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ABSTRACT 

 

A Physiological Unfolded Protein Response Impacts Progression Through the Cell Cycle 

By  

Soham Chowdhury 

The cell cycle is a series of coordinated molecular steps that allow a progenitor cell to produce 

two daughter cells. During symmetrical cell division, a mother cell’s particular organelle 

makeup must also be inherited by the daughter cells. Multi-copy organelles such as 

mitochondria divide and are equally distributed between daughter cells. Single copy organelles 

such as the endoplasmic reticulum (ER) and the Golgi apparatus however must be first 

expanded, then fragmented, and finally partitioned to each daughter cell. Such organelle 

expansion requires the production of new membranes.  

Being that the ER is the site of endomembrane biosynthesis, we reasoned that ER 

expansion should precede and be necessary for mammalian cell division. The Unfolded Protein 

Response (UPR) is an evolutionarily conserved collection of signaling pathways that maintain 

ER health. Protein folding perturbations in the ER lumen as well disturbances of the ER 

membrane lipid bilayer trigger ER stress and activate the UPR. The UPR mitigates ER stress 

by increasing the biosynthetic and protein degradative capacities of the ER, including its 

physical expansion through endomembrane biogenesis.  

Here we show that as cells grow through interphase, their ER chaperone and foldase 

contents increase, as does the ER volume, indicating that ER expansion precedes cell division. 

Moreover, pharmacological inhibition of the UPR sensors IRE1 and ATF6 at steady-state 



 viii 

delayed cell cycle progression. Furthermore, we found that the threshold for UPR activation is 

lower in the S/G2 stage of the cell cycle suggesting that ER expansion and increased ER 

protein-processing capacity is subsequent to genome duplication. Finally, our data indicate that 

IRE1 activity is dampened by the G2/M cell cycle checkpoint kinase PKMYT1 suggesting 

negative feedback control. Taken together, these findings suggest a physiological role for the 

UPR in coordinating the mammalian cell cycle



 

 ix 

Table of Contents 
 

Project background....................................................................................................................1 
 
Introduction 

1. Regulation of the mammalian cell cycle....................................................................2-6 
2. Cell Size Sensing and Organelle Inheritance During the Cell Cycle.........................6-8 
3. The Endoplasmic Reticulum and the Unfolded Protein Response...........................8-16 
4. UPR dysregulation in disease.................................................................................16-17 
5. The Fast FUCCI system as a tool to visualize stages of the cell cycle...................17-20 

 
Findings 

1. The ER volume and foldase content increases during interphase..........................21-24 
2. The UPR activation threshold is different in G1 and S/G2.....................................25-28 
3. UPR inhibition negatively impacts progression through the cell cycle..................29-31 
4. The cell cycle checkpoint kinase PKMYT1 modulates the UPR...........................32-37 
5. Future Directions....................................................................................................38-40 

Methods 

1. Cell Culture..................................................................................................................41 
2. Packaging and transduction of VSV-G pseudotyped lentiviral particles................41-42 
3. Fluorescence Activated Cell Sorting (FACS)..............................................................42 
4. Cell Synchronization....................................................................................................42 
5. Cell fixation and staining for flow cytometry..............................................................43 
6. RNA extraction, cDNA synthesis, and qRT-PCR...................................................43-44 
7. Microscopy..................................................................................................................44 
8. Luciferase Assays.........................................................................................................45 
9. Chronic UPR inhibition growth curves........................................................................45 
10. Statistical Analysis.......................................................................................................45 

Materials 

1. Primers for qPCR.........................................................................................................46 
2. sgRNA sequences for CRIPSRi cell lines..............................................................46-47 
3. Primary antibodies.......................................................................................................47 
4. Secondary antibodies...................................................................................................47 

References..........................................................................................................................48-56



 

 1 
 

Project Background 

The conception of this project was based on first principles about the requirements for 

symmetric cell division of mammalian cells.  During symmetric division cells expand their 

single copy organelles (the ER and Golgi apparatus) so that they may be fragmented and 

partitioned evenly during mitosis. Defective inheritance of these organelles can result in a 

fitness cost to the progeny. Organelle expansion requires membrane biosynthesis. Since the 

ER is the site of membrane biogenesis (Uchiyama et. al. 1984), we focused on the ER health 

surveillance mechanism known as the unfolded protein response (UPR) and investigated the 

roles of the UPR in cell cycle progression. 

In previous unpublished work (Solley, MA Thesis, UCSB, 2020), we generated several 

cell lines containing the Fast-FUCCI (Fluorescent Ubiquitination Cell Cycle Indicator) system 

that allows to fluorescently label cells in the G1 and S/G2 stages of the cell cycle (Koh et. al. 

2017). Fast-FUCCI allows separation of these populations by flow cytometry and fluorescence 

activated cell sorting (FACS). Using this tool, we discovered an increase in chaperone and 

foldase content of the ER in S/G2 cells, hinting at a role for the UPR— which upregulates 

chaperones and foldases—in coordinating the cell cycle. A pooled shRNA genetic screen for 

genes affecting the most conserved UPR sensor, the kinase/endoRNase IRE1, revealed a 

potential role for the G2/M cell cycle regulator kinase PKMYT1 (Acosta-Alvear, unpublished). 

The work described in this thesis builds on these observations and aims at unraveling the 

interplay between the UPR and the control of the cell cycle, the differential sensitivity to ER 

stress between the stages of the cell cycle, and the mechanistic link between PKMYT1 and 

IRE1. 



A Physiological UPR Impacts Progression Through the Cell Cycle 

 2 

Introduction 

 

1. Regulation of the mammalian cell cycle 

The eukaryotic cell cycle is comprised of four distinct stages: G1 (Gap 1), S (Synthesis), G2 

(Gap 2), and M (Mitosis). Most of the cell cycle is comprised of the G1, S and G2 phases of the 

cell cycle (collectively termed interphase) after which mitosis unfolds quickly. Each of the 

stages of the cell cycle is characterized by a synchronous set of molecular events that allow the 

cell to progress from one stage to the next once all self-checks are successfully met (Alberts 

et. al. 2015). These “checkpoints” integrate information about internal and external cues to 

make the decision of whether or not to divide. Cell cycle checkpoints oversee genome integrity, 

organelle content, cell size, and nutrient availability. 

Cell division may be symmetric or asymmetric depending on how cellular contents are 

distributed. Symmetric cell division gives rise to identical daughter cells and is important for 

proliferation and maintenance of tissues, while asymmetric cell division is required to establish 

different cell identities from a common progenitor cell (Shahriyari and Komarova et. al., 2013). 

To integrate this breadth of information, a variety of cellular signaling networks are 

interleaved with the cell cycle. For example, stress signaling pathways that respond to 

oxidative stress, DNA damage, nutrient deficiencies, and the cellular environment all feed into 

the cell cycle. In healthy cells, this tight multilayered regulatory system allows damaged cells 

to pause and attempt to restore homeostasis before undergoing cell division (Ishikawa et. al., 

2007; Macip et. al., 2006; Rohde et. al., 2001). In this way, cells that are irreparably damaged 

are purged. When these regulatory systems are compromised, cells that should have been 

cleared continue dividing, which can lead to cancer (Collins et. al., 1997). 
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The G1 phase of the cell cycle is governed by the actions of Cyclin D1 in complex with 

the cyclin-dependent kinases CDK4 or CDK6 (Satyanarayana and Kaldis et. al., 2009). Cells 

evaluate nutrient availability and induce the expression of Cyclin D1 if resources are adequate 

(Gerard and Goldbeter et. al., 2014). If conditions are not optimal, cells can enter a fifth stage, 

known as G0. This fifth stage, G0, comprises a cellular state outside of the replicative cell cycle. 

Cells can enter G0 from the G1/G0 restriction point and either (1) remain in G0 indefinitely as 

part of their normal developmental program (as occurs in post-mitotic terminally differentiated 

cells, such as neurons or muscle cells), (2) remain in G0 indefinitely as part of the process of 

senescence, or (3) remain in G0 temporarily as quiescent cells that can reenter the cell cycle 

when favorable conditions for division are met (Pardee et. al., 1974). 

If conditions are permissive to division, Cyclin D1/CDK complex will phosphorylate 

the Retinoblastoma tumor suppressor protein (Rb), leading to a de-repression of the E2F 

transcription factors that in turn drive the expression of Cyclins E and A that are required for 

cells to enter the S phase of the cell cycle (Kato et al., 1993; Satyanarayana and Kaldis et. al., 

2009; Weinberg et. al., 1995). Cyclin E and A complex with CDK2 to activate the DNA 

replication machinery (Coverley et. al., 2002). In S phase, DNA damage and repair pathways 

ensure that genome duplication is carried out with fidelity. Failure to faithfully duplicate the 

genome results in cell cycle arrest in S phase and the initiation of programmed cell death.  

Once the genome has been duplicated successfully, cells enter G2. In G2 the integrity 

of the genome continues to be monitored, and the cell grows in preparation for division. Cyclin 

A and Cyclin E continue to orchestrate events through this stage by complexing with CDK1 

and inducing the expression of Cyclin B1 which will eventually promote entry into mitosis 

(Jeffrey et al., 1995). Events such as the fragmentation of single copy organelles, and 
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cytoskeletal rearrangements are essential for proper cell division occur in G2 (Oullet et. al. 

2012). 

Mitosis is comprised of five stages: prophase, prometaphase, metaphase, anaphase, and 

telophase which together orchestrate a dramatic reorganization of cellular components to 

partition them into two daughter cells. In prophase, chromatin condenses, and the nuclear 

envelope breaks down. In some ancient unicellular eukaryotes, such as S. cerevisiae, the 

nuclear envelope does not break down and instead the intact nucleus is divided in two in a 

process termed "closed mitosis" (Boettcher and Barral et al., 2013). In prometaphase, a 

transitionary period between the breakdown of the nuclear envelope and the formation of the 

metaphase plate, microtubules attach to the kinetochores in the condensed sister chromatids to 

form the mitotic spindle. The master regulator of metaphase is the complex comprised of 

CDK1 and Cyclin B1 known as the Maturation Promoting Factor (MPF), which 

phosphorylates key structural proteins to enable cellular reorganization (Maller et al., 1989). 

CDK1 directly phosphorylates histones and nuclear lamins, enabling both chromatin 

condensation and nuclear envelope disassembly (Boulikas et al., 1995). The fragmentation of 

the Golgi apparatus and ER also occurs in this stage and there is some evidence that the MPF 

also promotes this process (Lowe et. al., 2000). However, the mechanism by which these 

organelles are fragmented remains elusive. Once the mitotic spindle forms, it attaches to each 

chromatid from a centrosome at each pole in the cell so that they may be segregated into the 

two daughter cells. After the spindle is assembled and the chromatids align at the metaphase 

plate, the cell is in metaphase and ready to segregate its genetic material.  

The spindle assembly checkpoint in the metaphase to anaphase transition is critical 

since improper genome segregation leads to aneuploidy, a hallmark of cancer. The Anaphase 
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Promoting Complex (APC) is a ubiquitin ligase complex that is induced by the MPF in early 

metaphase but is kept inactive until anaphase. The APC degrades the MPF and ubiquitylates a 

protein called securin that acts as an inhibitor for the protease separase. De-repression of 

separase licenses the separation of the sister chromatids by the coordinated action of 

cytoskeletal and motor proteins. The APC also degrades Cyclin B which leads to the 

inactivation of the MPF and mitotic exit in telophase (Castro et. al., 2005). Telophase 

comprises of the reversal of mitotic events that were induced by the MPF and the 

reorganization of cellular compartments as the two daughter cells prepare to separate. The 

nuclear envelope reforms, chromatin decondenses, and the cytoskeleton returns to an 

interphase state. Cytokinesis marks the end of mitosis as an actin-myosin contractile ring at 

the cell’s midbody drives abscission and separation of the two daughter cells (Cheffins et. al., 

2016). 

The regulation of the cell cycle depends on the tight temporal regulation of cyclin 

expression so that the correct cyclin/CDK complexes can be formed at each stage. CDK 

inhibitors of two families (INK4 derived, and Cip/Kip derived) bind Cyclin/CDK complexes 

to inactivate the CDK and hold the complex in a non-functional state while the cell attempts 

to correct any defects (Hunter and Pines et al., 1994). Unsurprisingly, both families of CDK 

inhibitors are induced by cellular stress such as DNA damage and viral infection which allows 

the cell to pause in a stage of the cell cycle in an attempt to restore homeostasis before 

proceeding with cell division (Besson et al., 2008; Gartel and Tyner et al., 1999; Sherr and 

Roberts et al., 1999). The INK4 derived CDK inhibitors are specific to CyclinD/CDK4 or 

CyclinD/CDK6 complexes, while the Cip/Kip CDK inhibitors are more promiscuous and have 

several Cyclin/CDK complex substrates (Canepa et al., 2007; Hunter and Pines et al., 1994). 
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Another layer of regulation is derived from the phosphorylation status of CDKs within 

these complexes. A particularly well characterized example is the regulation of the 

CyclinB1/CDK1 complex by the kinases CAK, Wee1, and PKMYT1. CAK phosphorylates 

threonine 161 in CDK1 upon entry into G2, which is a modification required for the MPF 

complex to initiate mitosis (Ducommun et al., 1991; Fesquet et al., 1993). CDK1 can also be 

phosphorylated to negatively regulate mitotic entry, an effect mediated by the activity of the 

Wee1 family of kinases consisting of Wee1, Wee1B, and PKMYT1 (Schmidt et al., 2017). 

These kinases phosphorylate CDK1 in response to DNA damage causing a cell cycle arrest at 

the G2/M transition (Liu et al., 1997; Russell and Nurse et al., 1987). Wee1 and PKMYT1 can 

both phosphorylate Tyr15 on CDK1, and PKMYT1 can additionally phosphorylate Thr14. If 

the stress is resolved by DNA repair pathways, CDC25 phosphatases can restore 

CyclinB/CDK1 to its active state to allow progression through mitosis (Hoffmann et al., 2000). 

Therefore, the Wee1 family of kinases along with CDC25 exert regulatory control over the 

G2/M transition. 

 

2. Cell Size Sensing and Organelle Inheritance During the Cell Cycle 

As cells proceed through interphase, they grow in preparation for cell division. Furthermore, 

distinct cell types have characteristic sizes suggesting tight regulatory control to ensure that 

progeny cells are sized appropriately. This observation suggests a mechanism for cells to sense 

their size and either add or subtract mass to ensure properly sized daughter cells (Rishal, 

Fainzilber et. al. 2019; Fantes and Nurse et al., 1977; Killander and Zetterberget al., 1965). 

While a mechanism has yet to be defined for this process, three models of cell size sensing 

have been proposed. In the first model, referred to as the "adder model", cells of different sizes 
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add a constant amount of material prior to each division. In this model, cell sizes are not 

individually adjusted prior to each cell division but rather that the cell population reaches a 

steady state cell size over successive divisions (Conlon and Raff et al., 2003). The second 

model, termed the "sizer model" postulates that cells titrate their size by sensing the 

intracellular concentrations of key cell cycle regulators to establish thresholds for when to start 

or stop growing (Facchetti et. al. 2017). Under the third model, called the "timer model", cells 

do not explicitly sense their size, but grow for a certain constant amount of time (Rishal, 

Fainzilber et. al. 2019).  

Neither the "adder" nor "timer" models require the existence of an active size sensing 

mechanism, but the "sizer" model does. It is plausible that the three models are not mutually 

exclusive but could act in concert to regulate cell size. Post-mitotic cells such as neurons grow 

to a characteristic size, suggesting that sizer-like mechanisms or extrinsic signals regulate cell 

size. There is evidence for all three proposed models, however there is no consensus yet 

whether there is a universal mechanism for cell size sensing in mammalian cells. Furthermore, 

mammalian cell cultures studies have traditionally been restricted to a two-dimensional context 

rather than the three-dimensional one they exist in naturally. This complicates studies of the 

cell cycle since an essential aspect of the physiological system is missing in the in vitro model: 

there could very well be spatial cues enabled by three dimensional contacts that enable size-

sensing and inform decisions about cell cycle progression. Three-dimensional mammalian cell 

culture systems may provide more insight into these mechanisms in future studies. 

Besides cell growth, symmetrical cell division requires that organelles also be divided 

(as in the case of multi-copy organelles such as mitochondria) or expanded and fragmented (in 

the case of single-copy organelles such as the ER and Golgi apparatus) to ensure the proper 
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inheritance of organellar content (Warren and Wickner et al., 1996). There is strong evidence 

for the multiplication of organelles such as mitochondria and peroxisomes by fission to 

stochastically partition roughly equivalent amounts of organelles per each daughter cell 

(Moore et. al. 2021; Warren and Wickner et al., 1996; Birky et al., 1983). In single copy 

organelles such as the Golgi apparatus, fragmented membranes have been shown to be 

associated with the mitotic spindle, suggesting an ordered rather than stochastic model of 

organelle partitioning (Shima et al., 1998). Additionally, the reassembly of the Golgi apparatus 

has been linked mechanistically to the activity of the aforementioned G2/M regulator kinase 

PKMYT1 (Nakajima et al., 2008). This observation suggests that organelle inheritance may be 

integrated with the well-characterized cell cycle checkpoints. Whether or not these events 

make up distinct checkpoints in the cell cycle or whether they are part of the checkpoints 

already characterized remains to be determined (Colanzi et al., 2007).  

The ER also undergoes dramatic reorganization during mitosis and given that the ER 

is the site of lipid biogenesis it follows that the ER is a major regulatory hub for the proper 

inheritance of any organelles that require de novo membrane synthesis. Newer studies have 

also implicated the ER in the coordination of mitochondrial and endosomal division through 

ER-organelle contact sites and given the ER's close connection with the Golgi apparatus, it is 

surprising that an ER integrity checkpoint has not been yet described for the cell cycle (Adachi 

et. al. 2020). 

 

3. The Endoplasmic Reticulum and the Unfolded Protein Response 

The endoplasmic reticulum (ER) is the largest contiguous organelle in the cell and the site for 

lipid biogenesis, calcium buffering, and secreted and transmembrane protein biosynthesis. The 



A Physiological UPR Impacts Progression Through the Cell Cycle 

 9 

ER can be divided into two topologically distinct domains, the nuclear envelope, and the 

peripheral ER (Hetzer et al., 2005). The nuclear envelope encloses the genetic material in the 

cell and is biochemically and biophysically distinct from the peripheral ER. The nuclear 

envelope consists of a double lipid bilayer: the outer nuclear membrane (ONM) and the inner 

nuclear membrane (INM). The INM is distinct from the ONM in protein composition because 

of selective retention mechanisms inside the nucleus. The ONM however, which is also 

contiguous with the peripheral ER, has a protein composition that is similar to that of the 

peripheral ER (Ellenberg et al., 1997; Gerace and Burke et al., 1988; Newport and Forbes et 

al., 1987; Soullam and Worman et al., 1995). The peripheral ER can be further subdivided into 

two functional types: smooth and rough ER, which are characterized by the absence or 

presence, respectively, of ribosomes and the protein translocation machinery. The relative 

levels of rough versus smooth ER in a particular cell type depends on the cell’s functional niche 

(Shibata et al., 2010; Shibata et al., 2006). For example, plasma cells that are highly specialized 

for antibody secretion have extensive rough ER that occupies most of the cell’s volume (Gass 

et al., 2004; Kirk et al., 2010). In contrast, cells that have a greater need for lipid production 

such as hepatocytes have mostly smooth ER which is responsible for lipid biogenesis and 

transport (Uchiyama et. al. 1984; Loud et. al. 1968).  

The morphology of the ER varies within the cell, with the peripheral ER closest to the 

nucleus being composed mainly of flat sheetlike cisternae, and the distal ER composed mainly 

of a mesh of highly interconnected and dynamically remodeled tubules. ER shaping proteins 

such as those in the Reep and CLIMP families can dynamically remodel ER into more tubular 

or more sheet-like morphologies depending on the cell’s biosynthetic requirements (Gurel et. 

al. 2014). There is also evidence that regions of the ER can form nanodomains with distinct 
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biochemical makeups. By partitioning ER machinery with specific functions (such as export 

of cargo to the Golgi apparatus) the ER can form functional niches within the organelle (Gao 

et. al. 2019). 

As the ER network is distributed through the entirety of a cell’s volume, it also 

establishes membrane contact sites with other organelles in the cell, the plasma membrane, and 

some membrane-less organelles such as P-bodies and stress granules (Lee et. al 2020, Abrisch 

et. al. 2020, Lewis et. al. 2016). Therefore, the ER can be thought of as a hub of inter-organelle 

communication. These contact sites likely coordinate multiple molecular events. For example, 

lipid biogenesis and metabolism are coordinated by the ER as well as the mitochondria, and 

there is evidence that ER-mitochondrial contact sites serve a role in the metabolism of lipid 

precursors as well as lipid transfers between organelles (Kornmann et al., 2009; Jelsema, Morre, 

et al 1978). ER-lysosome contact sites have been shown to be signaling hubs that enable 

cholesterol sensing by mTORC1 (Lim et. al. 2019). There is also evidence suggesting that ER-

peroxisome contact sites are important for peroxisome biogenesis and function (Costello et. al. 

2017). An intriguing possibility is that the ER mediates three-way or multi-way contacts 

between different organelles such as peroxisomes and mitochondria, both of which have roles 

in cellular redox metabolism (Chen et. al. 2020; Friedman et al., 2011). Furthermore, ER-

organelle contact sites have also been shown to play an important role in the fission of 

mitochondria and endosomes (Adachi et. al. 2020; Rowland et al., 2014). ER-plasma 

membrane contact sites have also been shown to be important in phosphatidylinositol signaling, 

ion exchange, and cell motility (Scorrano et. al. 2019; Manford et al., 2012). The connection 

between the ER and the Golgi apparatus is perhaps the best characterized of all organelle 
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interactions: the entire secretory pathway relies on the proper communication between these 

two organelles.  

Protein export in the secretory pathway occurs in an anterograde direction with layers 

of quality control to ensure only properly folded cargoes leave the ER (Braakman et. al., 2013). 

Protein cargoes mature by sequential modifications: first in the ER, then the ER-Golgi 

Intermediate Compartment (ERGIC), and finally in the Golgi apparatus (Appenzeller-Herzog 

et al., 2006). The secretory pathway is shut off during mitosis in order to prevent improper 

targeting of cargo (Yeong et. al., 2013). Taken together, these observations suggest a central 

role for the ER in the maintenance and inheritance of cellular organelle content. The structure 

of the mitotic ER has been a source of debate and the evidence is still unclear as to how ER 

structure is reorganized during division. Some studies suggest a complete disassembly of the 

nuclear envelope and partial vesiculation of the rest of the ER (Jokitalo et. al., 2001), others 

suggest that the mitotic ER is comprised mainly of extended sheets (Bergman et. al., 2015). In 

either case, the ER’s morphology undergoes dramatic changes during mitosis, and therefore it 

is attractive to speculate that ER inheritance is subject to multiple layers of regulatory control 

ranging from fragmentation, establishment of specific topological niches, and organelle 

contact sites. More work is required to understand the structural changes, partitioning, and 

eventual re-consolidation of the ER after mitosis. 

The ER is also a major hub of protein synthesis. Roughly 30% of the proteome is 

comprised of secreted and transmembrane proteins that are synthesized in the ER (Uhlén et. 

al., 2015). Thus, the ER is equipped with a vast array of translation and quality control 

machineries that ensure the maintenance of the cell’s secreted and transmembrane proteomes. 

Most proteins are targeted to the ER co-translationally upon recognition of an N-terminal 
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hydrophobic peptide sequence by the Signal Recognition Particle (SRP) which pauses 

translation of the nascent polypeptide and translocates the ribosome-mRNA-peptide complex 

to the ER via interactions with the SRP receptor (Shen et. al., 2010). Proper interactions of the 

cargo within the SRP and SRP receptor complex slow down the GTP hydrolysis and recycling 

of the complex long enough for the translocon to be engaged. Once engaged, the ribosome and 

cargo are docked to the Sec61 translocon and the nascent peptide is inserted into the translocon 

tunnel. Translation resumes, now coupled with translocation into the ER lumen, and the SRP-

SRP receptor complex is recycled (Walter and Blobel et al., 1981). Once in the ER lumen, ER 

chaperones and foldases assist the folding of the newly minted peptides (Braakman and Hebert 

et al., 2013). Proteins that do not fold correctly are targeted for degradation via a process known 

as ER-associated degradation (ERAD) (Qi et. al., 2017). 

The ER harbors lipid synthesis enzymes that are required to produce lipid membrane 

precursors. The ER also enables the formation of lipid droplets, which are lipid storage vesicles 

enclosed by a phospholipid monolayer (Olzmann and Carvalho et al., 2019). In addition, the 

ER is the major site of calcium storage in the cell, where it both provides a favorable redox 

environment for proper protein folding and a calcium buffering system to initiate signaling 

events (Carreras-Sureda et. al., 2018). Calcium ions are a key second messenger in cellular 

events such as neurotransmitter release, muscle contraction, cell motility and growth, and 

allosteric modulation of enzyme activities. If cytosolic calcium concentrations are too high, 

the ER reuptakes calcium through channels known as SERCA pumps. ER calcium release can 
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also fine tune mitochondrial function 

and titrate the threshold for apoptosis in 

response to stress (Pinton et. al., 2010). 

The Unfolded Protein Response 

(UPR) is an evolutionarily conserved 

homeostatic mechanism that monitors 

the protein folding capacity of the ER 

and adjusts ER functions according to 

the cell’s needs (Karagöz et. al., 2019, 

Walter and Ron et al., 2011). The 

mammalian UPR consists of three 

signaling branches governed by three 

transmembrane ER stress sensor 

proteins: PERK, IRE1, and ATF6 

(Figure 1, Karagöz et. al., 2019). PERK is a transmembrane kinase that is also a part of the 

Integrated Stress Response (ISR); a central homeostatic mechanism that detects multiple 

stresses (Costa-Mattioli et al., 2020). Upon detection of unfolded proteins in the ER, PERK 

oligomerizes and is auto-phosphorylated in the plane of the ER membrane (Harding et. al. 

1999). Active PERK phosphorylates the eukaryotic initiation factor 2ɑ (eIF2ɑ), which leads to 

global protein synthesis shutdown and a reduction in ER protein folding load (Marciniak et. 

al., 2006; Prostko et. al., 1993). Phosphorylation of eIF2⍺ paradoxically upregulates the 

translation of select mRNAs harboring upstream open reading frames in their 5' UTRs, the best 

characterized of which is the bZIP transcription factor ATF4, which induces genes that increase 

Fig 1. The Unfolded Protein Response pathway. The three sensors 
IRE1, PERK, and ATF6, as well as their outputs after activation are 
depicted.  (Karagöz et. al. 2019)  
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the cell’s biosynthetic capacity (Vattem and Wek 2004). ATF4 also induces the pro-apoptotic 

transcription factor CHOP, which controls cell fate when the stress cannot be resolved 

(Rozpedek et. al., 2015). In this way, ATF4 integrates information about stress to control cell 

survival or death.  

IRE1 is the most conserved of the three UPR sensors and is a transmembrane 

kinase/endoRNase (Cox et. al., 1993). IRE1 possesses an ER lumenal sensor domain that 

recognizes unfolded proteins by direct binding and is fine-tuned by a reversible association 

with the ER chaperone BiP (Credle et. al., 2005, Karagoz et. al., 2017). When the protein 

folding environment in the ER is favorable and unfolded clients for BiP are in low abundance, 

BiP is unengaged and can bind to and sequester inactive IRE1 monomers so that the UPR is 

not spuriously activated (Pincus et. al., 2010). When IRE1 detects unfolded proteins, it 

oligomerizes in the plane of the ER membrane, trans-autophosphorylates and allosterically 

activates its cytosolic RNase domain. Active IRE1 excises an unconventional 26 nucleotide 

intron from the XBP1 mRNA at a canonical CNGNNGN motif (Peschek and Acosta-Alvear et 

al., 2015; Korennykh et. al., 2011; Gonzalez et. al., 1999). The exons are ligated by the tRNA 

ligase RTCB (Kosmaczewski et. al., 2014; Lu et. al., 2014) This splicing reaction causes a 

frameshift in the XBP1 mRNA that allows the translation of a potent bZIP transcription factor 

referred to as XBP1s (s for “spliced”). The structure of the XBP1 mRNA is important for the 

splicing reaction as a conformational RNA zipper structure is required for efficient cleavage 

and intron excision (Peschek, Acosta-Alvear et. al., 2015). XBP1s controls a vast gene 

expression program that increases the ER lipid biosynthetic and protein-degradative capacities 

(Acosta-Alvear et al., 2007). Overexpression of XBP1s physically enlarges the ER by 

increasing lipid biosynthesis (Sriburi et al., 2004). XBP1s also controls genes not immediately 
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related to ER physiology such as genes involved in DNA repair, suggesting that it coordinates 

multiple cellular pathways to restore homeostasis (Acosta-Alvear et al., 2007).  

IRE1 also cleaves ER-bound mRNAs in a process known as Regulated IRE1 

Dependent Decay (RIDD) (Hollien and Weissman et al., 2006). RIDD is thought alleviate an 

overburdened ER by reducing incoming protein loads. However, a recent finding challenges 

this notion. The Blos1 mRNA, encoding a lysosome trafficking factor is a canonical RIDD 

substrate whose degradation allows the repositioning of lysosomes to clear protein aggregates 

(Bae et. al., 2019). Emerging evidence supports the notion that RIDD is a more general 

mechanism for RNA homeostasis rather than a simple ER load buffer (Dufey et. al., 2020). 

IRE1 is also a key sensor of lipid perturbations in the ER.  Changes in ER membrane lipid 

composition and in particular the degrees of saturation in the constituent membrane lipids can 

cause variations in membrane thickness, which results in membrane deformation that IRE1 

senses through its transmembrane amphipathic helix. These membrane deformations push 

IRE1 monomers together in self-association resulting in activation (Halbleib et. al., 2017). 

IRE1 activation via lipid bilayer stress induces a different transcriptional program than is 

induced when IRE1 is activated by unfolded protein stress (Ho et al., 2020). Although these 

perturbations are recognized by different sensor domains of IRE1 (an amphipathic 

transmembrane helix, and the ER lumenal domain respectively), self-association and 

phosphorylation of IRE1 monomers is the mechanism that activates IRE1 in both cases. This 

suggests that IRE1 is able to integrate information about the triggering stimulus into its output. 

ATF6 is a transmembrane protein that traffics to the Golgi apparatus upon ER stress 

where it undergoes proteolytic processing by the S1P and S2P proteases. This regulated 

proteolysis liberates a soluble N-terminal bZIP transcription factor (ATF6-N) that induces ER 
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biosynthetic and ERAD genes (Yoshida et al., 1998; Haze et al., 1999; Ye et al., 2000). 

Although the precise mechanism of ATF6 activation is still unknown, there is evidence that 

suggests that ATF6 might be coupled to redox sensing (Nadanaka et. al., 2007). Moreover, 

XBP1s and ATF6-N can homodimerize or heterodimerize to combinatorially induce UPR 

target genes, suggesting transcriptional fine tuning in response to the specific cellular needs 

(Yamamoto et. al., 2004). 

 If ER stress cannot be resolved, the UPR switches to drive apoptosis by the induction 

of the transcription factor CHOP downstream of the PERK- ATF4 branch (Lu et. al., 2014). 

CHOP in turn induces death receptor 5 (DR5), which signals unconventionally from the Golgi 

apparatus to drive a cell-autonomous apoptotic program (Hu et. al., 2019). The DR5 mRNA is 

also a RIDD substrate, so the terminal UPR involves a molecular clock in which DR5 

expression is counterbalanced by IRE1's protective actions through RIDD (Lu et. al., 2014). 

 

4. UPR dysregulation in disease 

A dysfunctional, overridden, or maladaptive UPR can lead to a variety of disorders. The 

dysregulation of the UPR has been implicated in protein folding disorders such as Alzheimer’s 

disease, prion-related diseases, Parkinson’s disease, and Polycystic Kidney Disease among 

others (Duran-Aniotz et. al., 2014; Hashida et. al., 2012; Hetz and Mollereau 2014; Matus et. 

al., 2013; Roussel et. al., 2013; Vidal and Hetz 2012; Wang et. al., 2012). Many stress inputs 

not directly related to protein folding homeostasis nevertheless impact ER physiology. Such 

conditions include hyper-homocysteinemia, hyperglycemia, and hyperlipidemia (Werstuck et. 

al., 2001). These diverse conditions, together with bona-fide protein folding perturbations (i.e, 

ER overload, or mutant proteins that cannot be properly folded) converge on a disruption of 
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the ER homeostasis and activation of the UPR. Therefore, UPR signaling can be tied closely 

to the etiology of a wide variety of diseases.  

The importance of the UPR is most appreciated in specialized secretory cells. For 

example, pancreatic β cells are heavily reliant on proper ER function, and specifically IRE1’s 

RIDD activity in order to secrete insulin (Scheuner et. al., 2001). In cancers of specialized 

secretory cells such as multiple myelomas, overexpression of the IRE1/XBP1s axis and 

suppression of apoptotic signaling are coupled, presumably endowing the cancer cells with the 

ability to deal with their secretory burden (Harnoss et. al., 2019). In osteosarcomas, aberrant 

activation of the UPR primarily through the ATF6 branch promotes tumor survival in the face 

of chemotherapeutic challenge and increases their metastatic potential (Yarapureddy et. al., 

2019). From these observations it follows that a maladaptive UPR gives a growth and survival 

advantage to cancer cells, and hence, cancer cells can be thought of as a good model system to 

study the interconnectivity of the UPR with the cell cycle machinery. 

 

5. The Fast FUCCI system as a tool to visualize stages of the cell cycle 

Studying the cell cycle status of an asynchronous population requires the use of DNA 

intercalating agents such as propidium iodide or 4′,6-diamidino-2-phenylindole (DAPI). 

Changes in the cell cycle distribution can be assessed based on the proportion of cells with n 

(G1), 2n (G2) or intermediate levels of DNA content (S). However, this method does not allow 

to physically separate cells in each cell cycle stage for subsequent biochemical analysis. 

Methods that are able to separate cells into distinct stages in the cell cycle exploit the natural 

cell cycle checkpoint machinery to synchronize populations of cells using cell cycle disruptors 

such as nutrient deprivation, which forces cells into quiescence and causes an arrest at the 
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G1/G0 restriction point, and culturing cells in media supplemented with thymidine, which 

disrupts deoxynucleotide biosynthesis, preventing DNA replication and arresting cells at the 

G1/S checkpoint (Reichard et. al., 1962). Pharmacological cell cycle disruptors are also 

routinely used. For example, microtubule depolymerizing agents, such as nocodazole, 

destabilize the mitotic spindle and cause cells to fail the spindle assembly checkpoint and arrest 

cells at the G2/M transition. Aphidicolin, a fungus derived diterpenoid, selectively blocks DNA 

Polymerase ⍺, preventing DNA synthesis and arresting cells at the G1/S checkpoint (Borel et. 

al., 2002). Mechanical means to select for cells at different stages of the cell cycle can also be 

used. For example, in a technique known as “mitotic shake-off”, mitotic cells can be selected 

from a population of adherent cells by mechanically dislodging loosely adherent cells. This 

technique exploits the fact that mitotic cells downregulate adhesion molecules on the plasma 

membrane and become more spherical and loosely attached to culture surfaces (Suzuki et. al., 

2003).  

The caveat to all these methods of cell synchronization is the induction of cellular stress 

(metabolic, pharmacological, and mechanical) and the subsequent activation of stress 

responses that may confound the interpretation of results. Indeed, there is evidence that 

nocodazole induces the UPR, possibly by disrupting ER-microtubule associations and 

therefore the ER’s structure (Seyb et. al., 2005). 

Fluorescent reporters of cell cycle progression that allow tracking and separation of 

individual cells in different phases of the cell cycle without metabolic, pharmacological, or 

mechanical perturbations bypass the limitations that traditional methods of cell 

synchronization pose. The Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI) 

system is a bi-cistronic reporter system that utilizes two cell cycle licensing proteins, CDT1 
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and Geminin, fused to red monomeric Kusibara-Orange2 (mKO2) and green monomeric 

Azami-Green (mAG) fluorescent proteins respectively (Figure 2). CDT1 is naturally degraded 

in S/G2, and Geminin is degraded in G1 (Benmaamar and Pagano 2005, Nishitani et. al., 2000, 

Vodermaier et al., 2004, Wei et. al., 2004). In this way, the FUCCI system identifies G1 cells 

based on red fluorescence and S/G2 cells based on green fluorescence (Sakaue-Sawano et. al., 

2008).  

The FUCCI reporter system has two main advantages that facilitate the cell biological 

and biochemical analyses of cells in different stages of the cell cycle. First it allows the physical 

separation of cells in G1 and S/G2 phases in an asynchronous population by fluorescence 

activated cell sorting (FACS). Second, the FUCCI system allows single cell analysis by live 

cell imaging. 

 

 

 

 

 

 

 

 

 

Fig 2. (A) Fast-FUCCI construct from Koh et. al., 2017. The human EF1⍺ promoter controls 
the expression of a cell cycle licensing factors hCDT1 and hGEM fused to mKusibaraOrange2 
and mAzamiGreen fluorophores respectively and separated by a T2A sequence. The human 
PGK promoter controls the expression of a puromycin resistance gene allowing for antibiotic 
selection of transduced cells. (B) Experimental Workflow: HEK-293T Fast-FUCCI cells 
before FACS. Cell cycle stages are physically separated by gating for red or green cells and 
are collected for biochemical analysis. 



A Physiological UPR Impacts Progression Through the Cell Cycle 

 20 

The experiments described in this thesis utilize a version of the FUCCI system, known 

as Fast-FUCCI, that combines both fusion protein reporters into a single polycistronic lentiviral 

vector separated by a T2A self-cleaving peptide that ensures an equimolar delivery of both 

reporter constructs (Koh et. al., 2017) (Figure 2). Introducing the Fast-FUCCI reporter into 

cells expressing the CRISPRi machinery consisting of a catalytically dead Cas9 protein fused 

to a transcriptional repressor (Gilbert et. al., 2013) allowed us to deplete genes of interest to 

dissect the contributions of the UPR in cell cycle progression. In this system, the catalytically 

dead Cas9 gene is appended to the KRAB (Krüppel associated box) domain of Kox1, and acts 

as a repressive chromatin modifier domain, further silencing gene expression.  
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CHAPTER 1 

The ER volume and its chaperone and foldase content increases during interphase  

 

We hypothesized that cells physically enlarge the ER and increase levels of ER foldases and 

chaperones in preparation for cell division. To test this hypothesis, we engineered H4 

neuroglioma cells carrying the FUCCI reporter, separated them in G1 or S/G2 by fluorescence 

activated cell sorting (FACS), and measured their ER volume and chaperone and foldase 

content by electron microscopy and immunostaining, respectively. We analyzed the levels of 

the ER resident proteins BiP/HSPA5, Calnexin, and PDIA1 using Alexa488 conjugated 

secondary antibodies that emit in the far-red spectrum and therefore did not interfere with the 

FUCCI reporter fluorophores.  

BiP, encoded by the gene HSPA5 is the most abundant ER chaperone and assists the 

folding of nascent polypeptides as they enter the ER lumen (Ni and Lee, 2007). BiP also plays 

a regulatory role in the fine tuning of the UPR as described above (Introduction, Section 3). 

BiP expression can be induced by either XBP1s or ATF6-N (Yamamoto et. al., 2004). Calnexin 

is a part of the protein folding quality control mechanism of the ER. Calnexin binding to 

misfolded N-linked glycoproteins retains them in the ER and allows more time to attempt re-

folding (Koslov et. al., 2020). PDIA1 is a protein in a family of protein disulfide isomerases 

that catalyze disulfide bond rearrangement to ensure secretory proteins achieve the correct 

tertiary and quarternary structure (Parakh et. al., 2015). 

After immunostaining, cells in G1 (mKO2 positive) and G2 (mAzamiGreen positive) 

were analyzed by flow cytometry to measure the levels of BiP/HSPA5, Calnexin, and PDIA1. 

Our unpublished findings showed an increase in the mean fluorescence intensity in G2 cells 
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compared to G1, indicating that the levels of BiP, Calnexin and PDIA1 increase in G2 (Sabrina 

Solley MA thesis, Figure 14, UCSB, 2020). Similar analyses on Jurkat T-cell leukemia cells 

devoid of FUCCI reporters, corroborated these findings. In these experiments, I stained an 

asynchronous population of these cells with DAPI as well as with antibodies against the ER 

residents indicated above and analyzed the G1 and G2 phases using DNA content as a proxy 

for cell cycle stage (Figure 3). Analysis (by qRT-PCR) of H4 neuroglioma cells carrying the 

FUCCI reporter indicated an increase in the mRNA levels of these chaperones and foldases, 

further validating our findings. (Figure 4) 

 
 
 
 
 
 
 
 
 
 
 
Fig 3. Jurkat-dCas9 cells were immunostained for ER chaperones and foldases and DNA 
stained with DAPI. Cells were gated into G1 and G2 stages based on DNA content, and the 
mean fluorescence intensity of the immunostaining was analyzed. G1 cells (pink) show less 
ER chaperone and foldase content compared to G2 cells (green). n = 3 
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One interpretation of the results above is that an increase in ER resident proteins is 

consistent with a concomitant increase in ER size (i.e., volumetric expansion) to allow more 

physical space for nascent peptides to fold in. However, it is also possible that the ER volume 

is not altered, and the influx of more foldases into the same volume increases the density of  

 

 

 

foldases available to nascent peptides, and therefore facilitates proper folding. To ascertain 

whether the ER volume actually changes during the cell cycle we measured the volume of the 

ER of FUCCI-carrying cells in G1 or S/G2 by transmission electron microscopy (Figure 5). In 

these experiments we observed a significant increase in ER volume in cells in S/G2 when 

compared to cells in G1 in two FUCCI cell lines, KMS11-dCas9 (multiple myeloma) and H4-

dCas9 (neuroglioma), lending support to the notion that the volume of the ER expands during 

interphase.  

Fig 4. H4-dCas9 (top) and KMS11-dCas9 (bottom) FUCCI cells were sorted into G1 or S/G2 
phases and RNA levels of ER resident chaperones and foldases in each phase were analyzed by 
qRT-PCR. Enrichment: S/G2 compared to G1. Error bars: SEM, n = 1 
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Fig 5. (Left) TEM analysis of H4-dCas9 and KMS11-dCas9 FUCCI cells reveals a significant 
increase in ER volume in G2 cells as compared to G1. (Right) Quantification of ER cisternal 
volume in H4-dCas9 FUCCI (Top), and KMS11-dCas9 FUCCI (Bottom). Error bars: SD, ** 
p < 0.02, **** p < 0.005 
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CHAPTER 2 

The UPR activation threshold is different in G1 and G2 

 

 The results in Chapter 1 suggest that cells in G1 and G2 may have a differential sensitivity to 

disruptions of ER homeostasis. One scenario is that a large ER in S/G2 cells buffers ER stress, 

by providing more physical space for nascent proteins to fold in, thus leading to higher ER 

stress tolerance and a higher threshold for activation of the UPR. A mutually exclusive scenario 

is that the ER expansion in S/G2 cells is accompanied by an increase in the UPR ER stress 

sensors (IRE1, PERK and ATF6), making these cells more efficient at inducing the UPR (i.e., 

lower UPR activation threshold and higher sensitivity to ER stress). To distinguish between 

these possibilities, I separated H4-dCas9 FUCCI cells into G1 and S/G2 by FACS and then 

treated each population with the N-linked glycosylation inhibitor tunicamycin at 2.5µg/mL for 

4 hours, a classical ER stress-inducing agent. Analysis by qRT-PCR revealed that induction of 

UPR target genes from all three branches was enhanced in S/G2 cells upon tunicamycin 

treatment compared to G1 cells, supporting the latter scenario (Figure 6). Furthermore, levels 

of the UPR sensors were increased in S/G2 cells compared to G1 when analyzed by qPCR. 

(Figure 7)  

This difference in sensitivity to ER stress was also evident in G1 and G2 cells in the 

absence of tunicamycin. I observed the same effect in HEK-293T FUCCI cells that also harbor 

bioluminescent reporters of XBP1 and ATF4 activation, further substantiating the notion that 

G2 cells are more sensitive to ER stress. (Figure 8) To discard any potential contributions of 

either the Fast-FUCCI system, or the process of cell sorting, to the differential ER stress 

sensitivity described above, I synchronized H4-dCas9 cells using thymidine (G1) or thymidine 
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and nocodazole (G2) and measured UPR activity upon tunicamycin treatment. This experiment 

substantiated the results obtained in FUCCI cells and indicated that the FUCCI reporter does 

not contribute to the differential ER stress sensitivity of G1 and G2 cells (Figure 9) 

 

 

b 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

Fig 6. qRT-PCR analysis of H4d-
Cas9 FUCCI demonstrates that 
cells in S/G2 are more sensitive to 
perturbations of ER homeostasis 
and activation of the UPR. Error 
bars: SEM, n = 1 
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Fig 7. qRT-PCR analysis of H4-dCas9 FUCCI cells demonstrates that cells in S/G2 have more 
UPR sensors than cells in G1. Error bars: SEM, n = 1 
 
 

 
 
Fig 8. HEK-293T FUCCI cells harboring firefly luciferase reporter constructs that report on 
the splicing of the XBP1 mRNA or the selective translation of the ATF4 uORF during ER 
stress were separated by FACS and the luminescence levels analyzed in the absence of ER 
stress. Increased luminescence was observed for both reporters in S/G2 cells compared to G1. 
Error bars: SD, n = 1 
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Fig 9. H4dCas9 cells were synchronized in G1/S or G2/M and treated with tunicamycin. 
Analysis of the indicated levels of mRNA expression by qRT-PCR of key genes shows that 
G2/M cells are more sensitive to ER stress. Error bars, SEM, n = 1. 
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CHAPTER 3 

UPR inhibition negatively impacts progression through the cell cycle 

If the UPR plays a physiological role in the proper progression of the cell cycle, then it is 

reasonable that blocking the UPR should delay cell cycle progression. Cell cycle progression 

delays caused by inhibition of a single branch of the UPR could be small because of functional 

redundancy between the arms of the UPR. Indeed, pharmacological inhibition of single UPR 

arms showed modest cell cycle delays with acute exposure to the UPR inhibitors (Figure 10, 

days 0-5). I reasoned that culturing cells over longer periods (16 days, which corresponds to 

over 10 generations) in the presence of pharmacological inhibitors of the UPR would reveal 

cell cycle delays. In these experiments I used 4µ8C (at 10µM) to block IRE1’s RNase activity, 

ISRIB to bypass the phosphorylation of eIF2⍺ induced by PERK (at 500nM), and ceapin A7 

(at 5uM) to inhibit the proteolytic processing of ATF6, which were freshly supplemented at 

each media exchange to ensure chronic UPR blockade.  

 

 

 

 

 

 

 

 

 

 

Fig 10. Chronic pharmacological inhibition 
of the UPR impacts the progression through 
the cell cycle. Extrapolated live cell counts 
were followed over 16 days. Inhibition of the 
ATF6 and IRE1 branches produces a 
synergistic effect. Error bars: SEM, n = 3 for 
H4-dCas9. n = 1 for RPMI-8226-dCas9 and 
KMS11-dCas9. 
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It is important to note that all of these pharmacological inhibitors are established 

molecules with no chronic toxicity effects reported. (Gallagher et. al., 2016, Cross et. al., 2012) 

While ISRIB showed no effect in proliferation rate compared to the control treatment in 

KMS11-dCas9 and H4-dCas9 cells, RPMI-8226-dCas9 (multiple myeloma), cells treated with 

ISRIB proliferated much slower than in any other treatment including the control treatment. 

One possible explanation for this discrepancy in the effect of ISRIB is the secretory burden of 

different cell lines.  It is possible that the biosynthetic capacity of RPMI-8226-dCas9 has 

approached its maximum, and ISRIB-mediated enhancement of protein synthesis would push 

the cells over the limit. By contrast, inhibition of IRE1 and ATF6 slowed cell proliferation in 

all cell lines when compared to the control treatment. Co-administration of 4µ8C and ceapin 

A7 showed a synergistic effect and slowed down cell proliferation to a greater extent.  

To rule out potential off-target effects of the pharmacological UPR inhibitors, I 

corroborated the results by genetic depletion of each UPR sensor using CRISPRi (Figure 11). 

In these experiments, I labelled UPR KD cells with eGFP and a GAL4 (non-targeting sgRNA) 

control cell line with mCherry. I combined these cells in equal proportions (for each branch of 

the UPR) to establish competition assays in co-culture. If UPR KD cells show a proliferative 

disadvantage, as suggested by my experiments with pharmacological UPR inhibitors, the 

mCherry+ cells would be expected to take over the culture over time. I collected samples every 

48 hours in 16-day competition assays to analyze the proportions of eGFP+ and mCherry+ 

cells by flow cytometry. The PERK KD cells showed the largest overall proliferative 

disadvantage (5:1 control to KD at day 16), followed by ATF6 KD cells (5:2 control to KD at 

day 16), and IRE1 KD cells (5:3 control to KD at day 16). Taken together, these experiments 
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corroborated that inhibition of all UPR branches conferred a proliferative disadvantage (Figure 

11, Figure 12). 

 
Fig 11. H4-dCas9 CRISPRi cell lines lacking the three UPR sensors and labeled with eGFP 
were cocultured with mCherry labeled H4-dCas9 cells expressing a non-targeting GAL4 
sgRNA. Cells were harvested every two days for analysis by flow cytometry, and the 
proportion of eGFP+ and mCherry+ cells were assessed over a period of 16 days. n = 3  
 

 
Fig 12. UPR KD/Gal4 KD coculture populations labeled with EGFP and mCherry respectively. 
(A-D) ATF6 KD/Gal4 KD (E-H) IRE1 KD/Gal4 KD (I-L) PERK KD/Gal4 KD. Left to right, 
panels depict the populations at Day 1, Day 5, Day 9, and Day 15.  
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CHAPTER 4 

The G2/M cell cycle checkpoint kinase PKMYT1 modulates the UPR  

 

Unpublished data from our lab suggests regulatory crosstalk between the UPR sensor IRE1 

and the G2/M checkpoint kinase PKMYT1. These experiments demonstrated that the IRE1 

inhibitor, 4µ8C, antagonized the negative effects on cell viability produced by 

pharmacological inhibition of PKMYT1 (Figure 13; Acosta-Alvear, unpublished).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 13. Treatment with the IRE1 inhibitor 4µ8C rescues the decrease in cell viability observed 
upon treatment with the PKMYT1 inhibitor PD166285. Note that the effect is specific to 
PD166285and not observed upon blocking PKMYT1’s sister kinase WEE1 with the WEE1 
pharmacological inhibitor MK1775 Error bars: SD, n = 3 
 
 
Forced expression of PKMYT1 dampened IRE1 signaling (Figures 14, 15) while knockdown 

of PKMYT1 enhanced it, lending support to the notion that that PKMYT1 negatively regulates 

IRE1. (Figures 16, 17). In these experiments, I used a doxycycline-inducible PKMYT1-eGFP 

construct stably expressed in U2OS-dCas9 cells to force expression of PKMYT1 and, in 
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parallel, introduced sgRNAs targeting endogenous PKMYT1 to knock it down, respectively. 

In agreement with my hypothesis, XBP1 splicing (as measured by qRT-PCR) was also 

diminished upon forced expression of PKMYT1 (Figure 14). Although the semi-quantitative 

PCR did not exactly corroborate this result, the higher precision of qRT-PCR as a technique 

suggests a technical artifact with the gel result (Lower right panel, Figure 14). Notably, forced 

expression of PKMYT1 not only muted IRE1 signaling but also PERK and ATF6 signaling, 

as evidenced by CHOP and GRP94 mRNA levels (measured by qRT-PCR), which serve as 

proxies for their respective induction upon tunicamycin treatment.  

 

  
Fig 14. U2OS-dCas9 cells harboring a doxycycline inducible PKMYT1-eGFP construct were 
induced for 24 h with doxycycline before treatment with tunicamycin for 4 h. Analysis by qRT-
PCR demonstrates that UPR signaling is dampened in the population overexpressing 
PKMYT1. Error bars: SEM, n = 3. (Bottom right) Semi quantitative PCR using primers that 
amplify both XBP1u and XBP1s from cDNA, separated on 3% agarose. Lower band is the 
spliced isoform. Quantification indicates the proportion of XBP1s to the total XBP1 content 
expressed as % splicing 
 
 



A Physiological UPR Impacts Progression Through the Cell Cycle 

 34 

In line with the results above, forced expression of PKMYT1 also dampened the response of 

XBP1s and ATF4 luciferase reporters in cells treated with tunicamycin, further strengthening 

the conclusion that PKMYT1 negatively regulates the UPR (Figure 15) 

 

Fig 15. (Left) A stable HEK-293T-ATF4 luciferase reporter cell line harboring a doxycycline 
inducible PKMYT1-mCherry construct was pretreated with doxycycline for 24 h and then 
treated with tunicamycin for 6 h. (Right) A HEK-293T- XBP1s luciferase reporter cell line 
was transfected with an eGFP-PKMYT1 construct to overexpress PKMYT1 prior to treatment 
with tunicamycin for 6 h. In both cases, overexpression dampened the luminescence signal 
from the reporters, indicating a negatively modulatory effect of PKMYT1 on UPR signaling. 
Error bars = SD, n = 3, ** p = 0.0084, *** p = 0.0004. 
 

The reciprocal experiment in which I depleted PKMYT1 in H4-dCas9 and U2OS-dCas9 cells 

using CRISPRi and treated the cells with tunicamycin showed the expected opposite 

phenotype: enhanced signaling from all three UPR branches (Figures 16, 17), further 

substantiating that that PKMYT1 acts a negative UPR regulator.  
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Fig 16. H4-dCas9 cells depleted of PKMYT1 were treated with tunicamycin. Analysis by qRT-
PCR demonstrates that UPR signaling from all three branches is enhanced in the population 
lacking PKMYT1. Error bars: SEM, n = 1. (Bottom right) Semi quantitative PCR using primers 
that amplify both XBP1u and XBP1s from cDNA, separated on 3% agarose. Lower band is the 
spliced isoform. Quantification indicates the proportion of XBP1s to the total XBP1 content 
expressed as % splicing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 17. U2OS-dCas9 cells depleted of PKMYT1 were treated with tunicamycin. Analysis by 
qRT-PCR demonstrates that UPR signaling from all three branches is enhanced in the 
population lacking PKMYT1. Error bars: SEM, n = 1. (Bottom right) Semi quantitative PCR 
using primers that amplify both XBP1u and XBP1s from cDNA, separated on 3% agarose. 
Lower band is the spliced isoform. Quantification indicates the proportion of XBP1s to the 
total XBP1 content expressed as % splicing 
 
 



A Physiological UPR Impacts Progression Through the Cell Cycle 

 36 

PKMYT1 could negatively regulate the UPR directly or indirectly: through physical 

association and modulation of the functions of UPR sensors, or by inducing responses that 

impact UPR activity. To ascertain whether PKMYT1 interacts with UPR sensors, I force 

expressed fluorescently labelled PKMYT1-mCherry in the background of a U2OS cell line 

null for IRE1⍺	(CRISPR KO), that also carries a doxycycline-inducible fluorescently labelled 

IRE1 transgene (IRE1-mNeon) (Belyy et. al., 2021). Since PKMYT1-mCherry is also under 

the control of a doxycycline-inducible promoter, this experimental setup allows the concurrent 

forced expression of both fluorescently labelled proteins.  

Preliminary live-cell confocal microscopy analysis of the cells expressing IRE1-

mNeon and PKMYT1-mCherry revealed that a subset of PKMYT1 colocalized with a subset 

of IRE1 in punctate structures in the absence of stress (Figure 18). IRE1 puncta are observed 

during the UPR and are classically thought to be the sites of IRE1 activation (Belyy et. al., 

2021). However, recent studies investigating the signaling dynamics of IRE1 suggest that IRE1 

clusters in fact exclude its most well characterized target, the XBP1 mRNA. This suggests that 

IRE1 clusters may be a way to buffer the overactivation of the UPR by way of sequestering 

inactive IRE1 molecules. (Goméz-Puerta et al., 2021) Other studies from our lab presented 

similar findings about the signaling dynamics of PKR (a kinase in the Integrated Stress 

Response) in which PKR clusters exclude its best characterized enzymatic target eIF2⍺, 

suggesting that clustering may be a universal mechanism for buffering signal output (Zappa 

et. al., 2021).  

Indeed, the colocalization of IRE1 and PKMYT1 was lost upon treatment with 

tunicamycin, although IRE1 puncta were still present (Data not shown) This result suggests 

that PKMYT1 could potentially interact with IRE1 at steady state to prevent spurious 
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activation in the absence of stress.  More rigorous mechanistic analyses are required to 

understand the role of PKMYT1 in modulating the UPR. While our data suggest that PKMYT1 

may associate with IRE1, additional experiments are required to ascertain whether this 

interaction is a real biological phenomenon rather than a technical artifact and whether 

PKMYT1 may also associate with PERK and ATF6.    

 

 

Fig 18. U2OS-dCas9 cells overexpressing IRE1-mNEON and PKMYT1-mCherry. The ER 
localization of IRE1 and the Golgi localization of PKMYT1 is readily observable at 0s. A 
subset of IRE1 and PKMYT1 signals overlap, resulting in a yellow fluorescent signal. Cells 
were imaged using spinning disc confocal microscopy, over a period of 6 h.  
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CHAPTER 5 

Future Directions  

 

Further experiments are required to uncover the reason for the lowered threshold of UPR 

activation in S/G2 cells, but there are several possible explanations. First, although the 

increased volume and chaperone content in S/G2 FUCCI cells suggest that ER folding capacity 

is greater in S/G2 cells, it is possible that global translation in S/G2 cells is also increased 

compared to G1. Such a scenario could favor a potential increase in unfolded proteins entering 

the ER and triggering the UPR upon the disruption of the protein folding environment of the 

ER. Second, since membrane expansion occurs over the course of the cell cycle, the increase 

in ER volume in S/G2 cells may be coupled with a change in ER membrane composition that 

activates the UPR sensors independent of protein folding load. A third possibility is that the 

architecture of the ER is remodeled in S/G2 cells such that hubs of protein folding exist in 

subdomains of the ER where the UPR sensors are enriched. Since this phase is a critical stage 

prior to mitotic entry, an organizational ER subdomain might allow for small defects in protein 

folding to be recognized and corrected by the UPR. Indeed, ER signaling subdomains have 

been an attractive idea for many years in the field, and there is emerging evidence that they 

may actually play an important role in organizing and functionalizing the ER (Hetz et. al. 2020)  

By sorting G1 and S/G2 FUCCI cells and incorporating a chain terminator tRNA 

mimetic such as puromycin, peptides that are actively being translated can be detected by 

western blotting using antibodies against puromycin to assess levels of global translation. 

However, there is the possibility that the differences in global protein translation between the 

two stages are too small to detect by western blot in which case approaches such as following 



A Physiological UPR Impacts Progression Through the Cell Cycle 

 39 

the incorporation of 35S-cysteine into nascent proteins may prove to be more useful.  An IRE1 

mutant lacking the ER lumenal sensor domain expressed in the background of endogenous 

IRE1 deletion would allow to decouple the protein folding load of the ER from IRE1 activation 

by ER lipid bilayer stress. By synchronizing this cell line to either G1/S using a double 

thymidine block or to G2/M using thymidine/nocodazole block and assessing levels of XBP1 

splicing and its target genes, we can potentially unravel the contribution of lipid composition 

versus protein loading to the lowered threshold for UPR activation in the two stages of the cell 

cycle.   

It is noteworthy that PKMYT1— a G2/M checkpoint kinase that is active during G2—

is a potential negative regulator of the UPR, especially in light of our results showing that cells 

in G2 are more proficient at activating the UPR (see Chapter 2). This paradox could be 

explained by the inactivation of PKMYT1 during checkpoint recovery. PKMYT1 activity is 

tightly coupled to the G2/M checkpoint, with CDK1 and Plk1 both playing roles in the 

inactivation of PKMYT1 during checkpoint recovery through phosphorylation. PKMYT1 is 

activated at the checkpoint, and then inactivated during checkpoint recovery. Since our 

methods to study the G2 population synchronize the cells at the G2/M checkpoint, the bulk of 

the cells are expected to transition out of the checkpoint blockade. It is therefore possible that 

the heightened sensitivity to ER stress follows the inactivation of PKMYT1 at the G2/M 

checkpoint recovery. Future experiments in synchronized, or FUCCI-selected cells depleted of 

PKMYT1 would allow testing this possibility. 

Further studies are also required to determine whether PKMYT1 and IRE1 are indeed 

physically interacting. While early co-immunoprecipitations did not suggest a physical 

interaction, it is possible that the interaction is too transient or weak to capture by a simple co-
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immunoprecipitation, but instead requires a crosslinked immunoprecipitation approach. 

Proximity labeling pulldown techniques could also be informative in this context and starting 

from a cell population that is synchronized to G2 (the phase in which the interaction is likely 

to occur) will likely boost the probability of capturing a bona-fide interaction. Furthermore, 

since any interactions between IRE1 and PKMYT1 may be highly transient, a high-resolution 

time-lapse microscopy approach could be informative: with a split GFP pair, dynamic 

interactions could be tracked with much greater precision. It is interesting to speculate about 

the ways in which PKMYT1 may interact with one or more of the UPR sensors: further work 

will hopefully elaborate on the nature of these interactions and whether there are factors 

responsible for mediating those contacts.  
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Methods 
 
 

1. Cell Culture 

KMS11-dCas9-KRAB, RPMI-8226-dCas9-KRAB, and H4-dCas9-KRAB cells were a 

kind gift from Dr. Martin Kampmann (UCSF). HEK-293METR cells used for lentivirus 

packaging were a kind gift from Dr. Brian Rabinovich (formerly at MD Anderson Cancer 

Center). U2OS IRE1 KO IRE1-mNeon cells were a kind gift of Dr. Peter Walter (UCSF). 

KMS11 and RPMI-8226 cells were cultured in RPMI 1640 medium supplemented with 10% 

fetal bovine serum, 0.1 U/mL penicillin and 0.1 U/mL streptomycin, and 2mM L-glutamine. 

H4, U2OS, HEK-293METR, and HEK-293T cells were cultured in DMEM supplemented with 

11mg/L sodium pyruvate, 10% fetal bovine serum, 0.1 U/mL penicillin, 0.1 U/mL 

streptomycin, and 2mM L-glutamine. All cell lines were maintained at 37°C with 5% CO2 in 

a humidified incubator. All cell line derivatives were cultured identically. 

 

2. Packaging and transduction of VSV-G pseudotyped lentiviral particles 

HEK-293METR cells were grown to 60-70% confluence and transfected with the 

lentivector, and pVSV-G and pCMVΔR8.91 helper plasmids using Lipofectamine 2000 

(Invitrogen), following the manufacturer’s recommendations. The transfection mixture was 

replaced 24 h after transfection with virus collection media (DMEM supplemented with 

11mg/L sodium pyruvate, 4% FBS, 0.1 U/mL penicillin, 0.1 U/mL streptomycin, 2mM L-

glutamine, and 15mM HEPES at pH 7.5). Viral supernatants were collected 48 h after 

transfection and filtered through a 0.45um filter to remove cell debris. The filtered supernatant 

was concentrated approximately 5-fold using a centrifugal filter unit with a 100k MW cut-off. 
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The concentrated viral filtrate was used to infect target cells by spinoculation. Three days after 

infection, cells were selected with antibiotics or further expanded for FACS-based selection. 

 

3. Fluorescence Activated Cell Sorting (FACS) 

G1 and S/G2 FUCCI cell populations were selected by FACS. Cells expressing low 

levels of the FUCCI construct were separated from the rest of the cell population by gating on 

eGFP (AzamiGreen) positive cells that were also negative for mCherry (KusibaraOrange) to 

avoid selecting for cells expressing both fluorophores at the same time. Sorted cells were 

collected by centrifugation at 160 x g and resuspended in their respective growth media and 

recovered in the incubator for an hour prior to any drug treatments or analysis. The green and 

red lasers had an excitation/emission of 488/509 and 587/610 respectively. All FACS 

experiments were conducted in a Sony SH800S FACS instrument. 

 

4. Cell Synchronization 

Cells were grown to a confluence of approximately 50-60% prior to treatment with 2.5 

mM thymidine for 16 h to synchronize the population at the G1/S boundary. The following day, 

the cells were washed in PBS and allowed to recover for 8 h before exposing them for an 

additional 16 h to either 2.5 mM thymidine to synchronize the population at the G1/S boundary, 

or with nocodazole (100 ng/mL for HEK-293T cell lines and derivatives, 300 ng/mL for all 

other cell types) to synchronize them at the G2/M checkpoint. The initial treatment of 

thymidine followed by nocodazole allows the entire population of cells to synchronously 

transition to G2 upon nocodazole treatment. 
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5. Cell fixation and staining for flow cytometry 

Live cells were collected by centrifugation at 1.5 x g. The cell pellet was washed thrice 

in PBS to remove any residual cell culture media and resuspended in either 100 µL of PBS for 

ethanol fixation or 200 µL PBS for paraformaldehyde fixation. 350 µL of chilled 100% ethanol 

or 200 µL of 4% paraformaldehyde solution in PBS were added dropwise while vortexing the 

cell suspension gently. The cells were fixed at 4°C with gentle agitation for 15 minutes and 

recovered by centrifugation at 5 x g for 5 min prior to three washes with PBS to remove residual 

fixatives. The fixed cells were stored at 4°C until processing for flow cytometry analysis. 

Immediately before the flow cytometry analysis, the fixed cells were resuspended in PBS and 

incubated with 50 µg/mL propidium iodide and 100 µg/mL RNaseA for 15 minutes. For 

immunostaining, the fixed cells were resuspended in 200 µL of blocking and permeabilization 

buffer (50 mM NH4Cl, 0.5% BSA, 0.05% saponin, 0.02% NaN3 in PBS) and incubated at room 

temperature for 1 h. After blocking, the cells were resuspended in 50 µL of primary antibody 

at a 1:500 dilution and incubated overnight at 4°C with gentle agitation. The following day, the 

cells were resuspended in 50 µL of fluorophore conjugated secondary antibody (1:500 in 

blocking buffer) and incubated at room temperature for 1 h. Last, the cells were washed thrice 

in PBS and resuspended in 250 µL of PBS for flow cytometry analysis (see Materials for 

antibody details). 

 

6. RNA extraction, cDNA synthesis, and qRT-PCR 

5 x 105 to 2 x 106 cells were lysed in either Trizol reagent (ThermoFisher) or Buffer 

RLT (Qiagen) supplemented with 1% 2-mercaptoethanol and RNA was extracted according to 

the manufacturers’ protocol. 1 μg of RNA was DNase treated with DNaseI (New England 
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Biolabs) according to the manufacturer's protocol, and cDNA was synthesized using the iScript 

cDNA synthesis system (BioRad) according to the manufacturer’s protocol. The cDNA was 

diluted 10-fold in nuclease-free water and stored at -80 °C until use. Gene-specific quantitative 

PCR (qRT-PCR) on the template cDNAs was carried out using the SYBR Green Select Master 

Mix (ThermoFisher) according to the manufacturer’s protocol. qRT-PCRs were carried out in 

a BioRad CFX96 Touch qPCR instrument. The Cq values were determined using regression 

fitting on the CFX Maestro software. Changes in gene expression were analyzed using the 

ΔΔCq method. Semi quantitative PCRs were performed using cDNA templates, Taq 

Polymerase (NEB), and the same primers as for qRT-PCR (see Materials). Reactions were 

separated on TAE agarose gels.  

 

7. Microscopy 

Images in Figure 5 were acquired by transmission electron microscopy. Briefly, 150-

200 nM sections were obtained using a Leica Ultracut-UCT microtome, transferred onto 

copper slot grids, stained with Reynold’s lead citrate, and imaged in a Tecnai 12 electron 

microscope set at 120 keV. ER surfaces were rendered with the IMOD software. Images in 

Figure 11 were acquired on an Echo Revolve microscope. Images in Figure 17 were acquired 

using an inverted spinning disc confocal microscope (Nikon Ti-Eclipse) equipped with an 

electron multiplying charge-coupled device camera (Fusion, SN:500241) and environmental 

control (Okolabs stage top incubator). Live cell imaging was performed at 37°C and 5% CO2. 

Image acquisition was performed with a 40X NA 0.095 air objective. 
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8. Luciferase Assays 

HEK-293T cells harboring either the XBP1s or ATF4 luciferase reporter constructs 

were seeded in white 96-well plates at a density of 20,000 cells per well. After incubation in 

media supplemented with 2.5 ug/mL tunicamycin for 4 hours, 50 µL of OneGlo Luciferase 

reagent (Promega) were added to each well and the plates were analyzed using a Wallac1420 

plate reader.   

 

9. Chronic UPR inhibition growth curves 

Pre-sorted, low expressing FUCCI cell lines (H4-dCas9, KMS11-dCas9, and RPMI-

8226-dCas9) were treated with UPR inhibitors (5 µM ceapin A7, 500 nM ISRIB, and 10 µM 

4µ8C) over a period of 16 days with media and drug replacements every other day. H4-dCas9 

cells were seeded at a density of 2.5 x 105 cells per well. KMS11-dCas9 and RPMI-8226-dCas9 

cells were seeded at a density of 3 x 106 cells per plate. H4 cells were counted every day 

whereas KMS11 and RPMI-8226 cells were counted every other day. Each sample was counted 

twice at the subculture intervals indicated using Trypan Blue and an automated cell counter 

(Countess II FL, ThermoFisher). The numbers of live cells per unit volume at each time point 

were used to extrapolate the overall growth of the whole population over time. 

 

10. Statistical Analysis 

Wherever indicated, “n” refers to the number of biological replicates in an experiment. A 

Students T-test was used where possible, only for experiments with n = 3, to determine the 

statistical significance of the results. Statistical analysis was not performed for experiments 

with n < 3.  
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Materials  
 

1. Primers for qPCR 

Primer Name 5’-3’ Primer Sequence 
HSPA5 TGCAGCAGGACATCAAGTTC 
 AGTTCCAGCGTCTTTGGTTG 
CANX TCAACCGGATGTGAAGGAA 
 CACTCTCTTCGTGGCTTTCTG 
CHOP TTAAGTCTAAGGCACTGAGCGTATC 
 TGCTTTCAGGTGTGGTGATG 
DNAJB9 CGGATGCTGAAGCAAAATTC 
 TTCTTGGATCCAGTGTTTTGG 
GAPDH AGCCACATCGCTCAGACAC 
 TGGAAGATGGTGATGGGATT 
GRP94 TCCAATTCAAGGTAATCAGAT 
 CCAGTTTGGTGTCGGTTTCT 
PDIA3 GACAACTTCGAGAGTCGCATC 
 CACCTGCTTCTTCACCATCTC 
PKMYT1 CCTGGTGCACCTTGATGTC 
 ATGCCACTTCCAGGATGGT 
R28S CTTACCAAAAGTGGCCCACTA 
 AAACTCTGGTGGAGGTCCGT 
XBP1s exon 5 AATCGAGGAAGCACCTCTCA 
 AAGCATCCAGTAGGCAGGAA 
XBP1u exon 5 GTTGGGCATTCTGGACAACT 
 TTCCAGCTTGGCTGATGAC 
XBP1 total GACATCCAGCAGTCCAAGGT 
 CAAAAAGGGGGAAGAGAAATG 

 
 
 

2. sgRNA sequences for CRIPSRi cell lines 
 
Target Sequence, 5’ to 3’ 

ATF6 
#1, #2 

CCACCTTGTTGGTTAATATCTGGGACGGCGGGTTTAAGAGCTAAGC
TG,  
CCACCTTGTTGGTATTAATCACGGAGTTCCAGTTTAAGAGCTAAGCT
G 

IRE1 #1, 
#2 

CCACCTTGTTGGGGCGGTGACCGAGCCTCAGGTTTAAGAGCTAAGC
TG,  
CCACCTTGTTGGAGCGGACGCAGAACTGACTGTTTAAGAGCTAAGC
TG 

PERK 
#1, #2 

CCACCTTGTTGGACAGCCAGCCGTGTTCCCCGTTTAAGAGCTAAGCT
G, 
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CCACCTTGTTGGCGGGCTGAGACGTGGCCAGGTTTAAGAGCTAAGC
TG 

PKMYT
1 

CCACCTTGTTGGTCACGGGAGTCCTCCGCCCGTTTAAGAGCTAAGCT
G, 
CCACCTTGTTGGGGCTGTTGCAGAAGAAGAGGTTTAAGAGCTAAGC
TG 

 
 
 

3. Primary antibodies   
   
Antibody 
Target 

Company/Catalog 
# 

Working dilution 
(WB) 

Working dilution 
(FC/IF) 

BiP Cell Signaling 
Technology, 3177S 1:1000 1:500 

Calnexin Cell Signaling 
Technology, 2679S 1:1000 1:500 

PDIA3 Cell Signaling 
Technology, 3501P 1:1000 1:500 

 
 

4. Secondary antibodies 
 

Name Company/Catalog # Working dilution 
(WB) 

Working dilution 
(FC/IF) 

Mouse-HRP BioRad, 1706516 1:2500 N/A 
Rabbit-HRP BioRad, 1706515 1:2500 N/A 
AlexaFluor 
588 anti-
mouse 

Invitrogen, A-11004 - 1:500 

AlexaFluor 
647 anti-
rabbit 

Invitrogen, A-21245 - 1:500 
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