBP1s upon treatment with the global ER stressor, 

thapsigargin (Tg; Figure 3.1C) in HEK293 and MCF7 cells. With this cellular model of ER stress for breast 

cancer in hand, we next sought to block XBP1s formation with direct inhibition of IRE1. 

 

Direct Inhibition of IRE1 Disrupts Formation of XBP1s 

 To determine the appropriate concentration of 4µ8C to use for inhibiting XBP1s formation, we 

performed a dose-response from 1–32 µM of 4µ8C in the MDA-MB-231 and Hs 578T cell lines (Figure 

3.3A). We had previously determined that a similar range of 4µ8C concentrations was sufficient to block 

XBP1s activation induced by thapsigargin treatment in the MCF7 cell line.55 We used qRT-PCR to 
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determine that 8 µM of 4µ8C reduced XBP1 splicing in these two TNBC cell lines to levels comparable 

with MCF7 and T-47D without IRE1 inhibition. Furthermore, when we performed qRT-PCR to quantify 

mRNA expression of the XBP1s target ERdj4, we observed downregulation at all concentrations tested 

(Figure 3.3B). In XBP1s immunoblots, 8 µM of 4µ8C was sufficient to block XBP1s formation in all the 

cell lines (Figure 3.3C). We observed that, while 4µ8C effectively prevents XBP1 splicing, it does not 

appear to lead to accumulation of unspliced XBP1 at these concentrations, likely due to rapid degradation 

of this unstable variant.44, 59-60 Additionally, we observed that treatment with thapsigargin led to enhanced   

Figure 3.2: XBP1 splicing is enhanced in 
TNBC cells compared to luminal (non-
TNBC) cells. A: XBP1s and XBP1u 
expression were profiled across six breast 
cancer cell lines by Western blot. Protein from 
thapsigargin-treated HEK293 cells (750 nM, 
8 hours) was included as positive control for 
XBP1s activation. XBP1s was enriched in 
nuclear protein fractions and largely absent in 
the cytosolic fraction (post-nuclear 
supernatant, Right). XBP1u expression was 
markedly down in nuclear fractions from 
TNBC cell lines. Matrin-3 served as a nuclear 
protein marker. b-actin localization was high 
in both the cytosol and nucleus. Ponceau S 
staining was performed on nitrocellulose 
membranes prior to Western blotting to 
demonstrate even sample loading and protein 
transfer. 15 µg of protein was loaded for each 
sample. Similar results were obtained from 
Western blots repeated a total of three times, 
including two independent biological 
replicates. B: XBP1 splicing was profiled 
using quantitative real-time PCR (qRT-PCR) 
with primers designed to distinguish spliced 
XBP1 from total XBP1. Data were normalized 
to the RPLP2 housekeeping gene and reported 
as the average of three biological replicates (n 
= 3), with each reaction performed in 
technical triplicate. RNA from thapsigargin-
treated MCF7 cells (5 µM, 3 hours) was 
included as positive control for XBP1 
splicing. Error bars: standard deviation of 
three biological replicates. 360 ng of input 
RNA was used for qRT-PCR. C: After 
amplification of total XBP1 from (B), qPCR 
products were separated on a 2% agarose gel 
to visualize XBP1 splicing. 
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Figure 3.3: 4µ8C inhibits IRE1-mediated XBP1 splicing in a dose-dependent manner. A: Breast cancer 
cells were treated with 4µ8C over 2 days with daily compound renewal. A concentration of 8 µM was 
chosen to inhibit XBP1 splicing in TNBC cells to levels comparable to MCF7 and T-47D cells under basal 
proteostasis conditions. B: Relative mRNA expression of the XBP1s target ERdj4 was profiled in MDA-
MB-231 and Hs 578T cells. Data were normalized to the RPLP2 housekeeping gene and reported as the 
average of three technical replicates. Error bars: standard deviation of three technical replicates. 900 ng of 
input RNA was used for qRT-PCR. C: Western blot for XBP1s shows that 4µ8C treatment (8 µM) over 
three days with daily compound renewal blocked XBP1s activation in breast cancer cells. Protein from 
thapsigargin-treated HEK293 cells (750 nM, 8 hours) was included for positive control. 15 µg of protein 
were loaded for each sample. Similar results were obtained when Western blots were repeated a total of 
three times. 
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XBP1 splicing in all cell lines tested, and that pre-treatment with 4µ8C reduced thapsigargin-induced 

splicing (Figure 3.4A). Treatment with thapsigargin also led to induction of mRNA for UPR targets ERdj4, 

BiP, Grp94, and CHOP (Figure 3.4 B–E). Notably, we observed that thapsigargin-induced expression of 

mRNA for ERdj4 was consistently reduced upon pre-treatment with 4µ8C in all cell lines, but mRNA for 

BiP, Grp94, and CHOP were not consistently reduced with 4µ8C, suggesting that the inhibitor is specific 

for the IRE1-XBP1s branch of the UPR. BiP, Grp94, and CHOP are targets of XBP1s/ATF6, ATF6, and 

PERK-ATF4, respectively.39, 61-64 We did not observe induced expression of mRNA for the ER stress 

markers Grp94 and CHOP in cells treated with 4µ8C alone (Figure 3.4 D and E), indicating that selective 

IRE1 inhibition with 4µ8C does not cause ER stress at the concentration used in this study. 

 

GSEA of TNBC Cells Reveals Enrichment of EMT, Hypoxia, Angiogenesis, and UPR genes 

To characterize the transcriptome of our cells, we performed RNA-seq and gene set enrichment 

analysis (GSEA) with samples in biological quadruplicate. We were able to recapitulate known TNBC 

signatures in our data set, including positive enrichment in genes involved in the epithelial–mesenchymal 

transition (EMT), hypoxia, and angiogenesis (Figure 3.5).20, 65-68 We also observed negative enrichment in 

genes involved in the response to estrogen, consistent with the loss of the estrogen receptor in TNBC 

(Figure 3.5B). Additionally, we found that the UPR gene set is positively enriched in our TNBC group, 

supporting the notion of ER stress as an emerging cancer hallmark.7 When we analyzed gene sets involved 

in protein glycosylation, we did not observe statistically significant changes (i.e. FDR q-value < 0.10). For 

example, the N-glycan processing gene set was enriched in the positive direction, but without reaching the 

significance threshold (Figure 3.5B). The lack of significant changes to entire gene sets relating to 

glycosylation is consistent with our previous finding that XBP1s activation does not globally alter 

transcripts involved in N-glycan maturation,37 but rather XBP1s is likely to affect specific subsets of 

glycosylation genes. 

 

GSEA of IRE1-Inhibited Cells Reveals Changes in Glycosylation, Proteostasis, and Translation Genes 

We questioned whether the heterogeneity across cell lines could have contributed to the lack of a 

clear glycosylation signature in the GSEA comparing TNBC vs non-TNBC cells. To gain insight into how 

IRE1 inhibition affected glycosylation, and more generally what effects 4µ8C had on each cell line, we 

next performed GSEA comparing 4µ8C treatment vs DMSO treatment in individual cell lines. We observed 

that, among the positively enriched gene sets, those relating to the ribosome and protein translation were 

enriched (Figure 3.6). When we focused on the genes sets negatively enriched upon 4µ8C treatment, we 

observed that processes relating to sugar metabolism (glucose, monosaccharide, and hexose catabolism),   
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Figure 3.4: IRE1 inhibition with 4µ8C 
diminishes XBP1 splicing across breast 
cancer cell lines, but does not induce ER 
stress. A: XBP1 splicing was assayed by 
qRT-PCR in breast cancer cell lines that 
were treated with DMSO, 4µ8C (8 µM, 3 
days), thapsigargin (750 nM, 1 day), or pre-
treated with 4µ8C (2 days) prior to co-
treatment with thapsigargin for 1 day. B–
E: Expression of mRNA for UPR targets 
ERdj4, BiP, Grp94, and CHOP was 
assayed by qRT-PCR. Pre-treating cells 
with 4µ8C reduced thapsigargin-induced 
expression of mRNA for ERdj4 (a target of 
XBP1s), but thapsigargin-induced 
expression of mRNA for BiP (a target of 
XBP1s and ATF6), Grp94 (a target of 
ATF6), and CHOP (a target of PERK-
ATF4) was not greatly impacted by 4µ8C 
pre-treatment. 4µ8C treatment alone does 
not induced ER stress, indicated by the lack 
of Grp94 or CHOP mRNA expression. 
Data were normalized to the RPLP2 
housekeeping gene and reported as the 
average of three biological replicates. Error 
bars: standard deviation of three biological 
replicates. 1000 ng of input RNA was used 
for qRT-PCR. 
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Figure 3.5: RNA-seq transcriptomics of the six breast cancer cell lines recapitulates known TNBC 
signatures. A: Volcano plots showing the enrichment of genes involved in EMT, hypoxia, and angiogenesis 
in TNBC cells compared to luminal (non-TNBC) cells. Grey dots represent the transcriptome, and colored 
dots indicate differentially expressed genes (fold change > 1.5, p-value < 0.05). Select genes from each 
gene set are labeled. B: Gene set enrichment analysis (GSEA) comparing TNBC vs non-TNBC cells. TNBC 
cells exhibited positive enrichment of genes involved in EMT, hypoxia, and angiogenesis, in addition to 
the UPR. Genes involved in the response to estrogen were negatively enriched, as were genes involved in 
N-glycan processing, although the latter did not reach statistical significance. 
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N-glycosylation, IRE1-mediated UPR, and endoplasmic reticulum–associated degradation (ERAD) were 

among those present. While the normalized enrichment scores (NES) did not reach statistical significance 

in all cases, the results suggested that IRE1 inhibition could negatively regulate N-glycosylation and sugar 

metabolism, which may affect the availability of glycan building blocks (Figure 3.6). 

Of particular note, within the HCC1937 cell line, the most negatively enriched gene ontology terms 

were protein N-linked glycosylation (NES: -2.12; FDR q-val: 0.0042) and IRE1-mediated unfolded protein 

response (NES: -2.08; FDR q-val: 0.0047), suggesting that XBP1s may be important for regulating both 

Figure 3.6: GSEA of individual breast cancer cell lines treated with 4µ8C vs DMSO. Select gene 
ontology (GO) terms were plotted with normalized enrichment score (NES) indicated by bars, and false 
discovery rate (FDR) q-values indicated by lines. NES scores with associated FDR q-values < 0.10 are 
shown as black bars. Among the GO terms positively enriched upon 4µ8C treatment were those associated 
with protein translation and the ribosome. Several cell lines showed negative enrichment of GO terms 
relating to sugar metabolism, the unfolded protein response, and N-glycosylation when treated with 4µ8C. 
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processes in this cell line, supporting our hypothesis that direct inhibition of IRE1 may lead to changes in 

glycogene expression.  

 

Lectin Microarray Glycomics of Breast Cancer Cells Reveal Glycosylation Signatures 

 Motivated by these GSEA data, we next performed glycomics of our breast cancer cell lines with 

or without IRE1 inhibition to determine whether these changes in glycogene expression and sugar 

metabolism could lead to changes in the breast cancer glycome. We profiled the membrane proteins of the 

six breast cancer cell lines using lectin microarrays,56 leveraging the carbohydrate-binding specificities of 

several dozen different lectins (Figure 3.7). A comparison between the TNBC and non-TNBC cell lines 

showed that TNBC membrane proteins were enriched in a2,3-sialic acid and bisecting GlcNAc, indicated 

by greater binding to the SLBR family of lectins and diCBM40 for the former, and to PHA-E lectins for 

the latter. Additionally, we observed that the membranes from TNBC cells displayed less binding to AAL, 

AOL, and TJA-II lectins, indicating less fucosylated glycans compared to non-TNBC samples. Prior studies 

have shown that breast cancer metastases are enriched in a2,3-sialic acid compared to their primary tumors, 

and in particular that the MDA-MB-231 cell line stained heavily for a2,3 sialic acid.69 Additionally, triple-

negative breast cancers were found to display high expression of MGAT3, a gene that encodes the GlcNAc 

transferase that attaches bisecting GlcNAc.70 Although overexpression of fucosyltransferases has been 

shown to enhance breast cancer progression by modulating cell-surface proteins and signaling pathways,71 

we observed a decrease in general fucosylation in our TNBC cells. In melanoma, loss of a1,2 fucosylation 

promotes invasiveness,72 but it is unknown if this would also be the case for triple-negative breast cancer. 

 

IRE1 Inhibition in TNBC Cells Leads to Modest Changes in the Breast Cancer Glycome 

 Next, we sought to determine whether IRE1 inhibition was sufficient to alter the TNBC 

glycosylation signatures we observed. We analyzed the membrane proteome from each of the six cell lines 

with or without IRE1 inhibition after 3 days (Figure 3.8). Most of the changes to lectin binding were 

modest, with p-values > 0.05 in most cases. However, the shifts in lectin binding were generally consistent 

across binding preferences (i.e. multiple lectins binding to the same types of glycans moved together in the 

same direction), suggesting a consistent effect despite the small effect sizes. 

One of the stronger signatures we observed was in the MDA-MB-231 cell line, where treatment 

with 4µ8C over 3 days led to a significant increase in binding to the AOL lectin, which binds to fucosylated 

glycans (fold change: 2.60; p-value: 0.040) (Figure 3.8). Additionally, although not reaching the p-value 

cut-off, binding to the AAL lectin, another fucose binder, was found to be increased upon 4µ8C treatment  
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Figure 3.7: Lectin microarray analysis of TNBC cells vs luminal (non-TNBC) cells. A: Heat map of 
data generated from lectin microarray analysis of membranes isolated from cells at basal proteostasis 
conditions. TNBC cell lines displayed less general fucose compared to non-TNBC cells lines (indicated 
by less binding to the lectins TJA-II, AAL, and AOL), more a2,3-sialic acid (indicated by binding to the 
lectins SLBR-N/H/B, SK1, 5(SK678), and diCBM40), and more bisected GlcNAc glycans (indicated by 
binding to several sources of the PHA-E lectin). Color intensity represents normalized log2 ratio data 
relative to a pooled sample reference. Each column represents one biological replicate of the indicated 
sample. Select lectin groups with shared binding specificities are annotated (Right). 
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Figure 3.8: Lectin microarray analysis of breast cancer cell lines treated with 4µ8C vs DMSO over 
three days. Overall the effects of 4µ8C treatment (8 µM) after three days were modest, with most changes 
to the membrane glycome occurring without statistical significance (i.e. most changes had associated p-
value > 0.05, or -log10 p-value < 1.3). Among the stronger effects observed were the increases in AOL and 
AAL (fucose binders) signals with 4µ8C treatment in MDA-MB-231 cells. 
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(fold change: 2.25; p-value: 0.14). These changes to the MDA-MB-231 membrane glycome led us to 

perform time-course glycomics with this cell line, treating cells with 4µ8C for 3, 7, or 10 days, and 

subsequently performing lectin microarray analysis56 (Figure 3.9: Note that AOL is not present in this heat 

map; lectins not passing quality control are removed from analysis). We found that 4µ8C treatment over 

Figure 3.9: Lectin microarray analysis 
of the MDA-MB-231 cell line with 
DMSO or 4µ8C over the course of 3, 7, 
and 10 days. A: Full heat map showing 
that most of the membrane glycome does 
not change with 4µ8C treatment (8 µM), 
but 4µ8C treatment does induce modest 
changes to a2,3-sialic acids. B: Heat map 
with a2,3-sialic acid-binding lectins 
showing a modest decrease in a2,3-
sialylation in MDA-MB-231 cells with 
4µ8C over the time course. Color intensity 
represents normalized log2 ratio data 
relative to a pooled sample reference. Each 
column represents one biological replicate 
of the indicated sample. Select lectin 
groups with shared binding specificities 
are annotated (Right). 
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the course of 10 days did lead to changes in the MDA-MB-231 membrane glycome, but instead of a fucose 

signature at 7 or 10 days, we instead found a decrease in a2,3-sialic acids, becoming more apparent after 

10 days (Figure 3.9B). The discrepancy between the signatures observed at 3, 7, and 10 days may suggest 

a dynamic glycome with temporal control in direct response to physiological conditions, as previously 

reported during cell differentiation and development.56,73 Perhaps the glycome composition also 

dynamically changes in response to proteostasis perturbations.  

To structurally characterize the glycome of the MDA-MB-231 membrane proteome, we performed 

mass spectrometry-based glycomics of the released N- and O-glycans after 11 days with IRE1 inhibition 

(Figure 3.10). We were unable to discern differences between samples treated with either DMSO or 4µ8C 

Figure 3.10: MALDI-TOF MS 
analysis of glycans released from 
membrane proteins from MDA-
MB-231 cells treated with DMSO 
or 4µ8C (8 µM) after 11 days. 
A: Partial MALDI-TOF MS spectra 
of N-glycans released from MDA-
MB-231 membrane proteins by 
PNGase F. B: MALDI-TOF MS 
spectra of O-glycans released from 
membrane proteins by reductive 
elimination. Putative structures are 
based on composition, tandem MS, 
and knowledge of biosynthetic 
pathways. All molecular ions are 
[M+Na]+. Peaks not labeled with m/z 
value in the O-glycan mass spectra 
are not glycans and are either matrix 
or general chemical background 
peaks. 
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by mass spectrometry. It is possible that changes to the glycome observed by lectin microarray were not 

detected by mass spectrometry due to the complexity of sample preparation or the labile nature of glycosidic 

bonds, especially sialic acid linkages. However, our samples were permethylated to enhance glycan stability 

and predictability during fragmentation. It may be possible that there were no changes in this sample 

preparation. Also, the redundancy of lectins in the microarrays may be better suited to detect subtle changes. 

 Lectin microarray glycomics was also performed with the Hs 578T and HCC1937 TNBC cell lines 

after 7 days of IRE1 inhibition. Although we did not observe differences between DMSO and 4µ8C 

treatment in the Hs 578T samples (Figure 3.11), we did observe a modest increase in both a2,3- and a2,6-

Figure 3.11: Lectin microarray analysis of the 
membrane proteome from Hs 578T cells with 
DMSO or 4µ8C (8 µM) for 7 days. The effects 
of IRE1 inhibition on the glycome for this cell 
line were not apparent. Color intensity represents 
normalized log2 ratio data relative to a pooled 
sample reference. Each column represents one 
biological replicate of the indicated sample. 
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sialic acids in the HCC1937 samples (Figure 3.12), contrasting the decrease in a2,3-sialic acid in the MDA-

MB-231 samples with 4µ8C (Figure 3.9B). When we profiled for sialyltransferase and neuraminidase gene 

expression across the breast cancer cell lines, we found that the expression of sialyltransferase genes were 

varied, and that neuraminidase gene expression in general did not appear to change (Supporting Table 1). 

While expression of a2,3 sialyltransferase genes (ST3GAL1–6) were generally increased in the grouped 

TNBC vs non-TNBC comparison (right-most column), supporting our observations by lectin microarray 

Figure 3.12: Lectin microarray analysis 
of the membrane proteome from 
HCC1937 cells with DMSO or 4µ8C (8 
µM) for 7 days. A: Full heat map from 
glycomic analysis. IRE1 inhibition on the 
glycome had modest effects on a2,3- and 
a2,6-sialic acids. B: Heat map showing 
a2,3- and a2,6-sialic acid-binding lectins, 
indicating a modest increase in both types of 
sialylation in this cell line. Color intensity 
represents normalized log2 ratio data relative 
to a pooled sample reference. Each column 
represents one biological replicate of the 
indicated sample. Select lectin groups with 
shared binding specificities are annotated 
(Right). 
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glycomics, no clear signature was observed with 4µ8C treatment across the cell lines. Perhaps IRE1 

inhibition affects select sialylation glycogenes rather than on the entire classes of glycogenes.  

The lack of statistically significant correlations between sialyltransferase gene expression and 

glycosylation feature is not necessarily disconcerting, considering the potential for additional layers of 

glycogene regulation (e.g. via miRNA),74 the low expression of many glycogenes,75 and previous studies 

also demonstrating lack of a clear correlation between N-glycan features and mRNA expression levels.76 In 

our prior work, we were also unable to identify correlative changes above significance thresholds for 

sialyltransferase and neuraminidase gene expression, despite observing a clear reduction in sialylation 

features upon XBP1s activation in HEK293 cells (Chapter 2).37 The opposing effects of IRE1 inhibition 

between the HCC1937 and MDA-MB-231 cell lines suggest that the effects of IRE1 inhibition may be cell-

line dependent, a phenomenon we have previously observed,37 meriting follow-up experiments based on 

cell line. 

 

Additional Cellular Models of ER Stress 

 Our breast cancer glycomics experiments suggest that IRE1 inhibition may remodel the breast 

cancer glycome, although the overall effect sizes may be modest. We wondered if perhaps the endogenous 

levels of XBP1s in TNBC cells were not sufficiently high enough to lead to changes upon IRE1 inhibition. 

In an alternative approach to model ER stress in cells, we induced the UPR with thapsigargin in HEK293 

cells while blocking XBP1s formation by pre-treating with 4µ8C (Figure 3.13). We previously 

Figure 3.13: Modulating the UPR with small molecules. Pharmacological approach for global UPR 
activation (A) and for an IRE1-inhibited UPR condition (B). Thapsigargin induces activation of the three 
branches of the UPR (IRE1-XBP1s, ATF6, and PERK-ATF4), but pre-treatment with 4µ8C blunts 
activation of the IRE1-XBP1s branch. 
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demonstrated that thapsigargin treatment in HEK293 cells leads to remodeling of the glycome (Chapter 

2).37 In this current study we pre-treated cells with 4µ8C for one day and followed with thapsigargin co-

treatment for another day to induce ER stress. We first demonstrated that 4µ8C pre-treatment in HEK293 

cells blocks thapsigargin-induced XBP1s formation in a dose-dependent manner (Figure 3.14A). 

Additionally, we observed accumulation of XBP1u upon increasing concentrations of 4µ8C. We further 

demonstrated that pre-treatment of HEK293 cells with 16 µM of 4µ8C prevents thapsigargin-induced 

formation of XBP1s in biological triplicate (Figure 3.14B). We also verified that UPR signaling is intact 

Figure 3.14: Thapsigargin-induced activation of XBP1s was blocked in HEK293 cells when pre-
treated with 4µ8C for 1 day. A: Dose-response was performed in HEK293 cells by pre-treating with 4µ8C 
at the indicated concentrations for 1 day followed by co-treatment with thapsigargin for an additional day. 
Nuclear fractions were isolated and blotted for XBP1s. XBP1u protein accumulated at higher 
concentrations of 4µ8C. B: Western blot showing biological triplicates of HEK293 cells treated with 
DMSO, 4µ8c (2 days), Tg (1 day), or pre-treatment with 4µ8C for 1 day followed by co-treatment with Tg 
for an additional day. 10 µg of protein was loaded for each sample. Similar results were obtained when 
each Western blot was repeated for a total of two times. 
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with immunoblots for Grp78 (BiP), Grp94, and HYOU1 (Figure 3.15A), which are in part regulated by 

ATF6. By qRT-PCR we also showed that PERK-ATF4 signaling is intact through upregulation of mRNA 

for CHOP (Figure 3.15B). As was the case for 4µ8C treatment in breast cancer cells (Figure 3.4), treating 

HEK293 cells with 4µ8C does not induce ER stress at the concentrations used in this study.  

Figure 3.15: UPR stress markers with thapsigargin and IRE1 inhibition in HEK293 cells. A: Western 
blots for Grp78 (BiP), Grp94, and HYOU1 from membrane proteomes isolated from HEK293 cells treated 
with DMSO, 4µ8C (16 µM, 2 days), Tg (500 nM, 1 day), or pre-treated with 4µ8C for 1 day followed by 
co-treatment with Tg for an additional day. Thapsigargin treatment induced expression of the three ER 
stress markers, while 4µ8C pre-treatment blunted HYOU1 (regulated by both XBP1s and ATF6) induction. 
50 µg of protein was loaded for each sample. B: Expression of mRNA for ERdj4, BiP, and CHOP were 
surveyed in HEK293 cells treated as described in (A). 4µ8C pre-treatment blunted thapsigargin-induced 
expression of mRNA for ERdj4 and BiP, without inducing ER stress (CHOP). Data were normalized to the 
RPLP2 housekeeping gene and reported as the average of four biological replicates (n = 4), with each 
reaction performed in technical quadruplicate. Error bars: standard deviation of four biological replicates. 
1000 ng of input RNA was used for qRT-PCR. 
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 When we performed lectin microarray analysis of the membrane proteome isolated from HEK293 

cells, we reproduced previously reported results37 (Chapter 2). Namely, we observed a decrease in sialic 

acids and bisecting GlcNAc, and an increase in mannose glycans (Figure 3.16) upon treatment with 

thapsigargin alone. Treatment with 4µ8C alone did not induce significant changes to the glycome in this 

cell line, likely as a reflection of its low basal levels of UPR activity (Figure 13.14 and Figure 13.15). In 

cells treated with both 4µ8C and thapsigargin, we observed that overall the glycome did not significantly 

change, but we did note that the increase in mannose glycans induced by thapsigargin was slightly 

attenuated when pre-treated with 4µ8C (Figure 13.16B). These data suggest that other players in the UPR 

or pleiotropic consequences of ER stress may also be driving the glycosylation phenotype of thapsigargin-

treated cells. These findings warrant additional studies of the UPR to determine what factors are required 

for remodeling the glycome as a result of ER stress, as these data indicate XBP1s inhibition alone is not 

sufficient to prevent the global glycosylation changes in HEK293 cells. 

 

Discussion 

 While prior work had focused on the effects of ectopic XBP1s overexpression on the glycome 

(Chapter 2),37, 40 this current study focused on inhibiting endogenous XBP1s activation in breast cancer 

models featuring upregulation of the transcription factor. Our work shows that blocking formation of 

XBP1s by inhibiting the IRE1 endoribonuclease can lead to changes to the breast cancer glycome at modest 

levels, reproducibly observed across several different lectins recognizing similar glycan epitopes. We report 

the first study to our knowledge demonstrating that IRE1 inhibition in breast cancer can lead to 

perturbations in the glycome. We find that, in different TNBC cell lines, sialylation is likely regulated by 

XBP1s, both positively in MDA-MB-231 cells (Figure 3.9) and negatively in HCC1937 cells (Figure 

3.12). Given that sialic acid metabolism and sialylated glycan alterations have been found to affect breast 

cancer progression and metastasis,77-78 dissecting the differential effects of IRE1 inhibition on sialylation 

would fundamentally advance our understanding of cancer glycobiology. The diverging effects of IRE1 

inhibition likely results from heterogeneity within the group of cell lines. It may also reflect dynamic 

changes to the glycome. There are also additional levels of regulation; for example, epigenetics and miRNA 

are both important players in cancer and regulation of glycosylation.70, 78-79 80-84 The modest effect sizes we 

observed in our glycomics experiments may reflect the effects of dominating miRNA or epigenetic 

regulation overshadowing the effects of IRE1 inhibition. XBP1s is known to regulate certain miRNA 

downstream,85 but it is unclear what roles they might have on glycosylation in cancer. 

 We demonstrated that XBP1s activation is upregulated in TNBC cell lines both at the protein and 

RNA levels (Figure 3.2 and Figure 3.3). By Western blotting, we observed that XBP1u is present at higher 

levels in non-TNBC nuclear fractions compared to the TNBC fractions. The unspliced variant of XBP1 is   
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 Figure 3.16: Lectin microarray 
analysis of the membrane proteome 
from HEK293 cells. Cells were treated 
with DMSO, 4µ8C (16 µM, 2 days), Tg 
(500 nM, 1 day), or pre-treated with 
4µ8C for 1 day followed by co-
treatment with Tg for an additional day. 
A: Full heat map from glycomic 
analysis. The effects of IRE1 inhibition 
on the thapsigargin-induced glycome 
modestly affected mannose glycans. B: 
Heat map focusing on mannose-binding 
lectins shows IRE1 inhibition leads to a 
modest decrease in the thapsigargin-
induced hypermannosylation 
phenotype. Color intensity represents 
normalized log2 ratio data relative to a 
pooled sample reference. Each column 
represents one biological replicate of 
the indicated sample. Select lectin 
groups with shared binding specificities 
are annotated (Right). 
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known to act as a negative regulator of XBP1s, capable of shuttling between the cytoplasm and nucleus to 

interact with XBP1s and facilitating its degradation.44, 59-60 Although we did not discern an accumulation of 

XBP1u in our breast cancer cells upon IRE1 inhibition (Figure 3.3C), we were able to observe an increase 

in XBP1u upon increasing concentrations of 4µ8C in HEK293 cells (Figure 3.14A). 

Another possible explanation for the modest effect sizes we observed upon 4µ8C treatment in 

TNBC cells may be that endogenous levels of XBP1s in TNBC cells were not great enough to elicit a larger 

response with IRE1 inhibition, in contrast to our prior work with XBP1s overexpression (Chapter 2).37, 40 

It may be possible that the conditions used in this study were not sufficient to drive larger effects on the 

breast cancer glycome. Perhaps the cancer cell’s response to IRE1 inhibition may be more dramatic in 

hypoxic conditions, a hypothesis supported by the role of XBP1s in regulating the hypoxic response in 

breast cancer cells.20 Furthermore, hypoxia can induce changes to glycosylation, affecting proteins such as 

amino acid transporters and adhesion molecules, including integrins and EpCAM.86-88 Mechanistically, 

hypoxia can enhance the expression of glycosyltransferases that mediate glycosylation, including 

fucosyltransferases, sialyltransferases, O-GlcNAc transferase, and O-GlcNAcase, as well as nucleotide 

sugar transporters.89-90 Hypoxic conditions were shown to increase the amounts of b1,6-branched GlcNAc 

N-glycans and poly-LacNAc structures, and to reduce a2,6 sialylation in tumor-associated vessels.91 

Perhaps XBP1s plays a role in regulating the expression of such glycogenes and glycan structures induced 

by hypoxia.  

Outstanding areas of investigation include identification of glycoproteins affected by alterations in 

glycosylation mediated by XBP1s perturbations. In our glycomics approaches, we lose information on the 

identity of proteins and instead gain information across the entire repertoire of glycans. While this 

information is helpful for understanding the wide-spread effects of XBP1s on glycosylation patterns, it tells 

us little about what proteins are being modified. The glycome-wide nature of our studies has the potential 

to mask protein-specific effects that are lost in the bulk glycoprotein analysis performed. For example, 

whether glycosylation patterns change for specific integrins or receptors remains unknown. Specific a2,6-

sialylation of the Fas death receptor (CD95) by the ST6Gal I sialyltransferase in colon cancer was shown 

to prevent apoptosis stimulated by Fas ligand, demonstrating that resisting cell death can be attributed to a 

specific protein substrate–sialyltransferase pair.92 Determining whether XBP1s affects the activity of death 

receptors by modulating their glycan structures would provide clues about novel mechanisms co-opted by 

cancer cells for survival. Glycoproteomics approaches may be applied to identify proteins of interest. 

Enrichment of glycoproteins by lectins, followed by mass spectrometry proteomics for example, may 

provide information on differentially glycosylated proteins and their abundance in XBP1s-perturbed 

systems. Specific proteins of interest may be enriched through immunoprecipitation experiments, then 

profiled by glycan mass spectrometry to identify shifts in glycan structures, as our lab had previously 
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performed.40 Lastly, we acknowledge that XBP1s-induced remodeling of secreted proteins such as 

cytokines and growth factors may have important effects on cell signaling.93 

An XBP1s-remodeled glycome has implications for interactions with the tumor microenvironment. 

The microenvironment consists of cancer stem cells, cancer-associated fibroblasts, and several types of 

immune cells. These cells can be co-opted by cancer to enhance tumorigenesis, and inflammation can 

promote angiogenesis and breast cancer.94 XBP1s-mediated remodeling of glycans on the cell surface or 

on secreted proteins have the potential to alter interactions with the microenvironment and affect cancer 

immunotherapies and resistance mechanisms. Determining the extent to which XBP1s drives glycosylation 

changes could represent ways to enhance targeted therapies. For example, XBP1s may impact the glycans 

on the immune checkpoint proteins PD-1 and PD-L1, and such glycan alterations could affect detection and 

activity.95-99 Engineering antibodies recognizing certain glycoforms of these proteins have the potential to 

enhance cancer immunotherapy.  

In conclusion, we have demonstrated that treating TNBC cells with a small molecule inhibitor of 

IRE1 can effectively block XBP1s activation. IRE1 inhibition led to modest changes in the TNBC glycome. 

While the effect sizes were small, they were consistently observed across different lectins within the same 

sample, and affected principally the sialylation of glycans. Using a thapsigargin ER stress model in HEK293 

cells, we also showed that the effects of 4µ8C treatment affects mannose glycans, but effects on sialylation 

were not observed in this model. These data demonstrate the dynamic nature of XBP1s on the glycome, 

and suggest that unattributed factors are likely regulating the glycome in addition to XBP1s. 

 

Materials and Methods 

Cell Lines and Reagents 

 All breast cancer cell lines were authenticated by short-tandem repeat profiling (ATCC) and were 

cultured as described by Neve, Chin et al.100 The HEK293 (DAX) cell line was cultured as previously 

described.40 Briefly, cells were grown in DMEM (Corning 15-017-CM) (for MCF7, MDA-MB-231, 

Hs578T, and HEK293) or RPMI 1640 (Gibco 27016-021) (for ZR-75-1, T-47D, and HCC1937) 

supplemented with 10% FBS (Corning 35-010-CV), L-glutamine (Corning 25-005-CI), and 

penicillin/streptomycin (Corning 30-002-CI) at 37 °C and 5% CO2 in a humidified tissue culture incubator. 

Cells were regularly screened for mycoplasma using the MycoAlert PLUS Mycoplasma Detection Kit 

(Lonza LT07-710). To induce global ER stress, cells were treated with thapsigargin (Sigma-Aldrich T9033) 

at the indicated concentrations. To inhibit IRE1 activity and XBP1 splicing, cells were treated with 4µ8C 

(Sigma-Aldrich SML0949) at the indicated concentrations, and replenished with fresh 4µ8C daily. 
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RNA Extraction and Quantitative Real-Time PCR 

 RNA was isolated from cells using the E.Z.N.A. Total RNA Kit I (Omega R6834-02) following 

the manufacturer’s protocol, including the on-column DNase digestion (Omega E1091-02). RNA quantity 

and quality were assessed via A260/280 readings on a Synergy H1 Hybrid plate reader with a Take3 micro-

volume plate. RNA was frozen at –80 °C unless processed immediately for qRT-PCR. To generate cDNA 

from RNA, up to 1000 ng of RNA was reverse transcribed using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems 4368813). cDNA was then diluted 5X in molecular biology grade 

water, and qPCR was performed using the Universal KAPA SYBR FAST qPCR Master Mix (Roche 

KK4618) on a LightCycler 480 II (Roche). Relative gene expression was normalized to the RPLP2 

housekeeping gene and analyzed by the DDCt method.101-102 

Primers used were as follows: 

total XBP1 forward: AATGAAGTGAGGCCAGTGGC, rev: TGAAGAGTCAATACCGCCAGAA; 

XBP1s forward: CTGAGTCCGCAGCAGGT, rev: TCCAGAATGCCCAACAGGAT; 

RPLP2 forward: CCATTCAGCTCACTGATAACCTTG, rev: CGTCGCCTCCTACCTGCT; 

ERDJ4 forward: CTGTATGCTGATTGGTAGAGTCAA, rev: AGTAGACAAAGGCATCATTTCCAA; 

BIP forward: GCCTGTATTTCTAGACCTGCC, rev: TTCATCTTGCCAGCCAGTTG; 

GRP94 forward: GGCCAGTTTGGTGTCGGTTT, rev: CGTTCCCCGTCCTAGAGTGTT; 

CHOP forward: GGAGCTGGAAGCCTGGTATG, rev: GCCAGAGAAGCAGGGTCAAG. 

To visualize XBP1 splicing, qRT-PCR products using the total XBP1 primer pair were separated 

on 2% agarose (Lonza 50090) TBE gels pre-mixed with GelGreen Nucleic Acid Gel Stain (Biotium 41005), 

and imaged on a 470 nm blue LED transilluminator (Maestrogen SLB-01W). 

 

3’ DGE RNA-seq 

Breast cancer cells were plated at 4 ×104 cells per well in 12-well plates and allowed to adhere 

overnight. Cells were treated with 4µ8C over the course of three days with fresh compound renewal daily. 

RNA was isolated from cells using the E.Z.N.A. Total RNA Kit I following the manufacturer’s protocol, 

including the on-column DNase digestion. RNA was frozen at –80 °C until processed for 3’ digital gene 

expression (3’ DGE) RNA-seq library preparation.103 

 

3’ DGE Library Preparation 

RNA samples were quantified and quality assessed using an Advanced Analytical Fragment 

Analyzer. The initial steps were performed on a Tecan EVO150. 10 ng of total RNA was used for library 

preparation. 3’ DGE-custom primers 3V6NEXT-bmc#1-12 were added to a final concentration of 1 µM. 

(5’-/5Biosg/ACACTCTTTCCCTACACGACGCTCTTCCGATCT[BC6]N10T30VN-3’ where 5Biosg = 5’ 
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biotin, [BC6] = 6 bp barcode specific to each sample/well, N10 = Unique Molecular Identifiers, Integrated 

DNA technologies).  

 

After addition of the oligonucleotides, Maxima H Minus RT was added per the manufacturer’s 

recommendations with Template-Switching oligo5V6NEXT (10 µM, [5V6NEXT: 5’-

iCiGiCACACTCTTTCCCTACACGACGCrGrGrG-3’ where iC: iso-dC, iG: iso-dG, rG: RNA G]) 

followed by incubation at 42 °C for 90 minutes and inactivation at 80 °C for 10 minutes. 

  

Following the template switching reaction, cDNA from 12 wells containing unique well identifiers were 

pooled together and cleaned using RNA Ampure beads at 1.0X. cDNA was eluted with 17 µl of water 

followed by digestion with Exonuclease I at 37 °C for 30 minutes and inactivation at 80 °C for 20 minutes. 

 

Second strand synthesis and PCR amplification was done by adding the Advantage 2 Polymerase Mix 

(Clontech) and the SINGV6 primer (10 pmol, Integrated DNA Technologies 5’-

/5Biosg/ACACTCTTTCCCTACACGACGC-3’) directly to the exonuclease reaction. 15 cycles of PCR 

were performed followed by clean up using regular SPRI beads at 0.6X, and eluted with 20 µl of Buffer 

EB. Successful amplification of cDNA was confirmed using a Fragment Analyzer. Illumina libraries were 

then produced using standard Nextera tagmentation substituting P5NEXTPT5-bmc primer (25 µM, 

Integrated DNA Technologies, (5’-AATGATACGGCGACCACCGAGATCTACACTCTTTCCC-

TACACGACGCTCTTCCG*A*T*C*T*-3’ where * = phosphorothioate bonds) in place of the normal 

N500 primer.  

 

Final libraries were cleaned using SPRI beads at 0.7X and quantified using a Fragment Analyzer and qPCR 

before being loaded for paired-end sequencing using the Illumina NextSeq500 in paired-end mode (20/50 

nt reads). 

 

Sequencing Data Analysis 

Post-sequencing, quality-control on each of the libraries was performed to assess coverage depth, 

enrichment for messenger RNA (exon/intron and exon/intergenic density ratios), fraction of rRNA reads 

and number of detected genes using bespoke scripts. 

 

3’ DGE Quantification 

Read pairs were combined into a single fastq with well/UMI information concatenated with the 

second read name, reads sharing sequence and UMI information were collapsed into single exemplars. 
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Sequences were aligned against the human genome GRCh38/hg38 ENSEMBL 89 using STAR,104-105 with 

parameters --runThreadN 8 --runMode alignReads --outFilterType BySJout --outFilterMultimapNmax 20 

--alignSJoverhangMin 8 --alignSJDBoverhangMin 1 --outFilterMismatchNmax 999 --alignIntronMin 10 -

-alignIntronMax 1000000 --alignMatesGapMax 1000000 --outSAMtype BAM SortedByCoordinate --

quantMode TranscriptomeSAM, pointing to a Suffix Array assembly containing exon-exon junctions for 

75 nucleotide reads. Gene expression was estimated based on reads mapping near the 3’ end of transcripts 

using ESAT106 with the following parameters -task score3p -alignments $sample_list   -wLen 50 -wExt 

5000 -wOlap 0 -sigTest 0.01 -multimap ignore, poiting to a refseq-based gene annotation (hg38, as 

downloaded from the UCSC Genome Browser) and gene-level data were used for downstream analyses. 

 

Differential Expression Analysis 

Briefly, differential expression was performed in the R statistical environment (R v. 3.4.0) using 

Bioconductor’s DESeq 2 package on all annotated genes.107 Data set parameters were estimated using the 

estimateSizeFactors(), and estimateDispersions() functions; read counts across conditions were modeled 

based on a negative binomial distribution and a Wald test was used to test for differential expression 

(nbinomWaldtest(), all packaged into the DESeq() function), using the treatment type as a contrast and the 

replicate of origin as a factor. Fold-changes, p-values and Benjamin-Hochberg-adjusted p-values (BH) were 

reported for each gene. Regularized fold-changes were calculated using the lfcShrink() function in “normal” 

mode. 

 

GSEA Analysis 

Differential expression results from DESeq2 were retrieved, and the “stat” column was used to pre-

rank genes for GSEA analysis.108 Briefly, this “stat” values reflects the Wald’s test performed on read 

counts as modeled by DESeq2 using the negative binomial distribution. Genes that were not expressed were 

excluded from the analysis. Alternatively, gene loadings from PCA analysis were used as a ranking metrics. 

GSEA (desktop version, v3.0)109-110 was run in the pre-ranked mode against MsigDB 6.1 Hallmark,  C2 

(signatures) and C5 (Gene Ontology) sets, using the official gene symbol as the key, with a weighted scoring 

scheme, normalizing by meandiv, with gene sets between 10 and 2000 genes (4329 gene sets retained for 

C2, 5780 for C5 and 50 for Hallmarks), and 5000 permutations were run for p-value estimation. 

 

Nuclear Enrichment 

 For XBP1s immunoblotting, cells were lysed using a nuclear enrichment protocol as previously 

described.39 Briefly, pelleted cells were resuspended in Buffer A (10 mM HEPES pH 7.5, 50 mM NaCl, 

0.5 M sucrose, 0.1 mM EDTA, 0.5% Triton X-100, protease and phosphatase inhibitors (Pierce A32961)) 
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and incubated on ice for 10 minutes. After incubation, lysates were pelleted at 1000 × g for 5 minutes. 

Pelleted nuclei were washed 1× with Buffer A, and 1× with Buffer B (10 mM HEPES pH 7.5, 10 mM KCl, 

0.1 mM EDTA, 0.1 mM EGTA). The pelleted nuclei were then lysed in Buffer C (10 mM HEPES pH 7.5, 

500 mM NaCl, 0.1 mM EDTA, 0.1 mM EGTA, 0.1% IGEPAL (NP-40), protease and phosphatase 

inhibitors (Pierce A32961)) with constant vortexing for 15 minutes at 4 °C, yielding nuclear extract. Lysates 

were cleared by centrifugation at 16,1000 × g for 15 minutes at 4 °C. Nuclear proteins and post-nuclear 

supernatants were stored at –80 °C until they were processed for Western blotting. 

 

Western Blotting 

 Primary antibodies were obtained from Cell Signaling Technology (XBP1s: 12782S), Sigma-

Aldrich (b-Actin: A1978), Bethyl Laboratories (Matrin-3: A300-591A), Enzo Life Sciences (KDEL: ADI-

SPA-827), and GeneTex (HYOU1: GTX102255). All primary antibodies were diluted in 5% BSA with 

0.02% sodium azide in TBS at manufacturer-recommended dilutions. 

For gel electrophoresis, up to 50 µg of protein were separated on NuPAGE 4–12% Bis-Tris PAGE 

gels (Invitrogen NP0336BOX) ran with MOPS SDS running buffer (Invitrogen NP0050), and transferred 

to nitrocellulose membranes using the Trans-Blot Turbo Transfer System (Bio-Rad). Transferred 

membranes were stained with Ponceau S and imaged on an Epson Perfection V19 Scanner prior to blocking 

with 5% milk (Carnation) in TBS for 30 minutes at room temperature. After blocking, membranes were 

incubated with primary antibodies overnight, rocking in a 4 °C cold room. After overnight incubation, 

primary antibodies were removed, and membranes were washed 3× 10 minutes with TBS-T at room 

temperature. After the final wash, membranes were incubated with secondary antibodies (LI-COR) at 

1:5,000 dilution, rocking at room temperature for 1 hour. After secondary antibody incubation, membranes 

were washed 3× 10 minutes with TBS-T at room temperature. Membranes were scanned using a LI-COR 

Odyssey Classic imager. 

  

Membrane Proteome Enrichment 

 To enrich for membrane proteins for glycomic analysis, cells were grown on 150 mm tissue culture 

dishes to 80% confluency, washed with room temperature PBS, then scraped on ice with cold PBS 

containing protease and phosphatase inhibitors (Pierce A32961). Scraped cells were then pelleted at 200 × 

g, and were washed once in cold PBS. Cells were then resuspended in cold PBS containing protease and 

phosphatase inhibitors and sonicated at 4 °C three times at 5-second pulses separated by 10-second lapses 

(70% amplitude, Cole-Parmer) to disrupt cell membranes. Nuclei and intact cells were pellet at 200 × g, 

and the supernatant was centrifuged at 100,000 × g (Beckman Coulter SW 41 Ti rotor) for 1 hour at 4 °C 

to pellet membranes. Pelleted membranes were then resuspended in PBS containing protease and 
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phosphatase inhibitors, and passed through 21- and 27- gauge needles for homogenization. Protein 

concentrations were determined using a Pierce 660 nm Protein Assay (Pierce 22660) and aliquots were 

frozen at –80 °C until processed through glycomics workflows. 

 

Lectin Microarray Glycomic Analyses 

 Lectin microarray print conditions and fluorescent labeling were performed as previously 

described.37, 111 Briefly, they were manufactured in-house at New York University (Mahal Lab) with a 

Nano-plotter v2.0 piezoelectric non-contact array printer (GeS-iM) using a nano A-J tip. Arrays were 

printed on Nexterion Slide H (Schott Nexterion) under 50% relative humidity at a surface temperature of 

12 °C. Commercial lectins and antibodies were purchased from Vector Labs, R&D Systems, Santa Cruz, 

TCI, AbCam, E.Y. Labs, or Sigma-Aldrich. The recombinant lectins rGRFT, rCVN, and rSVN were 

generous gifts from Dr. B. O’Keefe (NCI Frederick). Prior to sample hybridization, lectin microarray slides 

were blocked for 1 h with 50 mM ethanolamine in 50 mM sodium borate buffer (pH 8.8) followed by three 

washes with 0.005% PBS-T (pH 7.4). Sample protein concentration and the degree of fluorescent label 

incorporation was determined by measuring absorbances at 280, 555, and 650 nm per the manufacturer’s 

instructions on a NanoDrop ND-2000c spectrophotometer (Thermo Scientific). Slides were loaded into a 

hybridization cassette (Arrayit) to isolate individual arrays (24 per slide). Samples were loaded onto 

individual arrays along with one array for the reference vs reference sample per slide. Samples were 

hybridized for 2 h at 25 °C with gentle agitation. After hybridization, samples were removed and arrays 

were washed 4× with 0.005% PBS-T (pH 7.4) for 10 min each. Slides were removed, submerged in ddH2O, 

and spun dry. Arrays were scanned using a GenePix 4300A array scanner (PMT 550 laser power 100% for 

both fluorescent channels). Background-subtracted median fluorescence intensities were extracted using 

GenePix Pro v7.2. Non-active lectins were defined as having an average of both channel SNRs < 3 in > 

90% of the data and removed prior to further analysis. 

Data were median-normalized in each fluorescent channel and the log2 of the sample/reference ratio 

was calculated for each technical replicate for each lectin. Technical replicates were then averaged for each 

lectin within each array. The ratios across individual biological triplicates per lectin were compared across 

treatments using a two-tailed Student’s t-test. Heat maps were generated using Morpheus 

(https://software.broadinstitute.org/morpheus). Hierarchical clustering was performed using one minus 

Pearson correlation with the average linkage method. 

 

Glycan Mass Spectrometry 

 Mass spectrometry profiling of glycans were performed as previously described.37, 112 Briefly, each 

sample was subjected to sonication in the presence of detergent (CHAPS), reduction in 4 M guanidine-HCl 
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(Pierce, Cramlington, Northumberland, UK), carboxymethylation, and trypsin digestion. The digested 

glycoproteins were then purified by HLB plus C18-Sep-Pak (Waters Corp, Hertfordshire, UK; 186000132). 

N-Glycans were released by peptide N-glycosidase F (E.C. 3.5.1.52; Roche Applied Science, Burgess Hill, 

UK) digestion. Released N-glycans were permethylated using the sodium hydroxide procedure and purified 

by classic C18-Sep-Pak (Waters, WAT051910). Permethylated N-glycans were eluted at the 50% 

acetonitrile fraction. O-glycans were released from membrane proteins by reductive elimination with 

KBH4/KOH, followed by Dowex columns. Released O-glycans were permethylated using the sodium 

hydroxide procedure and purified by a classic short C18-Sep-Pak (Waters Corp.). MS and MS/MS data 

were acquired using a 4800 MALDI-TOF/TOF (Applied Biosystems, Darmstadt, Germany) mass 

spectrometer. Permethylated samples were dissolved in 10 µL of methanol and 1 µL of dissolved sample 

was premixed with 1 µL of matrix (10 mg/mL 3,4-diaminobenzophenone in 75% (v/v) aqueous 

acetonitrile), spotted onto a target plate and dried under vacuum. For the MS/MS studies the collision energy 

was set to 1 kV, and Ar was used as the collision gas. The 4700 Calibration standard kit, calmix (Applied 

Bio-systems), was used as the external calibrant for the MS mode and [Glu1] fibrinopeptide B human 

(Sigma-Aldrich) was used as an external calibrant for the MS/MS mode. MS and MS/MS data were 

processed using Data Explorer 4.9 Software (Applied Biosystems). The processed spectra were subjected 

to manual assignment and annotation with the aid of a glycobioinformatics tool, GlycoWorkBench.113 The 

proposed assignments for the selected peaks were based on 12C isotopic composition together with 

knowledge of the biosynthetic pathways.  
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Supporting Tables 

 
Supporting Table 3.1: Gene expression fold changes for sialyltransferase and neuraminidase genes in 

breast cancer cell lines comparing 4µ8C vs DMSO treatment, and TNBC vs non-TNBC cell lines. Fold 

changes > 1.5 are bolded in red text. Fold-changes < 0.667 are bolded in blue text. p-values < 0.05 are 

bolded in black text. 
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Supporting Table 3.1 
 

  MCF7  ZR-75-1  T-47D  HCC1937  MDA-MB-231  Hs 578T  TNBC vs 
  4µ8C vs DMSO  4µ8C vs DMSO  4µ8C vs DMSO  4µ8C vs DMSO  4µ8C vs DMSO  4µ8C vs DMSO  non-TNBC 

Gene  fold 
change p-val  fold 

change p-val  fold 
change p-val  fold 

change p-val  fold 
change p-val  fold 

change p-val  fold 
change p-val 

ST3GAL1  1.41 0.00  1.24 0.01  1.30 0.01  0.91 0.25  0.78 0.01  0.91 0.26  1.64 0.03 
ST3GAL2  1.36 0.40  0.66 0.15  1.00 0.99  0.61 0.09  1.09 0.75  1.22 0.45  1.66 0.03 
ST3GAL3  0.88 0.84  2.20 0.19  1.99 0.24  0.67 0.46  0.75 0.49  0.96 0.89  8.28 0.00 
ST3GAL4  1.06 0.81  1.29 0.23  0.89 0.58  0.92 0.66  1.23 0.30  0.86 0.46  1.99 0.00 
ST3GAL5  1.28 0.53  1.34 0.34  1.25 0.74  1.03 0.95  0.66 0.30  1.98 0.08  0.45 0.09 
ST3GAL6  0.72 0.58  0.62 0.27  1.30 0.61  0.81 0.65  0.67 0.25  0.93 0.82  5.29 0.00 
ST6GAL1  0.66 0.35  0.76 0.08  1.24 0.23  0.86 0.70  0.62 0.34  0.26 0.01  0.03 0.00 
ST6GAL2  0.98 0.97  1.00 0.99  0.99 0.98  1.03 0.96  1.00 1.00  0.69 0.77  1.53 0.70 

ST6GALNAC1  0.94 0.89  1.06 0.91  0.99 0.98  1.03 0.96  0.86 0.78  1.06 0.91  1.04 0.96 
ST6GALNAC2  0.91 0.64  0.99 0.97  0.83 0.55  0.58 0.21  1.06 0.88  1.35 0.58  0.04 0.00 
ST6GALNAC3  1.00 0.97  1.00 0.99  1.00 0.97  1.00 0.95  1.00 1.00  1.03 0.99  2.01 0.47 
ST6GALNAC4  0.84 0.49  0.88 0.39  1.41 0.33  0.60 0.03  0.68 0.05  1.41 0.10  0.59 0.15 
ST6GALNAC5  0.69 0.55  1.04 0.96  0.90 0.88  1.12 0.56  2.06 0.21  1.23 0.38  40.67 0.00 
ST6GALNAC6  1.07 0.80  0.98 0.97  0.78 0.43  1.51 0.16  0.83 0.48  0.91 0.76  1.44 0.05 

ST8SIA1  0.89 0.87  2.10 0.20  1.08 0.80  1.20 0.80  0.68 0.51  0.30 0.06  0.09 0.00 
ST8SIA2  0.98 0.97  1.00 0.99  0.99 0.98  1.03 0.96  1.00 1.00  0.87 0.80  1.09 0.92 
ST8SIA3  0.98 0.97  1.06 0.91  0.99 0.98  1.03 0.96  1.00 1.00  1.00 0.99  0.94 0.94 
ST8SIA4  0.82 0.52  0.53 0.35  0.63 0.53  0.68 0.22  0.68 0.42  1.04 0.96  0.89 0.90 
ST8SIA5  0.98 0.97  1.00 0.99  0.99 0.98  1.03 0.96  1.05 0.93  0.91 0.86  1.09 0.92 
ST8SIA6  0.89 0.86  1.03 0.97  0.67 0.63  1.17 0.84  0.99 0.99  1.40 0.67  0.10 0.01                       

NEU1  1.35 0.04  1.04 0.80  0.87 0.28  1.57 0.00  1.10 0.45  0.89 0.36  1.25 0.25 
NEU2  0.98 0.97  1.06 0.91  0.99 0.98  1.08 0.88  1.00 1.00  1.00 0.99  0.94 0.94 
NEU3  0.77 0.45  1.19 0.68  0.53 0.10  0.97 0.94  0.74 0.40  0.72 0.36  1.05 0.82 
NEU4  1.42 0.82  0.58 0.57  0.82 0.81  1.08 0.92  0.99 0.99  1.01 0.98  0.31 0.16 
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Chapter 4 

Mechanistic Exploration of the IRE1 Negative Feedback Loop  

 

Summary 

 The unfolded protein response (UPR) mitigates endoplasmic reticulum (ER) stress by enhancing 

the secretory pathway’s protein folding capacity, upregulating the expression of chaperone proteins and 

quality control factors. The UPR can also transiently arrest protein translation to reduce the new protein 

load in the ER. The three stress sensors of the UPR—IRE1, PERK, and ATF6—are responsible for 

transmitting signals through their respective downstream transcription factors. Unresolved ER stress 

commits cells to apoptosis through PERK signaling. Mechanisms of regulating the stress sensors, in 

particular IRE1, are often debated. Hypotheses include activation via unfolded proteins binding directly to 

the stress sensors, as well as a more widely accepted model of chaperone-mediated repression, whereby 

binding to the BiP chaperone represses signaling. While small molecules have been developed to target and 

activate IRE1 signaling, the compounds are often cytotoxic or lead to transient activation that lasts just a 

few hours. Two ER co-chaperones, ERdj4 and Sec63 (also known as ERdj2), have been shown to recruit 

BiP to form repressive complexes with IRE1. Thus, as downstream targets of IRE1 activation, ERdj4 and 

BiP function in a negative feedback loop to restrict IRE1 activation. We hypothesized that ERdj4 and Sec63 

are responsible for limiting pharmacological activation of IRE1, and that activation could be sustained with 

loss of ERdj4 or Sec63. Here, we employed CRISPR-Cas9 technology to knockout ERdj4 in HEK293 cells, 

and tested whether pharmacological IRE1 activation could be sustained. Additionally, we tested our 

hypothesis in Sec63 knockout HEK293 cells. We determined that neither loss of ERdj4 nor Sec63 was 

sufficient to sustain pharmacological IRE1 activation, suggesting that other repressive elements are likely 

regulating the UPR.  
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Introduction 

 The unfolded protein response (UPR) safeguards cells against toxic protein-misfolding stress. 

Accumulation of misfolded proteins in the endoplasmic reticulum (ER) activates the transmembrane sensor 

proteins IRE1, PERK, and ATF6 (Figure 4.1A). Dimerization and autophosphorylation of IRE1 and PERK, 

or trafficking and proteolytic processing of ATF6, result in the production of three UPR transcription 

factors. The dual-function enzyme IRE1 is capable of trans-autophosphorylation via its kinase domain, 

leading to a conformational change activating its RNase domain, which is responsible for splicing XBP1 

mRNA to yield the active transcription factor, spliced XBP1 (XBP1s).1-3 PERK autophosphorylation leads 

to conformation shifts in the kinase domain and enhances its affinity for the non-phosphorylated eIF2 

eukaryotic translation initiation complex.4 Phosphorylation of eIF2a ultimately leads to a transient arrest 

in global protein translation while selectively enhancing translation of the ATF4 transcription factor.5-6 

Trafficking of ATF6 to the Golgi and proteolytic processing by S1P and S2P proteases releases ATF6f 

from the Golgi membrane, allowing the transcription factor to traffic to the nucleus.7-8 The activities of 

XBP1s, ATF4, and ATF6f collectively remodel the ER proteostasis environment by upregulating 

chaperones, quality control factors, and other UPR target genes to maintain or recover secretory 

proteostasis.9 Unresolved ER stress and chronic activation of the PERK arm can lead to apoptosis, 

threatening tissue homeostasis.10 ER stress is linked to the development of diabetes, obesity, atherosclerosis, 

and other metabolic diseases. There is active interest in developing small molecules to target specific 

branches of the UPR to mitigate ER stress or to improve protein folding capacity, while avoiding its 

destructive outputs. 

Figure 4.1: The three branches of the unfolded protein response. A: PERK, IRE1, and ATF6 signal to 
their downstream transcription factors ATF4, XBP1s, and ATF6f, respectively, in response to ER stress. 
B: Negative feedback loops regulate IRE1 signaling. Activation of the IRE1-XBP1s pathway upregulates 
the expression of proteostasis network components, including ERdj4 and BiP. ERdj4 and the Sec63 
translocon complex protein can recruit BiP to repress IRE1 activity. 
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The IRE1-XBP1s arm of the UPR displays cytoprotective functions against acute stress, injury, and 

apoptosis induced by viral infections, and is also capable of prolonging cell and organism survival.11-24 

Well-characterized IRE1 activators with desired potency profiles have the potential to be harnessed for 

treating diseases such as amyloid-associated neurotoxicity or diabetes. For example, control of IRE1 can 

positively regulate insulin biosynthesis and secretion.25-27 However, chronic hyperactivation of IRE1 can 

suppress insulin gene expression.26 Thus, tight control of IRE1 activation and temporal regulation are 

important factors for clinical development of such modulators.  

Various IRE1 inhibitors such as STF-083010 and 4µ8C (Figure 4.2) have been applied to elucidate 

novel functions of the IRE1-XBP1s pathway in biology, including its roles in inflammation, atherosclerosis 

progression, and natural killer cell function in the immune system.28-31 However, compounds that can 

stimulate IRE1 activity exhibit less than ideal properties, including off-target cytotoxicity32-33 and mild 

activation lasting only a few hours,34 limiting their efficacy as potential long-term therapies. Kinase 

inhibitors such as APY29 and the FDA-approved sunitinib for cancer35-38 (Figure 4.2) were also shown to 

activate the IRE1 RNase domain. As type I kinase inhibitors, APY29 and sunitinib act as IRE1 RNase 

agonists, inducing dimerization and RNase activity, by engaging the ATP-binding pocket and inducing a 

conformational change to mimic the active conformation.39 However, animal studies and preclinical models 

with these compounds are currently lacking, and the compounds are not sufficiently selective.40 Compounds 

targeting new potential drug-binding sites on IRE1 include the flavanol quercetin (Figure 4.2), which was 

identified as a yeast IRE1 activator via an in vitro fluorescence quenching-based screening approach.41 

Quercetin promoted IRE1 dimerization and RNase activation as a result of binding to the so-called Q-site 

at the dimer interface of the kinase-RNase domain. However, quercetin is a promiscuous compound that 

hits multiple targets, and is a well-known aggregator and pan-assay interference compound (PAIN), and 

thus not suitable as a lead compound.42-44 A second-generation IRE1 activator, termed IPA (Figure 4.2), 

was designed from the APY29 scaffold and was shown to induce IRE1 oligomerization and RNase activity, 

but at the expense of strong cytotoxicity and PERK activity induction specifically at paradoxically low 

concentrations.32 In our hands (unpublished results), it was very difficult to uncouple PERK activation and 

cytotoxicity from IRE1 activation. The opposing effects of IPA emphasize the importance of tightly 

controlled UPR activation profiles by small molecules to avoid unintended effects. 

Recently, a luciferase-based high-throughput screening approach performed in conjunction with 

transcriptomic and phosphokinase profiling identified a novel, selective IRE1 activator that targets IRE1 

independent of the nucleotide-binding pocket.45 The small molecule, termed Compound 474 (Figure 4.2), 

was shown to reduce secretion of toxic amyloid precursor protein (APP) and reduced APP-associated 

mitochondrial toxicity in cellular models. Although the exact mechanism of activation remains unknown, 
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474 does not rely on binding to the IRE1 kinase active site, in contrast to other IRE1 activators, suggesting 

that off-target cytotoxicity associated with other activators may not be an issue with 474. Novel compounds 

such as 474 are distinct from previously reported IRE1 activators, and have the potential to modulate IRE1 

signaling without off-pathway activity, thus representing a first-in-class IRE1 activator with potential to 

alleviate proteostasis pathologies such as Alzheimer’s and diabetes. However, the long-term effects of 474 

treatment on cells have not been not reported. 

Figure 4.2: Chemical structures of IRE1 modulators and the ER stressor thapsigargin. IRE1 RNase 
inhibitors including STF-083010 and 4µ8C commonly feature the salicylaldehyde pharmacophore (red) 
that inhibits RNase activity by forming a Schiff base with the active site. Global UPR activity can be 
induced by an ER stressor such as the Ca2+ ATPase inhibitor thapsigargin. IRE1 RNase activators include 
APY29 and its derivative IPA, sunitinib, and quercetin, but these compounds display off-target cytoxicity 
and promiscuous binding. The novel compound 474 selectively activates IRE1 without binding to the 
kinase active site, but its mechanism of action is currently unknown. 
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The existence of a negative feedback loop counteracting IRE1 activation could explain the lack of 

sustained IRE1 activation by small molecules (see Figure 4.3 below).34 ERdj4, an Hsp40 co-chaperone, 

was demonstrated to recruit BiP, an Hsp70 chaperone, to IRE1 to form a repressive BiP-IRE1 complex 

(Figure 4.1B).46 ERdj4-directed BiP-mediated repression was capable of disrupting IRE1 dimers and 

reducing XBP1s activation when measured using a fluorescent reporter system. Furthermore, it was shown 

that BiP client proteins competed for the repressive machinery to restore IRE1 to its default, dimeric active 

state. ERdj4 and BiP are transcriptional targets of XBP1s,47-48 thus they act in a negative feedback loop to 

attenuate IRE1 activity. The work described above involved genetically inactivated ERdj4 in Chinese 

Hamster Ovary (CHO) cell lines and measured IRE1 activity with an XBP1s–turquoise fluorescent reporter 

for XBP1 splicing.46 However, the reporter construct lacked the DNA-binding domain of XBP1s, rendering 

the reporter incapable of activating downstream targets, and with uncertain biological relevance to 

endogenous IRE1-XBP1s signaling. Furthermore, recombinant ERdj4, BiP, and IRE1 proteins were 

purified and reconstituted in vitro for mechanistic work, also leaving uncertainty whether the findings 

extended to endogenous systems. This initial study supported a hypothesis for a reversible chaperone 

repression model,46 and could explain the inverse correlation between IRE1 activity and ER-localized BiP 

expression reported elsewhere.49-51 In follow-up work, it was shown that loading endogenous BiP onto 

endogenous IRE1 also repressed IRE1 signaling in CHO cells.52 An ERdj4-directed BiP-mediated model 

of repression (Figure 4.1B) could explain why small molecules targeting IRE1 for activation fail to sustain 

activity past a few hours. 

Another model for IRE1 repression involves recruitment of BiP to IRE1 by the Sec63 (also known 

as ERdj2) co-chaperone. The translocon complex, comprised namely of the Sec61 channel and the Sec62 

and Sec63 proteins, mediates transfer of secretory proteins into the ER. Sec61 and Sec63 were previously 

demonstrated to limit IRE1 signaling.53-58 Specifically, Sec63 recruits BiP to bind to IRE1 in complex with 

Sec61 (but not Sec62) in cells and in biochemical reconstitution assays in vitro, suppressing IRE1 

oligomerization and attenuating its RNase activity (Figure 4.1B).53 Thus, the Sec63-directed BiP-mediated 

model of repression is analogous to the ERdj4-directed model. Moreover, as Sec63 comprises part of the 

Sec61 translocon complex, it is hypothesized that Sec63 couples IRE1-mediated protein folding capacity 

with the flux of proteins into the ER to maintain ER proteostasis.53, 57 We further hypothesized that 

inactivation of Sec63 may be another method to sustain IRE1 activation by small molecules. 

Here, motivated by the chaperone-mediated repression model for regulating IRE1 activity, whereby 

either ERdj4 or Sec63 recruits BiP to form repressive complexes with IRE1, we assessed whether 

pharmacological IRE1 activation with the small molecule 474 can be sustained in HEK293 cells with 

genetic inactivation of either ERdj4 or Sec63. 
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Results 

Pharmacological Activation of IRE1 Is Short-Lived 

We first assessed IRE1 activation by the small molecule 474 in HEK293T cells at 10 µM, a 

concentration previously demonstrated to activate IRE1 and reprogram ER proteostasis in this cell line 

(Figure 4.3).45 HEK293T cells were treated with 474 at 2-, 4-, 6-, and 24-hour time points, and RNA was 

extracted for quantitative real-time PCR (qRT-PCR) of XBP1 splicing and UPR target gene induction. 

Consistent with previous findings,45 treatment with 474 induced XBP1 splicing and upregulation of 

transcripts for Sec24D and ERdj4, two XBP1s targets (Figure 4.3 A – C). However, IRE1 activation could 

not be sustained past 6 hours when downstream XBP1 splicing and target gene induction were profiled. 

Peak XBP1 splicing was observed at the 2-hour time point (3.7-fold increase relative to DMSO), and peak 

ERdj4 mRNA upregulation was observed at the 4-hour time point (2.9-fold increase relative to DMSO). 

Thapsigargin-treated cells were included as positive controls for IRE1, ATF6, and PERK activity. 

Upregulation of Sec24D mRNA was not as robust (even under thapsigargin treatment) with a maximal 

increase of 1.9-fold at the 6-hour time point. BiP and HYOU1 are UPR targets regulated by both IRE1-

XBP1s and ATF6 signaling. Treatment with 474 led to modest (at most 2-fold) increases in BiP and 

HYOU1 mRNA (Figure 4.3 D and E), but not for the PERK target CHOP (Figure 4.3F) indicating that 

474 treatment did not lead to off-target UPR activity. We hypothesized that negative regulation of IRE1 

activity directed by ERdj4 or Sec63 could be repressing XBP1 splicing and ERdj4 mRNA induction at the 

later time points. 

 

Employing CRISPR-Cas9 to Inactivate ERdj4 in Human Cells 

 To test our hypothesis whether loss of ERdj4 is sufficient to sustain pharmacological activation of 

IRE1, we applied CRISPR-Cas9 technology59-60 to inactivate ERdj4 (encoded by the DNAJB9 gene) via 

insertions or deletions (indels) in the HEK293T human cell line (Figure 4.4A). We cloned five single guide 

RNAs (sgRNAs) targeting ERdj4, in addition to non-targeting controls, into Cas9 plasmids.59 Cloned 

plasmids were then transfected into HEK293T cells, and cells were grown in culture for two days before 

antibiotic selection with puromycin at 2.5 µg/mL for three days. Genomic DNA was extracted from cells 

and the DNAJB9 amplicon was amplified by PCR. Initial PCR conditions did not yield an amplification 

product (Figure 4.4B), but optimizing PCR conditions (reducing amount of template DNA, increasing 

extension time, testing a temperature gradient and addition of High GC Enhancer) led to amplification from 

parental cells and edited cells (Figure 4.4 C and D). Single colonies were generated by limiting dilution, 

evaluated with the Surveyor Nuclease assay for DNA mismatches (Figure 4.4E), and genotyped by Sanger 

sequencing (Figure 4.4F). Five homogenous clones were identified and termed Clones 1B, 1C, 3A, 7C, 

and 9B. 
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Figure 4.3: UPR activity in HEK293T cells treated with the small molecule 474 (10 µM) at 2-, 4-, 6-, 
and 24-hour time points. XBP1 splicing (A) and induction mRNA for the IRE1-XBP1s targets Sec24D 
and ERdj4 (B and C, respectively) were measured by qRT-PCR. Expression of mRNA for the IRE1-XBP1s 
and ATF6 targets BiP and HYOU1 were also measured (D and E, respectively). 474 treatment did not lead 
to an increase in mRNA for the PERK target CHOP (F) demonstrating that off-target UPR activity was not 
present. Cells treated with thapsigargin (Tg; 5 µM, 2 hours) served as positive control for global UPR 
induction. Data were normalized to the RPLP2 housekeeping gene and reported as the average of reactions 
performed in quadruplicate. Error bars: standard deviation of four technical replicates. 
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Figure 4.4: CRISPR-Cas9 approach to disrupt ERdj4 in HEK293T cells. A: Diagram of the DNAJB9 
locus with locations of sgRNA targets on Exon 2 or Exon 3. The coding region of DNAJB9 is contained 
within Exons 2 and 3, and primers were designed to amplify the entire coding region. B: Genomic DNA 
(gDNA) extracted from HEK293T cells and initial attempt to amplify DNAJB9. C: PCR optimization 
included reducing the amount of template, increasing extension time, a temperature gradient, and addition 
of High GC Enhancer. The DNAJB9 amplicon consisted of 32% GC, and High GC Enhancer was 
detrimental to amplification. D: After optimization, amplicons were generated from WT and edited cells. 
E: Single colonies were generated, and DNA mismatches were detected using the Surveyor Nuclease assay 
(cleavage products indicated by yellow arrows, Left). No mismatches were detected without addition of 
nuclease (Right). F: Edits included J domain mutations and insertions leading to premature termination 
codons. G: Deletion (D) and premature termination codons (*) mapped onto ERdj4. H: Solution NMR 
structure of the J domain of human ERdj4 (PDB 2CTR) with the Clone 1B mutated region shown in yellow. 



 149 

Clones with non-sense mutations introduced by CRISPR-Cas961-62 feature premature termination codons 

that can result in truncated loss-of-function products. Clones 1C and 3A had premature termination codons 

in the J domain responsible for recruiting BiP, while Clones 7C and 9B contained premature termination 

codons in the targeting domain responsible for targeting to substrates such as IRE1 (Figure 4.4G). Clone 

1B harbored a point mutation and deletion of nine nucleotides from Exon 2, resulting in a mutation in the 

J domain responsible for recruiting BiP, but maintaining the reading frame (Figure 4.4 G and H). Because 

the premature termination codons occurred less than 55 nucleotides upstream of an exon-exon junction 

(Clones 1C and 3A), or occurred on the last exon (Clones 7C and 9B), they were not likely subject to non-

sense mediated decay,63 meaning that ERdj4 transcript induction could still be detected by qRT-PCR. To 

further characterize the clones, immunoblots for ERdj4 were performed with two commercial antibodies. 

However, due to the low expression of endogenous ERdj4, as had been previously reported by others,64-67 

and non-specific antibody staining, we could not detect ERdj4 at the protein level with or without ER stress 

(Figure 4.5) despite seeing increases in XBP1s protein expression with thapsigargin treatment (Figure 

4.5B). Furthermore, ERdj4 expression is often only be detectable following enrichment by 

immunoprecipitation,68-69 but we were still unable to detect ERdj4 following enrichment. 

Mutations in the J domain of ERdj4 were shown to be sufficient to ablate repression of IRE1.46, 52 

Specifically, mutations in the highly conserved HPD motif (amino acids 54–56) of ERdj4 were introduced 

to compromise its ability to stimulate the ATPase activity of BiP. Clones 1C and 3A disrupted this motif 

with frameshifts leading to premature termination codons at amino acid 56. Clone 1B contained a point 

mutation and deletion of three amino acids upstream of the HPD motif. Clones 7C and 9B did not disrupt 

the J domain, but instead disrupted the C-terminal targeting domain. ERdj4 mutants lacking the entire 

targeting domain were previously shown to be deficient in attenuating IRE1 activity. Thus, integrity of both 

domains is important for ERdj4 to attenuate IRE1 activity, and our clones featured mutations in both, 

including disruption of the HPD motif. We tested the effects of 474 on IRE1 activation in all five clones. 

 

Pharmacological IRE1 Activation Is Not Sustained in WT ERdj4 or Edited Cells 

 We sought to determine whether our ERdj4-edited cells could sustain IRE1 activation past the 

short-lived (i.e. 2–4 hour) activation that we observed in HEK293T cells with WT ERdj4 (Figure 4.3). We 

treated WT ERdj4 and edited cells with 474 in a time course experiment with time points at 2, 4, 6, and 24 

hours. After treatment with 474, RNA was extracted and qRT-PCR was performed to quantify relative 

XBP1 splicing and UPR target gene induction (Figure 4.6). We observed that across all clones tested, XBP1 

splicing peaked at 2 hours with 474 treatment, and had decreased at later time points (Figure 4.6A). 

Expression of mRNA for XBP1s targets Sec24D and ERdj4 similarly peaked at earlier time points, then 

decreased by 24 hours (Figure 4.6 B and C). Expression of mRNA for XBP1s- and ATF6- regulated targets 
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BiP and HYOU1 showed relatively little induction (Figure 4.6 D and E). mRNA expression for the ATF6 

target Grp94 and the PERK target CHOP was not substantially affected, demonstrating that 474 treatment 

did not induce off-target UPR activity (Figure 4.6 F and G). XBP1 splicing was also visualized by 

separating total XBP1 from qRT-PCR reactions on a 2% agarose gel (Figure 4.7). Overall, we did not 

observe a difference between WT and ERdj4-edited cells in response to IRE1 activation by 474. Induction 

of XBP1 splicing peaked at 2 hours and decreased at later time points, indicating that disruption of ERdj4 

was not sufficient to sustain pharmacological IRE1 activation, and that another mechanism (or a 

combination of mechanisms) negatively regulates IRE1 activity in response to small molecules. 

Figure 4.5: Difficulty in detecting ERdj4 in Western blots. A: Western blot for ERdj4 using a 
commercial antibody from Proteintech (PTGLAB) on cell lysates (Triton X-100 lysis). B: XBP1s and 
ERdj4 expression were probed using an XBP1s antibody and two ERdj4 antibodies (PTGLAB and Abcam) 
on cell lysates (RIPA lysis). An increase in XBP1s expression (54 kDa) was observed with thapsigargin 
treatment (Left), but ERdj4 expression was not detected under the same conditions (Middle and Right). 100 
µg of protein was loaded for each sample. b-actin was used as a loading control, and Ponceau S staining 
was performed on nitrocellulose membranes prior to Western blotting to visualize sample loading and 
protein transfer. 
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Figure 4.6: Time course with 474 treatment (10 µM) in HEK293T clones with WT or edited ERdj4. 
XBP1 splicing (A) was profiled using qRT-PCR. Expression of mRNA for UPR targets were also profiled, 
including the XBP1s targets Sec24D and ERdj4 (B and C, respectively), the XBP1s/ATF6 targets BiP and 
HYOU1 (D and E, respectively), the ATF6 target Grp94 (F), and the PERK target CHOP (G). Splicing and 
expression profiles were similar among cells with WT or edited ERdj4, with peak XBP1 splicing at 2 hours, 
and decreasing at later time points. Cells treated with thapsigargin (Tg; 5 µM, 2 hours) served as positive 
control for global UPR induction. Data were normalized to the RPLP2 housekeeping gene and reported as 
the average of reactions performed in quadruplicate (XBP1 splicing) or duplicate (others). ERdj4 mRNA 
expression was profiled by qRT-PCR twice. Error bars: standard deviation of four technical replicates. 
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Inactivation of Sec63 Is Also Not Sufficient to Sustain Pharmacological IRE1 Activation 

 In addition to an ERdj4-directed model of BiP-mediated IRE1 repression, we hypothesized that 

Sec63 may be directing BiP to repress IRE1 when activated by small molecules. We next sought to assess 

whether inactivation of Sec63 may be sufficient to sustain pharmacological IRE1 activation. We obtained 

HEK293 Sec63 knockout cells53 from the Mariappan group at the Yale School of Medicine and tested 

whether 474 can sustain IRE1 activation in these cells. We treated the Sec63 knockout cells with 474 for 2, 

4, 6, or 24 hours and profiled XBP1 splicing and expression of ERdj4 and BiP mRNA by qRT-PCR (Figure 

4.8). Knockout of Sec63 led to increased basal levels of XBP1 splicing and upregulation of ERdj4 and BiP 

mRNA (Figure 4.8, DMSO), consistent with the role of Sec63 in repressing IRE1 activity.53 We observed 

that XBP1 splicing and mRNA expression for ERdj4 and BiP had increased at the earlier time points with 

474 treatment, reaching maximal levels by 4–6 hours, but had decreased by 24 hours. These results with 

Sec63 disruption, along with the results for ERdj4 disruption (Figure 4.6) mimic the transient activation of 

IRE1 induced by 474 in WT cells (Figure 4.3). These data suggest that neither Sec63 inactivation nor 

ERdj4 inactivation alone is sufficient to sustain pharmacological IRE1 activation. Again, another 

mechanism (or combination of mechanisms) is likely repressing IRE1 signaling induced by small 

molecules. 

 

Discussion 

 We hypothesized that ERdj4 and Sec63, two proteins reported to recruit BiP to suppress IRE1 

activity, may be limiting pharmacological activation of IRE1 to shorter time points. In our work with 

ERdj4- or Sec63-disrupted cells, we were unable to sustain IRE1 activation beyond a few hours (i.e. 4–6 

hours) by 474 when we profiled XBP1 splicing and XBP1s target gene induction by qRT-PCR. Thus, the 

exact mechanisms by which cells attenuate IRE1 activity induced by small molecules remain elusive. Our 

studies suggest that another factor (or a combination of factors) suppressing IRE1 signaling limits   

Figure 4.7: XBP1 splicing was visualized by separating total XBP1 qRT-PCR products on a 2% 
agarose gel. The intensity of XBP1s (bottom band) increased as early as 2 hours with 474, but had 
decreased at later time points for all clones tested (see also Figure 4.6 for qPCR plots). 
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Figure 4.8: Time course with 474 treatment (10 µM) in HEK293 cells with WT or edited Sec63. XBP1 
splicing (A) was profiled using qRT-PCR. Expression of mRNA for the XBP1s target ERdj4 and the 
XBP1s/ATF6 target BiP was also profiled (B and C, respectively). XBP1 splicing and mRNA expression 
for ERdj4 and BiP were enhanced at basal conditions (DMSO) in the Sec63 knockout cells. Splicing and 
target gene induction by 474 peaked at earlier timepoints in both WT and edited cells, decreasing at later 
timepoints. Cells treated with thapsigargin (Tg; 5 µM, 2 hours) served as positive control. Data were 
normalized to the RPLP2 housekeeping gene and reported as the average of reactions performed in 
quadruplicate. Error bars: standard deviation of four technical replicates. 
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pharmacological activation. It may be possible that simultaneous inactivation of both ERdj4 and Sec63 in 

cells is required to bypass the suppressive machineries. Of note, 474 activates IRE1 independent of the 

kinase binding site, but it remains unknown how 474 carries out IRE1 activation,45 raising the possibility 

of novel binding sites or undiscovered mechanisms to regulate the UPR. 

 We disrupted motifs known to be critical for IRE1 repression, but due to technical challenges we 

were unable to detect ERdj4 in immunoblots, consistent with previous reports of undetectable or low ERdj4 

expression levels,64-67 despite attempts to enrich the protein via immunoprecipitation. Alternatively, ERdj4 

protein levels may be quantified by mass spectrometry-based proteomics approaches, but they would also 

likely require enrichment, for example via immunoprecipitation or microsome fractionation.68-69 

 In conclusion, we were unable to find evidence that ERdj4 or Sec63 disruption can facilitate 

sustained pharmacological IRE1 activation. Rather, our findings suggest that our understanding of UPR 

regulation may yet be incomplete. ERdj4 and Sec63 (ERdj2) are just two of seven co-chaperones in the 

ERdj family of proteins reported to interact with BiP.64 IRE1 repression is perhaps mediated by additional 

ERdj proteins in a redundant manner. Furthermore, ERdj4 deletion was reported to only partially deregulate 

IRE1,46 and Sec63 was also reported to influence PERK46 and ATF6 activity53 in addition to IRE1, 

highlighting potential promiscuity and redundancy in regulation of the UPR. Additionally, a minority of 

IRE1 molecules can be attenuated in Sec63-disrupted cells,53 suggesting that repression via mechanisms 

other than Sec63 may be regulating IRE1. Elucidating the mechanism by which pharmacological activation 

of IRE1 is suppressed would provide fundamental knowledge regarding regulation of UPR signaling. Such 

knowledge could provide additional clues to improve our understanding of drug resistance mechanisms and 

potential therapeutic uses for UPR-targeted therapies should they progress into the clinic. 

 

Materials and Methods 

Cell Lines and Reagents 

 HEK293T cells were authenticated by short-tandem repeat profiling (ATCC) prior to genetic 

engineering, and were grown in DMEM (Corning 15-017-CM) supplemented with 10% FBS (Corning 35-

010-CV), L-glutamine (Corning 25-005-CI), and penicillin/streptomycin (Corning 30-002-CI) at 37 °C and 

5% CO2 in a humidified tissue culture incubator. A puromycin dihydrochloride (Gibco A1113803) 

antibiotic kill curve was performed to select cells at 2.5 µg/mL for three days. Sec63 knockout cells were a 

kind gift from the Mariappan group (Yale School of Medicine). Cells were regularly screened for 

mycoplasma using the MycoAlert PLUS Mycoplasma Detection Kit (Lonza LT07-710) prior to 

experimentation. To induce global ER stress, cells were treated with thapsigargin (Sigma-Aldrich T9033) 

at 5 µM for 2 hours. 
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sgRNA Guides and Cloning 

sgRNA Sequences and Cloning Oligos 

sgDNAJB9_1 guide sequence: CAAGAAGGCCTTTCACAAGT 

sgDNAJB9_1 cloning oligo: CACCGCAAGAAGGCCTTTCACAAGT (sense) 

sgDNAJB9_1 cloning oligo: AAACACTTGTGAAAGGCCTTCTTGC (antisense) 

 

sgDNAJB9_3 guide sequence: CTTCATGGCCAACTTGTGAA (negative strand) 

sgDNAJB9_3 cloning oligo: CACCGCTTCATGGCCAACTTGTGAA (sense) 

sgDNAJB9_3 cloning oligo: AAACTTCACAAGTTGGCCATGAAGC (antisense) 

 

sgDNAJB9_5 guide sequence: GGTAAAGGACAAAGAGGTAG 

sgDNAJB9_5 cloning oligo: CACCGGGTAAAGGACAAAGAGGTAG (sense) 

sgDNAJB9_5 cloning oligo: AAACCTACCTCTTTGTCCTTTACCC (antisense) 

 

sgDNAJB9_7 

sgDNAJB9_7 guide sequence: ATGGTGGTTCCAGTAGACAA 

sgDNAJB9_7 cloning oligo: CACCGATGGTGGTTCCAGTAGACAA (sense) 

sgDNAJB9_7 cloning oligo: AAACTTGTCTACTGGAACCACCATC (antisense) 

 

sgDNAJB9_9 guide sequence: CATTTCCAGACACGCCAGGA 

sgDNAJB9_9 cloning oligo: CACCGCATTTCCAGACACGCCAGGA (sense) 

sgDNAJB9_9 cloning oligo: AAACTCCTGGCGTGTCTGGAAATGC (antisense) 

 

non-targeting control guide sequence: GGATACTTCTTCGAACGTTT 

non-targeting control cloning oligo: CACCGGGATACTTCTTCGAACGTTT (sense) 

non-targeting control cloning oligo: AAACAAACGTTCGAAGAAGTATCCC (antisense) 

 

AAVS1-targeting control guide sequence: GGGGCCACTAGGGACAGGAT 

AAVS1-targeting control cloning oligo: CACCGGGGGCCACTAGGGACAGGAT (sense) 

AAVS1-targeting control cloning oligo: AAACATCCTGTCCCTAGTGGCCCCC (antisense) 

 

Target Sequence Cloning 

The CRISPR target sequence cloning protocol was adapted from Cong et al.60 Briefly, oligo 

annealing was performed in T4 DNA Ligase Reaction Buffer (New England Biolabs B0202S) with T4 
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Polynucleotide Kinase (New England Biolabs M0201S). Digestion and ligation to the backbone vector 

pSpCas9(BB)-2A-Puro (PX459) V2.070 was performed in T4 DNA Ligase Reaction Buffer with FastDigest 

BpiI (ThermoFisher FD1014) and T7 DNA Ligase (New England Biolab M0318S). Ligated products were 

transformed into 10-beta Competent E. coli (High Efficiency) cells (New England Biolabs C3019I), and 

colonies were picked and sequence-verified after miniprep. 

 

Transfection and Single-Colony Generation 

 HEK293T cells were grown to 80% confluency on 6-well plates and transfected with 2.5 µg of 

DNA using Lipofectamine 3000 Transfection Reagent (Invitrogen L3000015) following manufacturer’s 

protocol with Opti-MEM Reduced Serum Medium (Gibco 31985070). Two days post-transfection, cells 

were selected with 2.5 µg/mL of puromycin for three days. Single colonies were generated by limiting 

dilution in 96-well plates, and homogenous colonies were verified by Sanger sequencing. 

 

Genomic DNA Extraction, DNAJB9 PCR, and Surveyor Assay 

 Genomic DNA was extracted from cells using the Quick-DNA Miniprep kit following 

manufacturer’s protocols (Zymo Research D3024). The DNAJB9 amplicon spanning the entire coding 

region was amplified using the Q5 High-Fidelity DNA Polymerase (New England Biolabs M0491L) with 

100 ng of template DNA, a 120 second extension time, a 68 °C annealing temperature, and 35 cycles of 

amplification. Amplicons were column purification using the E.Z.N.A. Cycle Pure Kit (Omega Bio-tek 

D6492-02). Primers used to amplify DNAJB9 were as follows: 

DNAJB9 Exon 2 forward: TGGCTCACCTGCTGAAATGA 

DNAKB9 Exon 3 reverse: TGAGCCCAAGGGCAGGTAGA 

To detect DNA mismatches in edited cells, Surveyor Nuclease assays were performed using the Surveyor 

Mutation Detection Kit following the manufacturer’s protocols (Integrated DNA Technologies 706020). 

Briefly, DNAJB9 PCR amplicons were generated from genomic DNA, and DNA from edited cells was 

hybridized with WT DNA from the parental HEK293T cell line in a 1:1 ratio (200 ng each) in Q5 Reaction 

Buffer. After hybridization, duplexes were digested at 42 °C for 60 minutes, with or without Nuclease S 

(for negative control). Stop solution was added, and reactions were mixed with Purple Gel Loading Dye 

(New England Biolabs B7024S) prior to separation on 0.8% agarose TBE gels pre-mixed with GelGreen 

Nucleic Acid Gel Stain (Biotium 41005), and imaged on a 470 nm blue LED transilluminator (Maestrogen 

SLB-01W). Samples were run alongside a 1 kb DNA Ladder (New England Biolabs N3232S). 
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RNA Extraction and Quantitative Real-Time PCR 

RNA was isolated from cells using the E.Z.N.A. Total RNA Kit I (Omega R6834-02) following 

the manufacturer’s protocol, including the on-column DNase digestion (Omega E1091-02). RNA quantity 

and quality were assessed via A260/280 readings on a Synergy H1 Hybrid plate reader with a Take3 micro-

volume plate. RNA was frozen at –80 °C unless processed immediately for qRT-PCR. To generate cDNA 

from RNA, 1000 ng of RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems 4368813). cDNA was then diluted 5X in molecular biology grade water, and 

qPCR was performed using the Universal KAPA SYBR FAST qPCR Master Mix (Roche KK4618) on a 

LightCycler 480 II (Roche). Relative gene expression was normalized to the RPLP2 housekeeping gene 

and analyzed by the DDCt method.71-72  

Primers used are as follows: 

total XBP1 forward: AATGAAGTGAGGCCAGTGGC, rev: TGAAGAGTCAATACCGCCAGAA; 

XBP1s forward: CTGAGTCCGCAGCAGGT, rev: TCCAGAATGCCCAACAGGAT; 

RPLP2 forward: CCATTCAGCTCACTGATAACCTTG, rev: CGTCGCCTCCTACCTGCT; 

ERDJ4 forward: CTGTATGCTGATTGGTAGAGTCAA, rev: AGTAGACAAAGGCATCATTTCCAA; 

SEC24D forward: AGCAGACTGTCCTGGGAAGC, rev: TTTGTTTGGGGCTGGAAAAG; 

BIP forward: GCCTGTATTTCTAGACCTGCC, rev: TTCATCTTGCCAGCCAGTTG; 

HYOU1 forward: GCAGACCTGTTGGCACTGAG, rev: TCACGATCACCGGTGTTTTC; 

GRP94 forward: GGCCAGTTTGGTGTCGGTTT, rev: CGTTCCCCGTCCTAGAGTGTT; 

CHOP forward: GGAGCTGGAAGCCTGGTATG, rev: GCCAGAGAAGCAGGGTCAAG. 

To visualize XBP1 splicing, qRT-PCR products using the total XBP1 primer pair were separated 

on 2% agarose (Lonza 50090) TBE gels pre-mixed with GelGreen Nucleic Acid Gel Stain (Biotium 41005), 

and imaged on a 470 nm blue LED transilluminator (Maestrogen SLB-01W). Samples were run alongside 

50 bp DNA Ladder (New England Biolabs N3236S). 

 

Western Blot and Immunoprecipitation 

 Cell lysates were generated by incubating cells in Triton-X100 Lysis Buffer (50 mM Tris pH 7.5, 

1% Triton X-100, 200 mM NaCl, 1 mM EDTA, 1.5 mM MgCl2, protease and phosphatase inhibitors (Pierce 

A32961)) or RIPA Lysis Buffer (10 mM Tris pH 7.4, 150 mM NaCl, 10 mM KCl, 1 mM EDTA, 0.5% 

deoxycholic acid, 0.5% Tween 20, 0.5% NP-40, 0.1% SDS, protease and phosphatase inhibitors (Pierce 

A32961)) on ice for 20 minutes with intermittent vortexing. Insoluble debris were pelleted by centrifugation 

at maximum speed for 15 minutes. Protein concentrations were determined using a Pierce 660 nm Protein 

Assay (Pierce 22660). Immunoprecipitations (IP) were performed by incubating 1 mg of denatured protein 

(0.5% SDS, 40 mM DTT) with 2 µg of primary antibody in PBS for 1 hour at 4 °C. Protein A/G PLUS-
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Agarose beads (SantaCruz sc-2003) were then added at 40 µL of resuspended slurry per 1 mL IP volume. 

Beads were then incubated at 4 °C rocking end-over-end overnight. After overnight incubation, beads were 

washed 4× with RIPA buffer, then resuspended in 40 µL of 2X electrophoresis buffer and heated to 95 °C 

for 10 minutes prior to analysis by SDS-PAGE. 

Primary antibodies were obtained from Cell Signaling Technology (XBP1s: 12782S), Sigma-

Aldrich (b-Actin: A1978), Proteintech (ERdj4: PTGLAB 13157-1-AP) and Abcam (ERdj4: ab118282). All 

primary antibodies were diluted in 5% BSA with 0.02% sodium azide in TBS at manufacturer-

recommended dilutions. 

For gel electrophoresis, up to 100 µg of protein were separated on NuPAGE 12% Bis-Tris PAGE 

gels (Invitrogen NP0341BOX) ran with MES SDS running buffer (Invitrogen NP0060), and transferred to 

nitrocellulose membranes using the Trans-Blot Turbo Transfer System (Bio-Rad). Transferred membranes 

were stained with Ponceau S and imaged on an Epson Perfection V19 Scanner prior to blocking with 5% 

milk (Carnation) in TBS for 30 minutes at room temperature. After blocking, membranes were incubated 

with primary antibodies overnight, rocking in a 4 °C cold room. After overnight incubation, primary 

antibodies were removed, and membranes were washed 3× 10 minutes with TBS-T at room temperature. 

After the final wash, membranes were incubated with secondary antibodies (LI-COR) at 1:5,000 dilution 

in 5% milk in TBS, rocking at room temperature for 1 hour. After secondary antibody incubation, 

membranes were washed 3× 10 minutes with TBS-T at room temperature. Membranes were scanned using 

a LI-COR Odyssey Classic imager. 
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Chapter 5 

Perspectives on the Field 

 

Significant work has shown the paradigmatic roles of IRE1 and XBP1s in the unfolded protein 

response.1-9 Research in the 90s and early 2000s helped to delineate the mechanisms by which IRE1 and 

XBP1s (in addition to ATF6 and PERK-ATF4) contribute to the ER stress response.10 Since identifying 

IRE1 and XBP1s as key regulators of proteostasis, researchers have examined their roles in biology and 

diseases, leading to discoveries demonstrating their roles in memory formation, neurodegeneration, 

lipogenesis, atherosclerosis, diabetes, immunity, and cancer.11-25 Our findings that XBP1s can also drive 

glycosylation changes bridges ER stress with a post-translational modification that can modulate virtually 

every aspect of biology.26-27 It would be intriguing to determine whether XBP1s can, at least in part, drive 

biology by remodeling the glycans on proteins that influence biology and disease progression. For example, 

in our work, we sought to determine whether blocking XBP1s expression in triple-negative breast cancers 

with constitutively high levels of XBP1s can influence glycosylation phenotypes associated with breast 

cancer malignancy (Chapter 3). While our results with IRE1 inhibition in triple-negative breast cancer 

cells were modest, they suggest a role, however modest, for endogenous XBP1s in regulating the glycome. 

Looking forward, understanding which proteins these glycosylation changes are occurring on will 

identify potential therapeutic targets. Leveraging a systems biology approach including lectin microarray 

glycomic analysis, researchers discovered that the FUT8 core fucosyltransferase was responsible for 

initiating core fucosylation of N-glycans on the L1CAM adhesion molecule to drive melanoma metastasis.28 

In a different study, XBP1s induced Fut8 expression in mouse B cells stimulated with lipopolysaccharide.9 

Although these studies did not report whether XBP1s-driven FUT8 expression can drive metastasis, they 

lay the groundwork for such studies. In our own work, we determined that XBP1s activation increases the 

proportion of core fucosylated N-glycans in HeLa membrane proteins (Chapter 2),27 but we did not observe 

a significant change in FUT8 expression. Future work examining the biological consequences of XBP1s 

activation can provide insight into whether the increase in core fucosylated N-glycans in HeLa cells 

influences cell migration and invasion. Due to the affinity of lectins to certain carbohydrates, lectins can be 

leveraged to perform enrichment assays followed by mass spectrometry to identify proteins with specific 

N-glycan epitopes, as had previously been performed for core fucosylated L1CAM.28 This method can be 

used in conjunction with XBP1s perturbation to identify glycoproteins differentially enriched by lectins. 

Understanding whether XBP1s alters the glycans on for example, integrins, growth factor receptors, or 

receptor tyrosine kinases would prompt studies to investigate the upstream signals regulating the 

glycosylation and function of such proteins. 
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The chaperone-mediated repression model of regulating the UPR has led to informative studies 

demonstrating the roles of the ERdj4 and Sec63 co-chaperones in facilitating the repressive function of BiP 

on the ER stress sensor IRE1.29-31 We hypothesized that ERdj4 and Sec63 may be responsible for repressing 

IRE1 activation following pharmacological activation with small molecules. We were unable to find 

evidence that knockout of either co-chaperone was sufficient to sustain pharmacological IRE1 activation 

(Chapter 4), leading to the possibility that both co-chaperones must be disrupted to sustain IRE1 activation 

induced by small molecules. It would perhaps be challenging to disrupt both co-chaperones since it may 

induce significant proteotoxic stress due to impaired protein folding. On the other hand, disrupting both co-

chaperones may induce a compensatory ER stress response via ATF6 signaling to alleviate the induced 

protein misfolding stress.8 

Given the growing list of proteins reported to interact with IRE1,32 it is likely that additional, 

uncharacterized interactions repress IRE1, potentially forming negative feedback loops suppressing 

pharmacological IRE1 activation as an adaptive response of the UPR. Indeed, a proposed model in 

osteogenic differentiation suggests that the granulin-epithelin precursor (GEP) stimulates IRE1 activity via 

the JunB transcription factor, but IRE1 itself inhibits GEP and bone morphogenetic protein 2 (BMP2) 

upstream of GEP.33 The GEP–JunB–IRE1 feedback loop, or other mechanisms functioning in a similar 

manner, may be responsible for repressing IRE1 activation induced by small molecule activators, possibly 

explaining the lack of sustained pharmacological IRE1 activation. Careful mapping and exploration of IRE1 

feedback loops will help to identify promising targets for sustained pharmacological IRE1 activation. 

Sustained IRE1 activation by small molecules can be leveraged as a therapeutic approach for treating 

diseases with pathways regulated by IRE1 signaling, such as the response to glucose and insulin production 

in diabetes.34-35 

We have shown that XBP1s influences the post-translational modifications of other proteins, 

including N-glycosylation of membrane-associated and secreted proteins,27 suggesting that XBP1s can 

impact the function of proteins in addition to merely upregulating gene expression. The number of studies 

investigating the post-translational modifications of XBP1s itself are growing, with evidence showing that 

XBP1s can be phosphorylated, SUMOylated, and acetylated. Phosphorylation of XBP1s was shown to take 

place on Thr48 and/or Ser61 by the p38 MAP kinase or the CDK5 kinase.36-37 XBP1s phosphorylation 

enhances its nuclear translocation. Modification of XBP1s with SUMO represses its transcriptional 

activity.38 The p300 acetyltransferase and Sirt1/6 deacetylase enzymes mediate the addition and removal, 

respectively, of acetyl groups on XBP1s.39-40 XBP1s acetylation enhances protein stability and 

transcriptional activity, while deacetylation promotes its degradation through the ubiquitin-proteasome 

system. The diversity of post-translational modifications opens profound possibilities to modulate XBP1s 

stability, localization, and activity, which in turn will have consequences for disease. 
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Roles for XBP1s beyond proteostasis maintenance continue  to  be  discovered, 41 and we have only 

touched the surface of understanding the breadth of functions that XBP1s adopts, and the mechanisms for 

its regulation. Continued studies are needed to elucidate the underlying mechanisms by which XBP1s 

mediates alterations in N-glycosylation. For example, ChIP-seq experiments suggest that XBP1s is unlikely 

to regulate global glycogene expression via direct binding to promoters upstream of glycogenes.24 A more 

likely hypothesis is that XBP1s directly binds to the ER stress response element (ERSE) of another 

transcription factor, and regulation of glycogenes is perhaps a secondary effect of XBP1s activity. 

Continued work contributing to a thorough understanding of XBP1s function and regulation will help to 

inform programs targeting these areas for disease intervention.  
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Appendix 1 

Supporting Information for Chapter 2 

 

Supporting Datasets 

Published online at www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805425115/-/DCSupplemental. 

 

Dataset S.1: GSEA results and gene sets (online Excel Spreadsheet). 

Dataset S.1A (Sheet 1). GSEA results for Tg treatment using c5bp (MSigDB), shown in Figure S.1D. 

Dataset S.1B (Sheet 2). GSEA results for Tg treatment using c5mf (MSigDB), shown in Figure S.1D. 

Dataset S.1C (Sheet 3). GSEA results for XBP1s activation using c5bp (MSigDB), shown in Figure S.1D. 

Dataset S.1D (Sheet 4). GSEA results for XBP1s activation using c5mf (MSigDB), shown in Figure S.1D. 

Dataset S.1E (Sheet 5). Full list of glycogenes in custom “lipid-linked oligosaccharide biosynthesis” and 

“trimming and elaboration” gene sets used for generating enrichment plots shown in Figure S.8 A and B. 

 

Dataset S.2. List of lectins used on the microarrays (online Excel Spreadsheet). 

Dataset S.2A (Sheet 1). List of lectins used for HEK293XBP1s microarray experiments. Lectin print 

concentration, print sugar, and glycan epitope are indicated. Duplicate lectins obtained from different 

sources are noted in the last column. 

Dataset S.2B (Sheet 2). List of lectins used for HeLaXBP1s microarray experiments. Lectin print 

concentration, print sugar, and glycan epitope are indicated. Duplicate lectins obtained from different 

sources are noted in the last column. 

 

Dataset S.3. Processed lectin microarray data (online Excel Spreadsheet). Data represent median 

normalized log2 values of sample to pooled-sample reference ratios. 

Dataset S.3A (Sheet 1). HEKXBP1s membrane data. 

Dataset S.3B (Sheet 2). HeLaXBP1s membrane data. 

Dataset S.3C (Sheet 3). HEKXBP1s media data. 

 

Dataset S.4. MS analysis of the HEKXBP1s secretome with XBP1s activation (online Excel Spreadsheet). 

Spectral counts, m/z ratios, and normalized intensities for all proteins detected by TMT-MS with or without 

XBP1s activation in Replicates 1–3 (A–C, respectively). Processed data are presented in Dataset S.4D. 

Dataset S.4A (Sheet 1). Full TMT-MS data for the 6 h secretome of HEKXBP1s cells (Replicate 1). 

Dataset S.4B (Sheet 2). Full TMT-MS data for the 6 h secretome of HEKXBP1s cells (Replicate 2). 



 172 

Dataset S.4C (Sheet 3). Full TMT-MS data for the 6 h secretome of HEKXBP1s cells (Replicate 3). 

Dataset S.4D (Sheet 4). Fold-change and significance values for all proteins in the XBP1s secretome. 

Proteins that met fold-change and significance cut-offs are highlighted; significance and fold-change cut-

offs were as follows: p-value ≤ 0.05, fold-change ≥ 1.5-fold. Proteins annotated as N-glycosylated 

(UniProtKB) are indicated along with the reported number of N-glycan sequons. 

 

Dataset S.5: HEKXBP1s and HeLaXBP1s glycogene data (online Excel Spreadsheet). 

Dataset S.5A (Sheet 1). Gene sets related to N-glycosylation (including glycosyltransferases, glucosidases, 

and sugar transporters) selected from MSigDB and used to generate Figure 2.5. 

Dataset S.5B (Sheet 2). Full list of unique genes contained in the selected gene sets listed in Dataset S.5A. 

Dataset S.5C (Sheet 3). Fold-change and significance values for glycogenes in HEKXBP1s cells with XBP1s 

activation used to generate Figure 2.5A. Glycosylation-related genes listed in Dataset S.5B were extracted 

from the HEKXBP1s microarray data and were integrated with glycosylation PCR array data; bold-faced 

genes have fold-change and significance values obtained from the qPCR arrays. Significance and fold-

change cut-offs were as follows: FDR or p-value ≤ 0.05, fold-changes ≥ 1.5-fold (XBP1s versus vehicle).  

Dataset S.5D (Sheet 4). Fold-change and significance values for glycogenes in HeLaXBP1s cells with XBP1s 

activation used to generate Figure 2.5C. Glycosylation-related genes listed in Dataset S.5B were extracted 

from the HeLaXBP1s RNA-Seq data and integrated with glycosylation PCR array data; bold-faced genes have 

fold-change and significance values obtained from the qPCR arrays. Significance and fold-change cut-offs 

were as follows: FDR or p-value ≤ 0.05, fold-changes ≥ 1.5-fold (XBP1s versus vehicle). 
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