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Abstract 

 

 

 Triple-negative breast cancer (TNBC) is a challenging malignancy due to a lack of targeted 

therapeutic options. Genomic studies have found that the proteasome may be a viable therapeutic 

target in TNBC, suggesting that proteasome inhibitors (PIs) could be a potential therapeutic option. 

In this dissertation, I wanted to find the mechanism by which proteasome inhibitors induce 

apoptosis in TNBC. Proteasome inhibitors are currently approved for the treatment of multiple 

myeloma (MM) and mantle cell lymphoma and have been shown to induce proteotoxic stress due 

to a buildup of misfolded proteins in MM cells. However, the exact mechanism by which 

proteasome inhibitors induce apoptosis is debated. In this dissertation, I demonstrate that, in 

response to PIs, TNBC cells have a comparable sensitivity profile to MM. Although the 

mechanism of action in TNBC is distinct from the proposed mechanisms in MM, there is an 

increase in proteotoxic stress observed in TNBC cells. Proteotoxic stress can be regulated by 

changes in protein synthesis and protein breakdown. Given that protein breakdown is impaired 

due to proteasome inhibition, we investigated the role protein synthesis plays in mediating the 

effects of PIs. eIF2α (eukaryotic initiation factor 2α) promotes global protein synthesis, and its 

phosphorylation inhibits it. I show that eIF2α does not get phosphorylated in response to PIs and 

thereby does not decrease protein synthesis rates. In some cases, we observed a decrease in eIF2α 

phosphorylation. We investigated the role eIF2α phosphatases play in the response of TNBC cells 

to PIs and found that they contribute to apoptosis in TNBC cells in an eIF2α-independent manner. 

This suggests that the eIF2α phosphatases regulate apoptosis through a novel mechanism.  
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The effector of PI-induced apoptosis in MM cells is NOXA. We found the same in TNBC cells. In 

MM, upstream regulators of NOXA in response to PIs are debated. In this study, we found that c-

myc upregulates NOXA expression, regulating apoptosis in response to PIs in TNBC cells. This 

has not been previously reported in response to PIs in TNBC cells. The findings in this dissertation 

establish key mediators involved in PI-induced apoptosis in TNBC cells and lay a foundation for 

identifying combination therapeutic strategies to translate PIs to TNBC treatment. 
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Introduction 

 

Overview 

The proteasome is a multi-subunit cellular structure in eukaryotic cells that breaks down 

proteins, including regulatory proteins, into amino acids, which are recycled to produce more 

proteins(1–3). It is a critical part of the ubiquitin proteasome system, which maintains protein 

homeostasis in cells. Eukaryotic cells tag proteins that need to be degraded with ubiquitin, which 

serves as a marker for degradation by the proteasome. The 26S proteasome complex comprises a 

20S core and two 19S regulatory complexes. The 20S core is a ring-like structure with three 

catalytically active subunits: β5, β2, and β1. The β5 active site is chymotrypsin-like because it 

cleaves after hydrophobic residues, β2 is trypsin-like because it cleaves after basic residues, and 

β1 is caspase-like because it cleaves after acidic residues. β5 is the main catalytic subunit, with it 

being considered the rate-limiting step(4,5), though the relative contribution of each site is also 

mediated by the protein being degraded(6).  

 

Protein homeostasis is regulated by the rate at which proteins are synthesized and 

metabolized(1,2,7,8). Cells must maintain protein levels under a threshold to prevent elevated 

stress on the endoplasmic reticulum (ER) and thereby the proteasome(9,10). The proteasome 

degrades proteins, especially misfolded proteins(9,10). Elevated protein levels result in an 

increased burden on the proteasome because the proteasome is required to metabolize more 

proteins to reduce the protein levels rapidly. In addition, the cell will activate a series of 

protective responses, including the unfolded protein response (UPR), to reduce protein synthesis. 



14 

 

In cases where the proteotoxic stress on the ER cannot be mitigated, the cell will undergo 

apoptosis. The UPR is a signaling pathway consisting of three ER transmembrane “arms” that 

induce its effects. The three arms consist of Protein Kinase R-like ER Kinase (PERK), activating 

transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1)(7,8). Each arm consists of 

different signaling pathways, which ultimately help regulate ER stress or induce apoptosis if ER 

stress is not managed. 

 

The PERK arm of the UPR is activated in response to proteasome inhibitors, which causes the 

phosphorylation of eIF2α(11). When eIF2α is phosphorylated, it inhibits global protein synthesis 

while upregulating the translation of specific transcription factors, such as ATF4(12,13). ATF4 

upregulates ATF3(14), which can induce NOXA transcription. NOXA is a pro-apoptotic BCL-2 

protein that binds to and inhibits MCL1 (which normally acts to sequester apoptosis effectors, 

BAX and BAK). NOXA binding to MCL1 releases BAX and BAK, which ultimately disrupt the 

mitochondrial outer membrane and induce apoptosis(15). Figure 1.1 illustrates the activation of 

this pathway. 

 

ATF6 is an ER transmembrane protein that gets cleaved in response to unfolded/misfolded 

proteins(16). Cleaved ATF6 releases a transcription factor that increases transcription and 

expression of select proteins and increases protein-folding capacity to promote cell survival(16). 

IRE1, when activated, induces the splicing of XBP1 or RIDD, and can activate the JNK 

pathway(17). The activation of JNK by the UPR can promote apoptosis(18,19). While PERK 
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signaling persists under prolonged ER stress and leads the cell to undergo apoptosis, IRE1 and 

ATF6 signaling have been found to be reduced under prolonged stress and do not play a key role 

in inhibiting apoptosis(17,20). 

 

Due to the proteasome’s role in protein homeostasis, it is an enticing therapeutic target for 

diseases that heavily depend on it. Cancer cells tend to produce more misfolded proteins than 

normal cells. Thus, the proteasome is pivotal to break down these misfolded proteins to recycle 

amino acids and prevent amino acid starvation(1,2). Cancer cells also need to rapidly break down 

misfolded proteins to reduce protein levels within cells and avoid ER stress-induced apoptosis. 

This reliance on the proteasome makes cancer cells susceptible to proteasome inhibitors (PIs). 

Proteasome inhibitors function by binding to and inhibiting one or two catalytically active sites 

of the proteasome to slow down the breakdown of misfolded proteins. Of the three catalytically 

Figure 1.1 UPR-PERK activation resulting in NOXA upregulation 
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active proteasome subunits, most proteasome inhibitors target the β5 site because it is the 

primary mediator of proteasome activity. Currently, three proteasome inhibitors are FDA-

approved: Bortezomib (Btz), Carfilzomib (Cfz), and Ixazomib. They are approved for Multiple 

Myeloma (MM) and mantle cell lymphoma. While these FDA-approved PIs primarily target the 

β5 site, they can inhibit the other catalytically active sites at higher concentrations.  

 

Proteasome inhibitors are effective in cancer cells due to the cells’ increased dependence on the 

proteasome. Additionally, proteasome inhibitors have been found to inhibit cell proliferation in 

sensitive and resistant multiple myeloma cell lines. Proteasome inhibitors can cause cell cycle 

arrest through various mechanisms. Cyclin-dependent kinases (CDKs) and CDK inhibitors play a 

crucial role in controlling cell division(21). CDK inhibitors primarily function by inhibiting 

CDK enzyme activity resulting in the blocking of cell cycle and inhibiting cell 

proliferation(21,22), and proteasomal degradation of CDK inhibitors leads to uncontrolled cell 

division in cancer cells. By inhibiting the proteasome, PIs disrupt uncontrolled cell division in 

cancer cells by preventing the rapid metabolism of CDK inhibitors(21). Proteasome inhibition 

leads to an increase in the expression of p21 and p27(21). CDK inhibitors p21 and p27 are well-

known inhibitors of the cell cycle(21,23). Additionally, PIs have been found to inhibit the NF-κB 

signaling pathway by preventing the degradation of IκB. NF-κB is a transcription factor with 

anti-apoptotic properties that regulates apoptosis, cell proliferation, and differentiation, as well as 

other functions(24). Normally, NF-κB is sequestered in the cytoplasm by IκB(24,25), however, 

when IκB is degraded by the proteasome, NF-κB can enter the nucleus and induce its effects(24).  
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Proteasome inhibitors were first identified in the mid-1990s, and Bortezomib was the first 

proteasome inhibitor approved by the FDA, initially for the treatment of MM. Bortezomib is also 

approved in the treatment of relapsed patients with mantle cell lymphoma. While effective for 

the treatment of MM, patients treated with Btz often relapse and develop resistance to Btz. In 

addition, Btz is associated with peripheral neuropathy. Carfilzomib, a second-generation 

proteasome inhibitor, was approved by the FDA in 2012 for the treatment of relapsed and 

refractory MM. Cfz, unlike Btz, irreversibly binds to the proteasome, leading to a longer-lasting 

effect. Cfz was found to be more effective in patients who developed resistance to Btz. In 

addition, Cfz, compared to Btz, had better progression-free survival and overall survival(26,27). 

And while Cfz greatly reduced the risk of peripheral neuropathy, it was associated with greater 

cardiovascular risk(26). Ixazomib was the first oral proteasome inhibitor approved by the FDA. 

Ixazomib is also associated with a lower risk of peripheral neuropathy. However, it has a faster 

proteasome dissociation half-life rate than Btz(28), which results in faster recovery of 

proteasome activity. Despite various cancers having a reliance on the ubiquitin-proteasome 

system, Btz, Cfz, and Ixazomib are all ineffective clinically in patients with solid tumors. 

 

Proteasome inhibitors have also been found to be a potential therapeutic approach for the 

treatment of various cancers in the brain, such as glioblastoma and medulloblastoma, but the 

current FDA-approved PIs have poor blood-brain barrier penetration, resulting in them not being 

viable treatments for brain cancers. Marizomib is a proteasome inhibitor that has been found to 

cross the blood-brain barrier. Phase I/II trials were conducted to test Marizomib in newly 

diagnosed glioblastoma patients(29). The clinical trial found that adding marizomib did not 

improve survival in patients and increased toxicity when marizomib was added to standard 
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temozolomide-based radiochemotherapy(30). Delanzomib was tested in combination with 

lenalidomide and dexamethasone for relapsed or refractory multiple myeloma patients(31). The 

development of Delanzomib for myeloma was discontinued(32), because meaningful myeloma 

responses were not observed in patients in a phase I/II clinical trial(32).  

 

Cancer cells produce more misfolded proteins than normal cells due to various stresses, gene 

mutations, or proteolysis(33), and need the proteasome to rapidly break down the misfolded 

proteins to reduce cell stress and to recycle amino acids to produce more proteins. By inhibiting 

the proteasome, cancer cells are unable to rapidly metabolize proteins, which causes a buildup of 

proteins, ultimately resulting in elevated ER stress and amino acid shortage. MM cells also 

produce and secrete large amounts of misfolded(34) monoclonal immunoglobulins, a great 

proportion of which are misfolded and must be degraded(35). This additional protein synthesis 

requirement makes MM cells highly dependent on the proteasome to regulate protein 

homeostasis by breaking down unnecessary proteins to avoid ER stress and to provide amino 

acids for immunoglobulin synthesis. Therefore, inhibiting the proteasome in MM cells rapidly 

exacerbates ER stress and induces apoptosis.  

While PIs are currently only approved for selected hematologic malignancies, their therapeutic 

potential has been shown in various disease models, including solid tumors, such as triple-

negative breast cancer, colon cancer, pancreatic cancer, and autoimmune diseases(30,36–68). 

However, the specific mechanisms of action by which PIs induce apoptosis are not clearly 

defined. There are several proposed mechanisms regarding how PIs induce apoptosis in MM, and 

these mechanisms and signaling pathways differ in different disease models. This review will 
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focus on the various pathways that can sensitize cancer cells to proteasome inhibitors and the 

pathways proposed by which proteasome inhibitors induce apoptosis.  

 

Adverse Load vs Proteasome Capacity 

In a cell, the balance between the proteasomal capacity and the proteasomal workload must be 

maintained to prevent proteotoxic stress and apoptosis. The proteasomal capacity is the number 

of active proteasomes, while the workload is the number of proteins that the proteasome is 

required to break down. When there is an increase in misfolded and ubiquitinated proteins, there 

is an elevated load on the proteasome. And when the proteasome is inhibited, such as through 

proteasome inhibitors, the proteasomal capacity is reduced. As mentioned earlier, the cell can 

activate various stress responses if the ratio between load and capacity is not controlled to restore 

balance. Continuously being in a state of elevated proteotoxic stress will lead the cell to undergo 

apoptosis. The load vs capacity model suggests that cells with higher proteasomal workload, 

through elevated protein synthesis, or lower proteasomal capacity, by having fewer functional 

proteasomes, are sensitive to proteasome inhibitor-induced apoptosis(69). 

 

Cancer cells rapidly produce more proteins, especially misfolded proteins, than normal cells(70). 

This suggests that cancer cells have a higher proteasomal workload compared to normal cells. 

Multiple myeloma cells have even higher load on the proteasome because they produce and 

secrete large amounts of monoclonal immunoglobulins. Because multiple myeloma cells have 

such an elevated load on the proteasome, they are extremely dependent on the proteasomal 

capacity to keep up with the workload to prevent the buildup of proteins. This potentially makes 
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multiple myeloma cells extremely susceptible to modulations to this system. Sensitivity of 

multiple myeloma cells to proteasome inhibitors is thought to be due to an increase in 

proteasomal workload and/or a decrease in proteasomal capacity(69). Various studies have tried 

to exploit this in multiple myeloma and other cancers(42,69,71,72), believing that it is the 

regulator of proteasome inhibitor sensitivity. Let’s first look at the effect of proteasomal capacity 

affecting sensitivity to proteasome inhibitors. 

 

Decreasing proteasome capacity would increase sensitivity to proteasome inhibitors. A study in 

neurons found that there is an abundance of free proteasomes that are not actively processing 

substrates. Approximately 20% of proteasomes were found to be in the substrate processing 

state, with the rest in an idle state to serve as reserves for situations where there is an increase in 

protein load(39). Suggesting that cells normally are not near the threshold that will make them 

sensitive to proteasome inhibitors. 

 

In another study, to mimic antibody secretion in cells, as multiple myeloma cells do, I.29μ+ cells 

were selected as an antibody-producing model. These cells, when treated with LPS, start to 

differentiate, resulting in them producing and secreting IgM(73). Compared to non-differentiated 

I.29μ+ cells, differentiating B-lymphocytes have decreased proteasome activity(69), which 

decreases the rate at which proteins are metabolized, and therefore increases the proteasomal 

workload. This led to a higher apoptotic sensitivity to proteasome inhibitors(69). KMS-18 and 

MM.1S cells were used as the sensitive cell lines in this study and were found to have lower 

chymotrypsin-like and trypsin-like activity compared to the more resistant cell lines. The 
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sensitive cell lines also had significantly lower immune-catalytic subunits compared to the 

resistant cell lines(69).   

 

The Sitia group, in their study, also found a decrease in proteasomal levels and activity in 

differentiating cells that secreted IgM(73). As a decrease in proteasomal levels and activity 

increases sensitivity to proteasome inhibitors, multiple myeloma cells with increased proteasome 

expression have been associated with higher resistance to proteasome inhibitors(72). This study 

used two PI-sensitive MM cell lines and two PI-resistant MM cell lines and found that the more 

PI-resistant MM cell lines express higher proteasomal enzymatic activity per cell, even though 

all four cell lines contained similar numbers of constitutive proteasomes(72). Yet another study 

found that higher levels of PSMD1, PSMD4, and PSMD10-gankyrin are associated with adverse 

prognosis in patients(74). PSMD1 and PSMD4 are 26S proteasome subunits, while PSMD10 is 

an 19S assembly chaperone. Though that does not directly translate to more proteasomes in the 

cell. 

 

Other than cells with lower proteasomal capacity, cells with elevated proteasomal load would 

also be more sensitive to proteasome inhibitors. An increase in proteasomal load can be due to an 

elevated rate of protein synthesis. Due to multiple myeloma cells secreting antibodies, they have 

significantly elevated rates of protein synthesis. In several pulse-chase assays conducted, MM.1S 

and KMS-18 cells incorporated 3-4 times more radioactive methionine than the resistant 

RPMI8226 or U266 cells into TCA-insoluble polypeptides, which is an indication of higher 

protein synthesis(69). In differentiated I.29μ+ cells, apoptosis correlates with massive IgM 
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synthesis and secretion. In HeLa cells that were generated to express inducible secretory μ-

chains, their sensitivity to PI increased when the HeLa cells were made to secrete the μ-

chains(73).  Normal Ig-secreting cells were found to be extremely sensitive to PI, like their 

malignant counterparts(73).  

 

All of those are examples of cells with elevated basal rates of protein synthesis that sensitize 

those cell lines to proteasome inhibitors. In addition, misfolded proteins induced by ER-stressors 

also elevated the load on the proteasome and sensitized cells to PIs, showing that elevated load 

on the proteasome does have a causal effect in inducing apoptosis(69). MM cells were treated 

with tunicamycin, an ER stressor, at a dose that can induce the UPR, and combined it with a non-

toxic dose of bortezomib. This induced apoptosis, suggesting a strong synergism. Additionally, 

MG-132, another PI, in combination with Thapsigargin, an ER stressor, synergized to induce 

apoptosis at subtoxic doses of both inhibitors. The combinations of these two classes of drugs 

caused proteasomal overload in a synergistic manner, suggesting that the workload is causally 

involved in determining PI sensitivity(69).  

 

Having lower proteasome expression and higher proteasome workload in PI-sensitive MM cells 

can lead the cell to suffer from proteotoxic stress, which can be assessed via an accumulation of 

poly-ubiquitinated proteins.  Critical levels of proteasome overload were assessed using GFP 

fused to a mutated, uncleavable ubiquitin moiety, which is an established reporter of proteasome 

overload(69,73,75). They found, in the sensitive cells, that critical proteasomal overload 

occurred upon 24-hour treatment, suggesting that the PI-sensitive cell lines have a lower 
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efficiency of the ubiquitin-proteasome system. This is why critical proteasomal overload levels 

precede PI-induced death(69).  

 

Accumulation of polyubiquitinated proteins, a proteasome substrate, correlates with proteasome 

inhibition, and a strong correlation exists between Ig synthesis and accumulation of 

polyubiquitinated proteins(69). UV treatment induced more apoptosis than MG132; however, 

UV treatment did not cause an increase in polyubiquitinylated proteins, nor did it cause a 

decrease in proteasome activity(73), suggesting that apoptosis itself does not cause polyubiquitin 

buildup(73). To determine if the polyubiquitin accumulation is due to rapidly degraded 

polypeptides or long-lived proteins, cells were treated with a combination of Btz and CHX, a 

drug that inhibits protein synthesis. This led to a reduction of polyubiquitin accumulation at all 

time points, suggesting that a sizeable fraction of the accumulation originates from recently 

synthesized proteins(72). A similar experiment was conducted to see if attenuating protein 

synthesis reduces the proteasomal workload and rescues cells from apoptosis. Cells were treated 

with a low dose of CHX that resulted in a significant decrease in protein synthesis and no CHX-

induced toxicity and then treated with PI. Attenuating protein synthesis protects MM and 

activated B-cells from PI-induced apoptosis. In addition, they found that in highly PI-sensitive 

MM cells, significant proteasome load comes from newly formed proteins, suggesting that there 

is a strong relationship between protein synthesis and Btz-induced apoptosis(72). 

 

While proteasome inhibitors are currently approved for multiple myeloma and mantle cell 

lymphoma, there is evidence that PIs should work for solid tumors, too(37,38,76–79). However, 
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since solid tumors do not secrete antibodies, the mechanism by which solid tumors upregulate 

protein load, or downregulate protein capacity, must vary.  

 

In Pancreatic ductal adenocarcinoma (PDAC), a subpopulation of patient-derived xenografts 

(PDXs) was sensitive to PIs, based on a lower IC50(41). The Cfz-sensitive phenotype had a 

higher level of RNA and protein synthesis in basal conditions compared to the Cfz-resistant 

phenotype. To study protein synthesis, puromycin incorporation assay was used. Puromycin is a 

naturally occurring aminonucleoside antibiotic that is used as a probe for protein synthesis 

because it inserts itself into nascent polypeptide chains and prematurely terminates protein 

synthesis(80). The study found that the combination of puromycin and Cfz rescued Cfz-sensitive 

cells from apoptosis, suggesting protein synthesis plays a significant role in sensitizing the 

sensitive PDAC phenotype to Cfz(41).  

 

While that population of PDAC sensitized itself to PI due to an increase in proteasomal 

workload, a study on malignant pleural mesothelioma (MPM) found that sensitivity correlated 

with a decrease in proteasomal capacity(42). They found that PI-sensitive human MPM cell lines 

had lower proteasomal activity, while more resistant MPM cell lines had higher proteasomal 

activity (chymotrypsin-like and trypsin-like)(42). In addition, Btz-sensitive MPM cell lines have 

higher levels of unbound ubiquitin compared to resistant cell lines and have more basal 

accumulation of polyubiquitinated proteins(42).  
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mTORC pathway 

The mammalian target of rapamycin (mTOR) pathway is a signaling pathway that regulates cell 

growth, proliferation, survival, and metabolism(81), and upregulates protein synthesis. This 

pathway has been found to play various roles in PI-induced apoptosis, though its role is cancer-

dependent. Mammalian target of rapamycin kinase complex 1 (mTORC1/TORC1) is part of a 

complex of proteins that includes mTOR. This complex regulates protein synthesis(82), and an 

increase in protein synthesis would result in elevated load on the proteasome, as discussed in the 

previous section. In multiple myeloma, Btz and Btz-dexamethasone combination treatment 

induces rapid expression of several stress-related genes, including REDD1(83). Btz-

dexamethasone combination was tested due to this combination being proven as an enhancement 

to Btz efficacy in patients with MM. REDD1 is a novel stress response gene reported to be 

induced by various stressors, including ER stressors, heat shock, and DNA damage. REDD1 

negatively regulates mTORC1 signaling, NF-κB activation, among others, and its role in being 

protective or inducing apoptosis varies depending on the cell type and stressor(83,84). But NF-

κB has been shown not to be responsible for PI-induced effects(85). REDD1 overexpression is 

associated with the inhibition of mTORC1 activity(83). MM cells treated with rapamycin, a 

specific inhibitor of mTORC1, reduced p70 phosphorylation induced by Btz and Btz-

dexamethasone treatment, suggesting that p70 phosphorylation is mediated by mTORC1 activity. 

The p70 kinase is a downstream target of the TORC1 pathway and plays a role in mediating 

TORC1’s effects on protein synthesis, cell growth, and cell size(86,87). Cell lines were divided 

into three groups for this study, based on their sensitivity to the Btz-dexamethasone combination. 

Since a critical role of mTOR is cell size regulation, cells were treated with the Btz-

dexamethasone combination, and changes in their morphology were observed. Cell lines 
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resistant to the combination treatment had early shrinkage but recovered to control size within 12 

hours. Cells with intermediate resistance had early shrinkage as well, but it was not as severe and 

did not completely recover at 12 or 24 hours. Highly sensitive cell lines had no shrinkage at 2 

hours. Other studies have also found that deactivation of the mTOR/p70 pathway reduces 

cellular size and mass, which translates to protection from apoptosis(88). This suggests that 

REDD1 overexpression and resulting mTORC1 inhibition and cell shrinkage is a possible 

mechanism for the resistance of MM cells to Btz(83).   

 

Another protein that could affect the sensitivity of PI in MM cells is the 14-3-3ε chaperone 

protein. YWHAE, coding gene for the isoform 14-3-3ε, had a positive correlation with Cfz and 

Btz response, and had high expression in MM cell lines and primary patient MM cells, and low 

expression in healthy donor B cells(71). KD of the 14-3-3ε protein using shRNA in PI-sensitive 

MM cell lines resulted in decreased sensitivity to PIs, and a corresponding reduction in the 

upregulation of NOXA, a pro-apoptotic BCL-2 protein. 14-3-3ε is found to interact with p-

mTOR and upstream of the negative regulator TSC2. KD of 14-3-3ε resulted in the activation of 

TSC2 and subsequent inhibition of mTORC1. KD of 14-3-3ε also affected other pathways, such 

as UPR-related genes. Depletion of 14-3-3ε inhibits translation initiation complex formation and 

decreases protein synthesis, and higher 14-3-3ε expression increases sensitivity to PI. This 

suggests that mTORC signaling is needed for the sensitivity of PIs. 14-3-3ε binds directly to p-

eIF2α, an eukaryotic initiation factor, and its depletion causes an increase in phosphorylation of 

eIF2α(71). 14-3-3ε and mTORC may be playing a key role in PI sensitivity. High expression of 

14-3-3ε in patients correlated with enhanced sensitivity to proteasome inhibitors and increased 

protein load(71).  
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PTEN status affects PI sensitivity 

PTEN functions to inhibit PI3K signaling by directly antagonizing PI3K function and blocking 

the activation of AKT and mTOR, and thereby inhibits cell growth, proliferation, and 

survival(83,89,90). PI3K is a key upstream negative regulator of mTOR.(89,91,92).  

 

A study in Cholangiocarcinoma (CCA) established 34 PDX models from fresh patient samples. 

They divided the models into two groups, Btz-sensitive and Btz-resistant. The Btz-sensitive 

group had higher proteolytic activity and higher expression of genes encoding proteasome 

subunits. The Btz-sensitive group lacked PTEN gene expression, upregulated MAPK, 

PI3K/AKT, and UPS, and had higher proteasome activity and rate of protein synthesis((43)). 

PTEN-deficient cells were sensitive to ER stressors, had decreased ER protein folding 

capabilities, had poor ability to handle proteotoxic stress, and were addicted to a high rate of 

protein turnover, due to a higher rate of proliferation(43). PTEN deficiency also increases 

proteosome proteolytic activity and facilitates the effects of Btz in CCA(43). This translated to in 

vivo studies, where Btz had an enhanced therapeutic effect on PTEN KD tumors(43). Multiple 

cell lines from various cancers have shown that PTEN mutation results in increased sensitivity to 

proteasome inhibitors, such as glioblastoma, pancreatic cancer, ovarian cancer, gallbladder 

cancer, in addition to CCA(40,43,51,93). Reduced PTEN activity, leading to an increase in 

protein synthesis(43), places a greater load on the proteasome. As discussed earlier, a higher load 

on the proteasome makes the cells more sensitive to proteasome inhibitors.   
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PTEN loss may also play a role in sensitizing patients with high-grade serous ovarian carcinoma 

(HGSOC) to proteasome inhibitors(40). The model used in this study is associated with 

proteotoxic stress and confers selective vulnerability to PIs and has elevated protein synthesis 

due to additional chromosomes. An incorrect number of chromosomes leads to aneuploidy, 

which results in proteotoxic stress due to the aggregation of endogenous proteins as well as the 

expression of unfolded proteins(94–96). 

 

PTEN loss in HGSOC has also led to increased p-eIF2α, ATF4, and CHOP. Ultimately, this study 

indicates that the UPR is activated in fallopian tube secretory epithelial cells with chromosomal 

instability through an eIF2α-mediated stress response pathway(40). As the ovarian cells grow, 

they grow as detached spheroids that downregulate mTORC1, attenuate translation, and acquire 

resistance to Btz; however, PTEN KD in ovarian cancer cells resulted in an increase in protein 

synthesis, upregulation of BiP, p-eIF2α, and CHOP. BiP is an ER chaperone protein that plays a 

key role in correct protein folding and degradation of misfolded proteins(97,98). The study 

confirmed that the effects observed are due to mTORC1 activation. They observe an increase in 

basal p-eIF2α and find that the loss of PTEN sensitizes cells to Btz in HGSOC models(40). Like 

what was observed in CCA cells(43).  

 

Discrepancies in eIF2α phosphorylation 

The role of the unfolded protein response and the changes in protein synthesis via the eIF2α in 

response to proteasome inhibitors appears to vary. Additionally, discrepancies exist in the role of 

eIF2α phosphorylation and sensitivity to proteasome inhibitor-induced apoptosis.  
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p-eIF2α is downstream of the PERK arm of the unfolded protein response. eIF2α regulates 

protein synthesis. In its phosphorylated state, eIF2α inhibits protein synthesis while upregulating 

select transcription factors. Downstream of eIF2α are ATF4 and ATF3, which ultimately 

upregulate NOXA, a pro-apoptotic protein that will induce apoptosis through BAX and 

BAK(99,100). P-eIF2α is downregulated by the protein phosphatase 1 complex (PP1), which can 

contain one of two regulatory subunits: GADD34 and CReP. The downregulation of p-eIF2α 

returns it to the state that upregulates protein synthesis. There is a higher expression of GADD34 

in the PI-sensitive phenotype of PDAC cells. This phenotype, as mentioned earlier, has increased 

levels of protein synthesis at basal conditions, and the elevated protein synthesis plays a 

significant role in sensitizing that phenotype to PI(41). 

 

In addition to PERK, eIF2α is phosphorylated by PKR, GCN2, and HRI(101). PERK is activated 

by ER stress (UPR) but can also be activated by hypoxia(102). PKR is activated in response to 

viral infection, and GCN2 is activated in response to glucose and amino acid starvation, and UV 

light. HRI is activated in response to heme deficiency, oxidative stress, and accumulation of 

unfolded proteins in the cytosol(103). The regulation of eIF2α phosphorylation through PERK, 

PKR, GCN2, and HRI, and the subsequent activation of ATF4, is part of the integrated stress 

response (ISR)(104).  

 

The phosphorylation of eIF2α in Btz-sensitive cells has been observed in multiple 

myeloma(105,106) and various other cancers, such as hepatocellular carcinoma(107). While 
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some studies have found that eIF2α dephosphorylation sensitizes cells to PIs, several studies in 

pancreatic cancers have shown that induction of eIF2α phosphorylation is associated with 

resistance to Btz(108,109). In addition to the role of eIF2α phosphorylation and its downstream 

pathways, the kinases responsible for mediating eIF2α in response to PI also vary. Multiple 

myeloma cell lines were all sensitive to PIs and responded to PIs by rapidly activating PERK. 

While varying levels of eIF2α phosphorylation were detected in untreated cells, Btz induced 

phosphorylation within 24 hours(105). Phosphorylation of eIF2α inhibits global protein 

synthesis, but selectively upregulates certain transcription factors, such as ATF4. In multiple 

myeloma cell lines, ATF4 expression was rapidly increased within two hours of Btz treatment, 

and CHOP, a nuclear transcription regulator that is primarily activated through the PERK 

pathway and plays a key role in ER stress-related apoptosis(110), was rapidly induced within 

four hours after Btz treatment through ATF4(105). There are several key discrepancies with the 

implication of this work. The study found a rapid activation of PERK (within 30 minutes); 

however, the phosphorylation of eIF2α occurred at 12-24 hours. The study suggested that PERK 

phosphorylates eIF2α; however, it has not demonstrated that eIF2α phosphorylation is due to 

PERK, as no PERK inhibitors or knockdown studies were used. Additionally, the study implies 

that the ATF4 upregulation is due to eIF2α phosphorylation; however, ATF4 upregulation occurs 

within 2 hours, which is earlier than when eIF2α is shown to be phosphorylated.  

 

This study also found that the efficiency of protein folding within the ER can affect the 

sensitivity of cell lines to MM(105). Similar results were found in mouse embryonic fibroblasts 

(MEFs). In response to PI, MEF cells exhibited significant reductions in protein synthesis, 

accompanied by upregulation of ATF4 and CHOP(111). They also found an upregulation of 
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ATF3 in response to PI; however, this occurred in MEF cells containing wild-type eIF2α and a 

cell line that expressed a phsospho-site mutant eIF2α , suggesting that the ATF3 upregulation is 

independent of eIF2α phosphorylation(111).  

 

Contrary to what was observed in multiple myeloma and MEF cell lines, studies in pancreatic 

cancers found that the phosphorylation of eIF2α in response to PI was associated with resistance 

to PI(108,109). The Btz-resistant cell lines phosphorylated eIF2α in response to Btz, while the 

sensitive cell lines did not. In addition, the resistant cell lines had a lower basal eIF2α 

phosphorylation level compared to the sensitive cell line, though this was found not to play a role 

in mediating sensitivity(108). In response to Btz, the resistant cell lines rapidly downregulated 

translation, while the sensitive cell lines continued to exhibit protein synthesis for a longer 

duration(108). Contrary to its role in multiple myeloma cells, PERK did not play a significant 

role in mediating apoptosis in pancreatic cells; however, HRI played a significant role. Heme-

regulated inhibitor (HRI) is part of the integrated stress response pathway and is induced by 

heme depletion and mitochondrial stress(112–114). HRI is a kinase that can phosphorylate 

eIF2α(112,113). The knockdown of HRI strongly promoted apoptosis in Btz-resistant cells, 

reduced Btz-induced phosphorylation of eIF2α, and reduced ATF4 accumulation(108).  

 

Another eIF2α kinase that could play a role in regulating proteasome inhibitor effects is GCN2. 

GCN2 is activated in response to amino acid deprivation and UV irradiation(115,116). A study in 

MEF cells found that eIF2α phosphorylation is required for reduced translation in response to 

PIs, and GCN2 is the primary eIF2α kinase activated by proteasome dysfunction, not 
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PERK(116). They found that ATF4 is upregulated in response to PI, and it is required for full 

induction of ATF3 and CHOP in response to PI(116). In cells containing a mutant eIF2α that 

makes them unable to be phosphorylated, PIs still induced apoptosis. This shows that PIs are 

capable of reducing apoptosis, though peIF2-independent mechanism. PIs containing mutated 

eIF2α contained aberrantly high levels of protein synthesis in response to PI. While PIs induced 

apoptosis in cells containing wild-type or mutant eIF2α, the phosphorylation of eIF2α 

accelerated apoptosis induced by PIs(116). All of this suggests that the role of eIF2α varies 

across cancers, and, significantly, the mechanisms by which proteasome inhibitors induce 

apoptosis in cancers differ.  

 

Regulators of PI-induced apoptosis 

Up till now, we have mostly been discussing pathways that sensitize the cells to proteasome 

inhibition. This review will now focus on pathways by which proteasome inhibitors induce 

apoptosis.  

 

Apoptosis is regulated by the BCL-2 family of proteins which consists of pro- and anti-apoptotic 

proteins(117). The BCL-2 family of proteins can be divided into three groups: anti-apoptotic 

proteins, pro-apoptotic BH3-only proteins, and pro-apoptotic pore-forming proteins(117). 

Normally, the anti-apoptotic proteins, such as BCL-XL, BCL-2, and MCL-1, sequester BAX and 

BAK, which form pores in the mitochondrial outer membrane, causing mitochondrial outer 

membrane permeabilization, eventually leading to apoptosis(117–119). Pro-apoptotic BH3-only 

proteins, such as NOXA, PUMA, BIM, and BAD, function by competing with BAX and BAK to 
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bind to and inhibit the anti-apoptotic BCL-2 proteins(117,120), freeing BAX and BAK to induce 

apoptosis. BH3-only protein expression is regulated by the proteasome, and proteasome 

inhibition has been reported to cause upregulation of these proteins, leading to apoptosis(121–

125). Various BH3-only pro-apoptotic proteins have been shown to mediate PI-induced apoptosis 

in different cancers. 

 

In multiple myeloma cells, Btz induces proapoptotic protein BAX in Ag8uH+ cells, a subclone 

of murine immunoglobulin-negative mouse plasmocytoma Ag8.653(85).  BAX and BAK each 

play a different role in inducing apoptosis depending on the cell type. In Malignant Pleural 

Mesothelioma (MPM), BAK is an essential regulator of Btz-induced apoptosis(44), whereas 

BAX silencing did not reduce sensitivity to Btz, suggesting that it does not play a key role in 

inducing apoptosis in response to Btz(44). Two MPM cell lines were selected for this study and 

were treated with increasing doses of Btz. This led to the development of resistant cell lines. 

NOXA accumulation was observed in the MPM parental cells, and the knockdown of NOXA 

rescued cells from apoptosis; however, the cells with resistance developed,did not upregulate 

NOXA in response to Btz(44). NOXA accumulation in response to PIs has also been observed in 

chronic lymphocytic leukemia cells(126), mantle cell lymphoma(61), cisplatin-resistant 

squamous cell carcinoma(127), melanoma(128,129), and triple-negative breast cancer(130).  

 

As mentioned earlier, NOXA can be upregulated through the p-eIF2α/ATF4/ATF3 pathway of 

the UPR. In addition, NOXA can also be upregulated by c-myc(44,131). NOXA was not 

upregulated in c-myc KD MPM cells, suggesting that c-myc is responsible for NOXA 
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accumulation in MPM cells(44). C-myc interacts directly with the promoter of NOXA to 

upregulate NOXA in REN parental cells, which increases after treatment with Btz(44). 

 

In a PDAC study of hyperactive myc, two cell lines were identified that highly expressed myc, 

and two cell lines that expressed low levels of myc(131). They found that translation is a key 

process linked to MYC in PDAC, and consistent with translation, they also detected increased 

PERK and ATF4. NOXA accumulation and PARP cleavage occurred only in cell lines with a 

high level of MYC(131).  

 

MYC is one of the most frequently activated oncogenes in human tumors(132). MYC pathway 

and mTOR signaling converge on the eukaryotic translation initiation factor 4E binding protein 1 

(4EBP1)(132). 4EBP1-dependent inhibition of eIF4E activity impedes myc-driven tumor 

survival(132). In addition, the study suggested that crosstalk occurs between myc and mTOR 

signaling pathways at the 4EBP1 phosphorylation level might be a general feature of myc-driven 

tumors, and myc-driven myeloma requires mTOR-dependent signaling for tumor survival(132).  

 

Other BH3-only proteins also have their expression altered in response to proteasome inhibitors. 

BID was degraded in response to Btz-induced activation of the JNK pathway in human hepatoma 

cells(133). Btz also decreased the expression of BCL-2 and BCL-XL proteins(133). In multiple 

myeloma and plasma cells, the buildup of protein load results in an accumulation of BAX, a 

pore-forming BCL-2 protein, and BIM, a BH3-only protein(134), which correlated with an 

increased sensitivity to proteasome inhibitors(73,134,135). In the colon cancer cell line HCT116, 
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BAX was required to induce apoptosis to MG132, a proteasome inhibitor. Using cell lines with 

BAX or PUMA knocked down, they found that BAX activation required PUMA. PUMA was 

found to be regulated by p53, a tumor suppressor protein that can induce apoptosis, a process 

also described in other studies(136,137). Unlike in human hepatoma cells, BID was not found to 

be upregulated in HCT116 cells(138). 

 

Another pathway that could be involved in proteasome inhibitors inducing their effects is the 

JNK pathway. In multiple myeloma, Btz induced c-Jun upregulation(139). Upregulation of c-Jun 

expression initiates caspase activation and causes growth inhibition of multiple myeloma cells 

and ultimately induces apoptosis(139). C-Jun is one of the main substrates of JNK, and JNKs 

function to phosphorylate and activate c-Jun, a transcription factor(140,141). PIs have been 

suggested to require JNK1 and protein synthesis to rapidly induce apoptosis(142). The JNK 

pathway could potentially be activated by proteasome inhibition through several mechanisms 

that include interactions between p53 and MDM2(143), negative regulation through NF-

κB(144), and ROS activation of the MAPK pathway, where ROS oxidizes the cysteine residues 

of stress kinases, including the MAPK pathway(145).  

 

Potential Therapeutic relevance of translating PIs to TNBC 

Our goal for this project was to characterize the mechanisms by which proteasome inhibitors 

induce apoptosis in triple-negative breast cancer. Triple-negative breast cancer is an aggressive 

subtype of breast cancer that is characterized by a lack of estrogen receptors, progesterone 

receptors, and HER2 protein expression(146), and has a lack of targeted treatment options, 



36 

 

except for a PD-1 inhibitor pembrolizumab  (Keytruda) combination in high-risk early-stage 

TNBC(147), and two antibody-drug conjugates(148). Pembrolizumab is a PD-1 inhibitor that 

binds to and inhibits PD-1, preventing PD-L1 from binding to it. PD-1 and PD-L1 are immune 

checkpoint proteins. The effectiveness of Keytruda in TNBC depends on tumor PD-L1 

expression. Studies have found that PD-L1 expression frequency in TNBC patients ranges from 

19% to 76.6%(149–153), suggesting that alternative treatment options are needed.  

 

Lieberman’s lab conducted a genome-wide siRNA screen to find genes that basal-like TNBC 

cells are dependent on(154). After identifying dependency genes, they were divided into 

functional groups, and the proteasome degradation group, specifically, contained all proteasome 

subunits, thereby connecting all the different groups together. Not only did the proteasome 

degradation functional group form the core module that linked to the other groups, but it was 

also the group with the most highly selective hits. They tried to translate the results of their 

siRNA screen to human breast cancer cell lines by using siRNA pools to target 15 dependency 

genes and found that most basal-like TNBC cell lines shared dependency on the 

proteasome(154). Given the prominence of the proteasome in dependency genes, the lab used 

Btz and Cfz and found that these proteasome inhibitors are selectively active against basal-like 

cell lines(154). Based on this, we first wanted to identify if the pathway inducing apoptosis was 

shared between multiple myeloma and triple-negative breast cancer. We observed a difference. 

Therefore, we investigated how proteasome inhibitors induce apoptosis in triple-negative breast 

cancer and how that varies from multiple myeloma. 
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Chapter 2: Materials and Methods 

 

Cell Culture 

MDA-MB-231 and MDA-MB-468 cells were obtained from ATCC. SUM149 cells were 

obtained from Asterand. MDA-MB-231 cells were cultured in DMEM/F-12 50:50 base media, 

with 5% fetal bovine serum (FBS). SUM-149 media was additionally supplemented with 1ug/ml 

hydrocortisone, 4.8ug/ml human recombinant insulin, 10mM HEPES (pH 7.3), and 4mM L-

glutamine. MDA-MB-468 cells were cultured in DMEM media with 10% FBS. Multiple 

myeloma cells were cultured in RPMI-1640 media and supplemented with 10% FBS. All media, 

except for the media used for siRNA transfection experiments, were further supplemented with 

Penicillin Streptomycin solution (diluted to 1X), amphotericin-B (0.25ug/ml), and ciprofloxacin 

(0.2ug/ml). Cells were grown at 37°C in 5% CO2.  

 

Viability and Activity Assays 

Cell viability was measured using resazurin (Alamar Blue,) after treatment. Apoptosis was 

measured by flow-cytometry on BD Accuri C6 Plus flow-cytometer using CellEvent Caspase-3/7 

Green Detection Reagent, and SYTOX cell viability dye (Thermo). Data was analyzed using BD 

CSampler Plus software. Caspase-3/7 activity was measured in cell extracts using Ac-DEVD-

AMC as described by Britton et al(155). 
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Inhibitors  

Btz and Cfz were acquired from LC Laboratories. JNK inhibitor VIII was obtained from Cayman 

Chemicals (Cat#15946). Salubrinal (Cat#HY-15486) was obtained from MedChemExpress.  

 

Western Blotting and Antibodies 

Cell pellets were frozen after harvesting. Frozen cell pellets were resuspended in whole cell lysis 

buffer (50mM Tris-HCl, 5mM MgCl2, 1mM EDTA, 10% glycerol, 0.5% CHAPS, 1X 

PhosSTOPTM (Roche), incubated on ice for 10 minutes, and centrifuged at 20,000 x g for 15 min. 

1X PhosSTOPTM is a mixture of phosphatase inhibitors that was added to prevent 

dephosphorylation of eIF2α in extracts. Protein concentration was quantified using Bradford 

assay from VWR (Cat# E530-1L), and 20 μg of total protein per sample was heated with LDS 

buffer from Thermo Fisher (Cat# NP0007). Samples were fractionated on Bis-Tris gels 

(Genscript) using MES electrophoresis buffer (Genscript) and transferred to either a 0.22 μM  

PSq PVDF membrane or a 0.45 μM FL PVDF membrane (Immobilon, ISEQ00010). Blots were 

blocked with either 5% non-fat milk for ECL imaging or intercept blocking buffer (LI-COR 

Cat#927-70001) for fluorescent imaging on a shaker at room temperature for one hour. 

Membranes were then incubated overnight at 4°C with primary antibodies, washed with TBST, 

and incubated with secondary antibodies for one hour at room temperature. They were then 

rewashed with TBST. Membranes were imaged on Azure c600, directly if using fluorescently 

labeled secondary antibodies (Table 1), or after incubation with Pierce SuperSignal West Femto 

Maximum Sensitivity Substrate if HRP-conjugated secondary antibodies were used. Information 

about antibodies is provided in Table X. 
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Table 1. Key Resources Table 

Antibody Vendor Dilution 

factor 

ECL/Fluorescent 

imaging 

Cat# 

p-eIF2 Cell Signaling 1:1000 Fluorescent 3398S 

eIF2 Cell Signaling 1:1000 Fluorescent 2103S 

PARP Cell Signaling 1:1000 Fluorescent 9542S 

Cleaved PARP Cell Signaling 1:1000 Fluorescent 32563S 

ATF4 Cell Signaling 1:1000 Fluorescent 11815 

ATF3 Cell Signaling 1:1000 Fluorescent/ECL 33593S 

NOXA Cell Signaling 1:1000 Fluorescent/ECL 14766S 

p-c-jun Cell Signaling 1:1000 Fluorescent 9164S 

c-jun Cell Signaling 1:1000 Fluorescent 2315 

CReP Proteintech 1:1000 Fluorescent 14634-1-AP 

GADD34 Proteintech 1:1000 Fluorescent 10449-1-AP 

K48-linkage specific 

polyubiquitin 

Cell Signaling 1:1000 Fluorescent 8081S 

Puromycin Millipore/Sigma 1:10000 Fluorescent/ECL MABE343 

α-tubulin Cell Signaling 1:1000 Fluorescent/ECL 3873S 

β-actin Cell Signaling 1:1000 Fluorescent/ECL 3700S 

GAPDH Cell Signaling 1:1000 Fluorescent/ECL 2118S 

HRP-linked Horse anti-

mouse secondary AB 

Cell Signaling 1:1000  7076P2 
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HRP-linked Goat anti-

rabbit secondary AB 

Cell Signaling 1:1000  7074P2 

Alexa Fluor 647 Goat 

anti-rabbit secondary 

AB 

Invitrogen 1:3500  A21245 

IRDye 800, Goat anti-

mouse 

LI-COR 1:3500  926-32210 

 

siRNA Transfections 

CReP, C-myc, ATF4, ATF3, and GADD34 siRNA were purchased from Horizon Discovery. A set 

of 4 siRNAs was ordered for each gene, and the two that caused the best knockdowns were used 

for further studies. The transfections used DharmaFECT 1 Transfection Reagent. The On-

TARGETplus Non-targeting siRNA #1 was used as the control siRNA in siRNA experiments. 

Additional ATF3 and NOXA siRNAs were ordered from Thermo Fisher. SiRNA complexes were 

stored at -20°C in 20μM stocks. Cells were plated at a density of 25-30% the day before 

transfection. As suggested by Horizon Discovery, the transfection solution was made in two 

tubes. Tube 1 contained siRNA (final concentration of 25nM) and Opti-MEM Reduced Serum 

Medium (Gibco Cat# 31985-070). Tube 2 contained DharmaFECT transfection reagent 1 (3% of 

Tube 2’s volume) and Opti-MEM Reduced Serum Medium. The transfection reagent used was 

optimized from the Horizon Discovery protocol. After preparing Tubes 1 and 2, they were 

incubated at room temperature for 5 minutes. Tubes 1 and 2 were carefully mixed by pipetting 

and then incubated at room temperature for 20 minutes. Finally, antibiotic-free full growth 

medium (80% of the final volume) was added to the transfection solution before it was added to 
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the cells. Cells were cultured with siRNA for 72 hours before treatments. Media was then 

removed, and fresh media was added the night before treatments. 

 

Treatments 

Cells were plated at a density of 60-70% the day before treatment. Cells are pulse-treated with 

proteasome inhibitors for one hour. Following pulse treatment, the media containing PI was 

removed, and fresh media was added. Cells were harvested at the given time point.  

 

When treating cells with a combination of Salubrinal and proteasome inhibitors, we pre-treated 

cells with Salubrinal for one hour before PI treatment. Following the pre-treatment, PI was added 

for one hour. After treating cells with PI for one hour, the media containing PI and Salubrinal 

was removed, and fresh media containing Salubrinal was added to the cells. Cells were then 

harvested at the given time points. For treatments where cells were treated with the subtoxic dose 

of cycloheximide for 18 hours before being pulse-treated with PI, we first had to determine the 

dose at which cycloheximide was subtoxic, while also reducing protein synthesis.  

 

We measured protein synthesis by using puromycin incorporation. Puromycin (2.5 g/ml) was 

added before cell harvest. The puromycin incubation time was varied for each cell line and had 

to be optimized for each cell line.  
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We used flow cytometry to measure apoptosis to identify the dose at which cycloheximide was 

subtoxic to each cell line. We then used puromycin incorporation to verify that this concentration 

inhibits protein synthesis. To determine the effect of cycloheximide on sensitivity to proteasome 

inhibitors, cells were pretreated with cycloheximide for 18 hours, pulse-treated with PI for one 

hour, incubated in the media (with or without CHX), and then harvested at the given time point. 

 

Quantification of blots 

Band intensities on western blot membranes were quantified using Image Studio Lite. Western 

blot quantification accounted for the loading control. Phosphorylation blots measured 

phosphorylated protein expression divided by total protein expression. In addition to Western 

blots, we also used dot blots to measure protein expression via puromycin incorporation. For dot 

blots, we had 5 technical replicates per biological replicate. We used the average of the 5 

technical replicates when measuring quantification. 

 

Statistics 

Statistical analysis was conducted in GraphPad Prism. 
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Chapter 3: Dephosphorylation of eIF2α sensitizes TNBC cells to proteasome inhibitors 

 

Abstract 

It has been shown that protein load plays a key role in regulating PI-induced apoptosis in MM 

cells. While all cancers have a higher protein load than most normal cells, protein load has not 

been implicated in TNBC response to PIs. Protein load can be regulated by protein synthesis and 

protein breakdown. To investigate whether the regulator of protein synthesis, eIF2α, contributes 

to protein load in response to PIs in TNBC, we assessed its phosphorylation status and examined 

whether its phosphorylation state is regulated by its phosphatases. We found that both of eIF2α’s 

phosphatases, CReP and GADD34, were upregulated in response to PI, though this increase may 

be due to increased half-life. The increase in eIF2α phosphatases did play a role in PI-induced 

apoptosis, though not by regulating protein synthesis. This suggests that CReP and GADD34 

play a novel eIF2α-independent role in mediating PI-induced apoptosis in TNBC.  

Introduction 

Triple-negative breast cancer (TNBC) is an aggressive form of breast cancer associated with the 

worst prognosis of any breast cancer subtype. The majority of triple-negative breast cancers are 

typically found to have an epithelial progenitor (basal-like) phenotype. Lieberman’s lab 

conducted a genome-wide siRNA screen to find genes that basal-like TNBC cells are dependent 

on(154). After identifying dependency genes, they were divided into functional groups, and the 

proteasome degradation group, specifically, contained all proteasome subunits, thereby 

connecting all the different groups together. Not only did the proteasome degradation functional 

group form the core module that linked to the other groups, but it was also the group with the 
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most highly selective hits. They tried to translate the results of their siRNA screen to human 

breast cancer cell lines by using siRNA pools to target 15 dependency genes and found that most 

basal-like TNBC cell lines shared dependency on the proteasome. In patient breast cancer 

samples, dependency gene expression correlated with poor prognosis. Given the prominence of 

the proteasome in dependency genes, the lab used Btz and Cfz and found that these proteasome 

inhibitors are selectively active against basal-like cell lines. Furthermore, basal-like T-ICs 

(Tumor-initiating cells/cancer stem cells) are sensitive to proteasome inhibitors. T-ICs are 

thought to be responsible for metastasis and resistance to chemotherapy, in addition to tumor 

initiation(154). Notably, proteasome inhibition induced apoptosis by promoting NOXA 

accumulation, a result also observed in multiple myeloma cells, a disease state for which 

proteasome inhibitors are currently approved. In addition to the work found by Lieberman’s lab, 

our lab also found that triple-negative breast cancer cells are sensitive to proteasome 

inhibitors(37). We compared the sensitivity to proteasome inhibitors of several TNBC and 

multiple myeloma (MM) cell lines and found that TNBC and MM cell lines had IC50 values in a 

comparable range(37). This suggests that TNBC cells would be a potential therapeutic target for 

proteasome inhibitors. However, multiple myeloma cells produce antibodies, which play a key 

role in sensitivity to proteasome inhibitors. Contrarily, TNBC cells do not produce antibodies, 

suggesting that something else is regulating their sensitivity to proteasome inhibitors. Given 

evidence that PIs are effective in TNBC cells, we sought to identify the mechanism by which 

proteasome inhibitors induce apoptosis in TNBC cells.  

 

In multiple myeloma, the canonical mechanism by which proteasome inhibitors are thought to 

induce apoptosis is through a build-up of proteins within the ER, which causes ER stress and 
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activates the unfolded protein response (UPR). The UPR consists of 3 arms: IRE1α, PERK, and 

ATF6(156). Aberrant UPR signaling has been found in TNBC cells, especially the activity of 

IRE1α and PERK(157). The PERK arm of the UPR is activated in response to proteasome 

inhibitors, which causes the phosphorylation of eIF2α. eIF2α, along with the mammalian target 

of rapamycin (mTOR), is responsible for the regulation of protein synthesis(158,159). Cells 

regulate protein homeostasis through the phosphorylation of eIF2α. When eIF2α is 

phosphorylated, it inhibits global protein synthesis while upregulating the translation of specific 

transcription factors, such as ATF4(12,13). ATF4 upregulates ATF3(14), which can induce 

NOXA transcription. NOXA is a pro-apoptotic BCL-2 protein that binds to and inhibits MCL1 

(which normally acts to sequester apoptosis effectors, BAX and BAK). NOXA binding to MCL1 

frees BAX and BAK, which ultimately go on to disrupt the mitochondrial outer membrane and 

induce apoptosis(15). This is the mechanism by which PIs are thought to induce apoptosis in 

MM cells. 

 

In addition to PERK, eIF2α is phosphorylated by PKR, GCN2, and HRI(101). PERK is activated 

by ER stress (UPR) but can also be activated by hypoxia(102). PKR is activated in response to 

viral infection, and GCN2 is activated in response to glucose starvation, amino acid starvation, 

and UV light. HRI is activated in response to heme deficiency, oxidative stress, and 

accumulation of unfolded proteins in the cytosol(103). The regulation of eIF2α phosphorylation 

through PERK, PKR, GCN2, and HRI, and the subsequent activation of ATF4, is part of the 

integrated stress response (ISR)(104). Other facts regarding eIF2α phosphorylation are discussed 

in Chapter 1.  
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As stated earlier, the phosphorylation of eIF2α decreases global protein synthesis, thereby 

reducing the protein level and alleviating the load on the proteasome. While the phosphorylation 

of eIF2α is carried out by eIF2α kinases, the dephosphorylation of eIF2α is carried out by the 

protein phosphatase 1 (PP1) complex. More than 200 phosphatases share the PP1 as a catalytic 

subunit to form complexes that target and dephosphorylate specific proteins. The regulatory 

subunits of the complexes restrict PP1’s specificity. The regulatory/catalytic subunits involved in 

the dephosphorylation of eIF2α are GADD34 (inducible, encoded by the PPP1R15A gene) and 

the constitutive repressor of eIF2α phosphorylation (CReP, encoded by the PPP1R15B gene). 

Either one of them can form a complex with PP1 to dephosphorylate eIF2α. The 

dephosphorylation of eIF2α would reduce the ability to decrease global protein synthesis and 

alleviate ER and other forms of proteotoxic stress. This would place a higher burden on the 

proteasome. If proteasome inhibitors dephosphorylate eIF2α or prevent its phosphorylation, they 

would increase the proteasome's workload while reducing its capacity, exacerbating proteotoxic 

stress in cells. 

 

Given the evidence in the literature, in addition to our lab’s prior results, we aimed to identify the 

mechanism by which proteasome inhibitors induce apoptosis in TNBC cells and whether it is the 

same mechanism observed in multiple myeloma. If eIF2α is phosphorylated in response to 

proteasome inhibitors, we would investigate which kinase is responsible for the phosphorylation. 

If eIF2α is not phosphorylated or dephosphorylated, we would aim to identify which eIF2α 

phosphatase is responsible and what regulates its activity. Additionally, if eIF2α is not 

phosphorylated, then the pathway downstream that leads to apoptosis would be altered. In this 

case, we would also investigate the pathway by which apoptosis is induced.   
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Results 

 

Proteasome inhibitors do not induce robust phosphorylation of eIF2α in triple-negative 

breast cancer cell lines.  

To determine effects of proteasome inhibitors on the phosphorylation status of eIf2, we pulse-

treated cells for one hour with proteasome inhibitors to better mimic clinical exposure to these 

agents than continuous treatment usually used in the in vitro studies. Clinical studies have shown 

that Btz and Cfz reach peak plasma concentration within one hour after a bolus dosing(79,160), 

after which they are rapidly cleared. 

 

Our lab initially tested the sensitivity of several triple-negative breast cancer cell lines and found 

a similar IC50 distribution between multiple myeloma and triple-negative breast cancer cell 

lines(37). We use a mitochondrial dye conversion assay to confirm these results here (Figure 

3.1).  
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Figure 3.1 Panel of TNBC cell lines sensitive to Cfz and Btz 

A. TNBC cells were pulse-treated with Cfz for one hour with the indicated dose, and cell 

survival was measured 48 hours later using the Alamar Blue mitochondrial dye conversion 

assay (n=2).  

B. TNBC cells were pulse-treated with Btz for one hour with the indicated dose, and cell 

survival was measured 48 hours later with Alamar Blue (n=2).  
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A comparison of our TNBC cell lines' IC50 values with the IC50 for btz in MM cell lines is shown 

in Table below. The MM cell line data is from a previously published work from our lab(161). 

Table 2. Btz IC50 values of MM and TNBC cell lines. 

Cell line IC50 in nM (1hour pulse treatment) 

NCI-H929 28 

MM1.R 68 

MM1.S 82 

KMS-18 170 

RPMI 8226 208 

LR5 346 

KMS-12-BM 504 

MDA-MB-231 22.6 

MDA-MB-468 40.8 

SUM 149 18.8 

 

To determine the eIF2α phosphorylation status, cells were collected at various time points after 

treatment, and phosphorylated eIF2α levels were measured using Western blots. Thapsigargin 

was used as a positive control, as it is a known ER stressor that induces the phosphorylation of 

eIF2α(162,163) (Figure 3.2A). 
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Figure 3.2 Proteasome inhibition causes the dephosphorylation of eIF2α. 

A. MDA-MB-231 cells were pulse-treated with 200nM Btz for one hour before being collected 

at the indicated time points. Thapsigargin was used as a positive control for eIF2α 

phosphorylation. 

B. MDA-MB-231 cells were pulse-treated with various doses of Btz or Cfz for one hour and 

collected 8 hours from the start of treatments.  

C. MDA-MB-231 cells were pulse-treated with 200nM Btz or 500nM Btz and collected at the 

indicated time points. Quantified values are shown on the graph (N=2). Values have been 

standardized using α-tubulin values. 

 

All samples were analyzed by Western blot, and quantification of blots is represented as bar 

graphs  

 

Figure 3.3 PIs do not cause eIF2α phosphorylation in in SUM149 cellsFigure 3.2 

Proteasome inhibition causes the dephosphorylation of eIF2α. 

D. MDA-MB-231 cells were pulse-treated with 200nM Btz for one hour before being collected 

at the indicated time points. Thapsigargin was used as a positive control for eIF2α 

phosphorylation. 

E. MDA-MB-231 cells were pulse-treated with various doses of Btz or Cfz for one hour and 

collected 8 hours from the start of treatments.  

F. MDA-MB-231 cells were pulse-treated with 200nM Btz or 500nM Btz and collected at the 

indicated time points. Quantified values are shown on the graph (N=2). Values have been 
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We initially treated MDA-MB-231 cells with 200nM Btz, a cytotoxic concentration, for one hour 

(Figure 3.2A), changed the media, and collected the cells at the indicated time points (treatment 

scheme shown in Figure 3.2A). We observed no increase in eIF2α phosphorylation at different 

times varying from 1 to 8 hours after start of the treatment, while Thapsigargin induced a robust 

phosphorylation. We also probed the blot with antibodies to NOXA, a well-characterized effector 

of PI-induced apoptosis to prove that Btz did induce apoptosis in this experiment, and observed a 

time dependent NOXA accumulation, starting at 2 hours. No eIF2α phosphorylation was 

observed when cells were treated with a range of Btz concentrations at 8 hours (Figure 3.2B).  

Additionally, the same results were also observed in response to Cfz, another proteasome 

inhibitor (Figure 3.2B). Robust NOXA accumulation was observed at all concentrations of Btz 

and Cfz, showing that both PIs induced NOXA accumulation in these experiments. In response 

to 200nM, there was an initial increase in phosphorylated eIF2α one hour after treatment, though 

it returned to basal levels at 2 hours and decreased further at later time points (Figure 3.2C). 

Phosphorylated eIF2α was found to decrease as early as 2 hours from the start of treatment in 

response to 500nM Btz (Figure 3.2C). The quantification of the Western blot (Figure 3.2C) 

showed a decrease in eIF2α phosphorylation over time, in response to two different cytotoxic 

doses of Btz.  
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Figure 3.3 PIs do not cause eIF2α phosphorylation in SUM149 cells 

A. SUM149 cells were pulse-treated with increasing concentrations of Cfz and collected at the 

indicated time points. 40μg/ml Tunicamycin was used as a positive control for eIF2α 

phosphorylation. 

B. SUM149 cells were pulse-treated with increasing concentrations of Btz and collected at 

various time points. 40μg/ml Tunicamycin was used as a positive control for eIF2α 

phosphorylation. 

 

All samples were analyzed by Western blot. 
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SUM149 cells were pulse-treated with various doses of Cfz, collected at increasing time points, 

and eIF2α phosphorylation was measured (Figure 3.3A). Tunicamycin was used as a positive 

control, as it is also a known ER stressor that results in eIF2α phosphorylation(164,165). While 

eIF2α phosphorylation was observed in response to tunicamycin at both time points, we did not 

observe phosphorylation in response to any dose of Cfz at any time point. Similar results were 

observed in response to various doses of Btz (Figure 3.3B).  
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Figure 3.4 Phosphorylation status of eIF2α in MDA-MB-468 cells in response to PIs 

A. MDA-MB-468 cells were pulse-treated with 500nM Btz or 250nM Cfz and collected at the 

indicated time points. The graph shows the quantified expression values. 200nM 

Thapsigargin was used as a positive control. 

B. MDA-MB-468 cells were pulse-treated with 100nM or 1μM Cfz and collected at the 

indicated time points.  

 

All samples were analyzed by Western blot.  

 

Figure 3.5 eIF2α phosphorylation in multiple myeloma cell linesFigure 3.4 Phosphorylation 

status of eIF2α in MDA-MB-468 cells in response to PIs 

C. MDA-MB-468 cells were pulse-treated with 500nM Btz or 250nM Cfz and collected at the 

indicated time points. The graph shows the quantified expression values. 200nM 
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MDA-MB-468 cells showed more variance in eIF2α phosphorylation early in response to 

proteasome inhibitors. An increase in eIF2α phosphorylation in response to Btz and Cfz was 

observed up to 2 hours (Figure 3.4A), before having a decrease at later time points.  
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Figure 3.5 eIF2α phosphorylation in multiple myeloma cell lines 

A. INA6- cells were pulse-treated with various doses of Btz or Cfz for one hour and collected at 

the indicated time points. 

B. INA6 and MM.1S cells were treated with Btz 200nM for one hour and collected 8 hours 

from the start of treatment. 

 

All samples were analyzed by Western blot. 
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Given the differences observed in the TNBC cell lines from what was expected based on 

multiple myeloma cells, we treated multiple myeloma cells with proteasome inhibitors and 

measured changes in eIF2α phosphorylation. Both lines had detectable levels of basal eIF2 

phosphorylation. In response to proteasome inhibitors, we observed dephosphorylation of eIF2 

in both INA6 cells and MM.1S cells (Figures 3.5A, B).  

 

Inhibition of protein synthesis rescues cells from proteasome inhibitor-induced apoptosis. 

The status of eIF2α phosphorylation in cells treated with proteasome inhibitors is inconsistent in 

the literature(105–109,111), with there being some evidence of eIF2α phosphorylation. We did 

not detect eIF2α phosphorylation, and in some cases, observed dephosphorylation in response to 

proteasome inhibitors. Such scenarios would not decrease protein synthesis, preventing cells 

from alleviating proteotoxic stress and placing a higher burden on the proteasome.  

 

Before identifying the mechanism causing a lack of eIF2α phosphorylation in response to PI, we 

wanted to verify that a lack of eIF2α phosphorylation translated to a lack of reduction in protein 

synthesis. We used the puromycin incorporation assay to measure protein synthesis(166). 

Puromycin is a naturally occurring antibiotic that mimics tyrosyl-tRNA and gets incorporated 

into nascent protein chains, where it can be detected with a specific antibody. This results in 

premature termination of protein synthesis, resulting in proteins that are not fully formed. The 

rate of puromycin incorporation is proportional to the rate of protein synthesis. Therefore, the 

change in puromycin incorporation between different treatments and times can be used to study 

the change in the rate of protein synthesis.  
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Polypeptides, including those with puromycin incorporated, are constantly being synthesized and 

degraded. Eventually, the rate of synthesis and degradation reaches an equilibrium. We first 

needed to identify the puromycin incubation time point at which each cell line has increasing 

puromycin incorporation and has not yet reached equilibrium between synthesis and degradation. 

To do this, we treated MDA-MB-231, MDA-MB-468, and SUM149 cells with puromycin for 5, 

10, 15, 20, 25, 30, 45, and 60 minutes.  Puromycin incorporation was measured via western 

blotting using an anti-puromycin antibody. We imaged puromycin incorporation using western 

blotting and found that 20- 30 minutes of puromycin incubation was optimal for all three cell 

lines (MDA-MB-231 and SUM149 results are shown in Figure 3.6).  
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Figure 3.6 Optimization of puromycin incorporation in TNBC cells 

A. MDA-MB-231 cells were treated with 2.5μg/ml puromycin and collected at the indicated 

time points. 

B. SUM149 cells were treated with 2.5μg/ml puromycin and collected at the indicated time 

points. 

 

Figure 3.7 Effect on protein synthesis in response to PIs time courseFigure 3.6 

Optimization of puromycin incorporation in TNBC cells 

C. MDA-MB-231 cells were treated with 2.5μg/ml puromycin and collected at the indicated 

time points. 

D. SUM149 cells were treated with 2.5μg/ml puromycin and collected at the indicated time 

points. 
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After determining the puromycin incorporation time for each cell line, we treated all three cell 

lines with PIs and collected them at various time points after the start of treatment (Figure 3.7).  
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Figure 3.7 Effect on protein synthesis in response to PIs time course 

MDA-MB-231 (A) or SUM149 (B) cells were pulse-treated with 300 nM Btz or Cfz for 1 

hour. Puromycin (2.5 g/ml and Btz (10 M, to prevent degradation of puromycylated 

proteins) were added at the indicated time points. 20 minutes after puromycin addition, cell 

were harvested using in ice-cold PBS, supplement with CHX (50 g/ml). Puromycin 

incorporation was measured by dot blots. Btz N=3 (A,B,C) biological replicates. Cfz N = 2 

(A,B) biological replicates. 

 

Quantification of data from experiments performed by other members of the laboratory. 

 

 

Figure 3.8 Change in puromycin incorporation in response to BtzFigure 3.7 Effect on 

protein synthesis in response to PIs time course 
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For these experiments, where we studied effects on protein synthesis, we switched from using 

Western blots to dot blots. We did this because dot blots allow for protein expression to be 

measured more rapidly than western blotting, allow us to analyze many samples and technical 

replicates of each sample at the same time to verify the results, and allow us to quantify the 

results more easily(167,168).  

 

In MDA-MB-231 cells, there was a decrease in protein synthesis in response to Btz and Cfz at 

two hours, though it stayed steady after that (Figure 3.7A). SUM149 did not show changes in 

protein synthesis in response to Btz and Cfz (Figure 3.7B). Given that MDA-MB-468 cells 

initially showed an increase in eIF2α phosphorylation before having dephosphorylation at 4 and 

8 hours, we would expect there to be an initial decrease in protein synthesis in response to PIs, 

with an increase in protein synthesis being observed at 4 hours and later. 

 

 Next, we wanted to identify if this reaction was dependent on the PI dose. We did this by pulse-

treating cells with various doses of Btz or Cfz for one hour and then collecting them 6 hours 

later. 
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Figure 3.8 Change in puromycin incorporation in response to Btz 

MDA-MB-231 (A) or SUM149 (B) cells were pulse-treated for 1 hour with increasing 

concentrations of Btz or Cfz and collected 6 hours from the start of treatments. Puromycin 

and Btz (10 M) were added 20 minutes prior to collection. Puromycin incorporation was 

measured by dot blot. N=2 (A,B) biological replicates 

 

Quantification of data from experiments performed by other members of the laboratory. 
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In response to Cfz and Btz, MDA-MB-231 cells did not downregulate protein synthesis at 6 

hours (Figure 3.8A), compared with untreated levels, which correlated with a lack of eIF2α 

phosphorylation shown in Figure 3.2. SUM149 cells also did not significantly downregulate 

protein synthesis at lower concentrations (Figure 3.8B). This decrease at higher concentrations 

may be due to cells already inducing apoptotic pathways. 

 

The results in Figure 3.8 largely supported the observations presented in Figures 3.2 and 3.3. We 

did not observe a significant decrease in protein synthesis in response to PIs in MDA-MB-231 

and SUM149 cells, which correlated with the lack of eIF2α phosphorylation observed in those 

cell lines.  

 

We established the lack of phosphorylation of eIF2α in our cell lines and a lack of decrease in 

protein synthesis in two of our cell lines. We next investigated the role that protein synthesis and 

the increased load on the proteasome play in inducing PI-dependent apoptosis. By inhibiting 

protein synthesis, we hypothesized that it would lower the load on the proteasome and thereby 

rescue cells from PI-induced apoptosis. To investigate the significance of protein load in 

inducing PI-dependent apoptosis, we inhibited protein synthesis using cycloheximide (CHX) and 

examined whether it rescued cells from PI-induced apoptosis. Since the production of nascent 

polypeptides accounts for a significant portion of the load on the proteasome, inhibiting the 

synthesis of nascent polypeptides with cycloheximide would reduce the load on the proteasome. 
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We first aimed to identify the time point at which the majority of cells were undergoing 

apoptosis. We treated cells with 500nM Cfz or 1μM Cfz for one hour, removed the drug-

containing media, added fresh media, and collected the cells at 1, 6, 9, and 18 hours from the 

start of treatment. We measured apoptosis using two different caspase activity assays- flow 

cytometry caspase probe and enzymatic cleavage of fluorescent caspase substrates. By using the 

caspase-3/7 Green detection reagent and SYTOX Red dead cells stain, we were able to 

distinguish between live cells undergoing apoptosis and dead cells that had already undergone 

apoptosis. We found that 18 hours after proteasome inhibition, cells were undergoing apoptosis 

or had already died (Figure 3.9A). To verify that the caspase activity observed at 18 hours was 

not due to the use of high doses of Cfz, we treated cells with various doses of Cfz, starting with 

100nM, and measured apoptosis using flow cytometry with a Caspase-3/7 detection dye (Figure 

3.9B).  We found apoptosis occurring at all doses of Cfz.  

 

Therefore, we wanted to see if we could rescue apoptosis at 18 hours by inhibiting protein 

synthesis.  
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Figure 3.9 Apoptosis occurring at 18 hours in MDA-MB-231 cells 

A. MDA-MB-231 cells were treated with 500nM Cfz or 1μM Cfz for one hour, and cells were 

collected at the indicated time points. The figure shows the results of the caspase activity 

assay measurement. 

B. MDA-MB-231 cells were treated with increasing doses of Cfz for one hour and collected at 

18 hours from the start of the treatments. Apoptosis was measured using flow cytometry.  

C. MDA-MB-231 cells were treated with increasing doses of Cfz for one hour and collected at 

18 hours from the start of the treatments. Apoptosis was measured using flow cytometry.  
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We used cycloheximide (CHX) to inhibit protein synthesis. Cycloheximide, on its own, is toxic 

to cells; therefore, we first needed to determine a cycloheximide dose range that was not toxic to 

the cells after 18 hours of incubation but still inhibited protein synthesis. We treated MDA-MB-

231 and MDA-MB-468 cells with a range of 0.2μg/ml to 20μg/ml of CHX for 18 hours 

continuously and measured apoptosis using a caspase probe via flow cytometry. We determined 

that 0.8, 0.4, and 0.2 μg/ml of CHX were subtoxic for MDA-MB-231 cells (Figure 3.10A), and 

10, 5, 1, and 0.5μg/ml of CHX were subtoxic for MDA-MB-468 cells (Figure 3.10B). To verify 

that the subtoxic doses were inhibiting protein synthesis, we treated cells with the subtoxic doses 

of CHX for 18 hours and added 2.5μg/ml puromycin 30 minutes prior to collecting. We then 

measured puromycin incorporation using western blotting. We found that the lowest dose of 

CHX that reduced/inhibited protein synthesis in MDA-MB-231 cells is 0.4μg/ml, and used 

5μg/ml CHX for MDA-MB-468 cells, as it resulted in minimal protein synthesis and maintained 

the percentage of apoptotic cells below 20% (Figure 3.10C). 
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Figure 3.10 Inhibiting protein synthesis without inducing cell toxicity with cycloheximide 

A. MDA-MB-231 cells were treated with varying doses of cycloheximide for 18 hours. 

Apoptosis was measured via flow cytometry using caspase-3/7 Green Detection reagent and 

SYTOX Red dead cells stain. 

B. MDA-MB-468 cells were treated with varying doses of cycloheximide for 18 hours. 

Apoptosis was measured via flow cytometry using caspase-3/7 Green Detection reagent and 

SYTOX Red dead cells stain. 

C. MDA-MB-468 cells were treated with the indicated doses of CHX for 18 hours. Puromycin 

was added 30 minutes prior to collection.  
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After establishing the condition at which CHX is subtoxic and reduces protein synthesis, we next 

tested whether CHX reduces PI-induced apoptosis. We pulse-treated cells with proteasome 

inhibitors for 1 hour and then incubated them with the subtoxic dose of cycloheximide for 18 

hours. MDA-MB-231 cells were treated with 0.4μg/ml of CHX, and MDA-MB-468 cells were 

treated with 5μg/ml of CHX. We measured apoptosis using the enzymatic caspase activity assay 

and flow cytometry caspase detection reagent.  

 

MDA-MB-231 cells had a significant increase in caspase activity in response to Btz and Cfz 

alone (Figure 3.11A). However, in combination with CHX, PI did not induce caspase activity. 

Similar results were observed when measuring for apoptosis using flow cytometry in MDA-MB-

231 cells (Figure 3.11B). In MDA-MB-468 cells, Cfz alone significantly increased caspase 

activity (Figure 3.11C). This reduction was observed when Cfz was combined with CHX, 

although the reduction was not as significant as that observed in MDA-MB-231 cells. Similar 

results were observed using a caspase detection reagent through flow cytometry (Figure 3.11D). 

 

This data suggested that protein synthesis and, thereby, the load on the proteasome played a 

significant role in PI-induced apoptosis. Based on our observations, we hypothesized that 

because eIF2α was not being phosphorylated in response to PI, there was no decrease in protein 

synthesis to reduce the load on the proteasome, and that was how PI-induced apoptosis occurs. 

Given the role of the UPR and what is known in the literature, we had expected to observe eIF2α 

phosphorylation. Given the lack of eIF2α phosphorylation, we expected the eIF2α phosphatases, 

rather than the eIF2α kinases, to play a role in mediating PI-induced apoptosis. Especially given 
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our observation of eIF2α dephosphorylation occurring in MDA-MB-231 cells (Figure 3.2) and 

later time points of MDA-MB-468 cells (Figure 3.4).  
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Figure 3.11 Inhibiting protein synthesis rescues cells from apoptosis. 

A. MDA-MB-231 cells were treated with 0.4μg/ml CHX and Btz/Cfz. n= 1. Caspase activity 

was measured using caspase activity assay. 

B. MDA-MB-231 cells were treated with 0.4μg/ml CHX and Cfz. n= 1. Apoptosis was 

measured via flow cytometry using caspase-3/7 Green Detection reagent and SYTOX Red 

dead cells stain. 

C. MDA-MB-468 cells were treated with 5μg/ml CHX and Btz/Cfz. n=1. Caspase activity was 

measured using caspase activity assay. 

D. MDA-MB-468 cells were treated with 5μg/ml CHX and Cfz. n= 1. Apoptosis was measured 

via flow cytometry using caspase-3/7 Green Detection reagent and SYTOX Red dead cells 

stain. 
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Protein Phosphatase 1 complex appears to play a role in mediating PI-induced apoptosis, 

though not through the regulation of protein synthesis. 

Given the lack of eIF2α phosphorylation, we expected that eIF2α kinases, such as PERK, would 

not play a role in PI-induced apoptosis. While eIF2α is phosphorylated by eIF2α kinases, the 

dephosphorylation of eIF2α is mediated by two protein phosphatase PP1 regulatory subunits: 

CReP and GADD34, which confer eIF2 specificity to the PP1 complex. CReP is the 

constitutive repressor of eIF2α phosphorylation, while GADD34 is the stress-inducible repressor 

of eIF2α phosphorylation(169). CReP protein and mRNA levels don’t change in response to 

stress(170). Either one or both proteins could be responsible for the dephosphorylation of p-

eIF2α in response to PI. Given that we did not observe a phosphorylation of eIF2α in response to 

PIs in two of our three cell lines, we believe eIF2α kinases, such as PERK, GCN2, and HRI, are 

not playing a key role in mediating PI-induced apoptosis. We aimed to investigate how eIF2α 

phosphatases mediate PI-induced effects and lead to apoptosis in TNBC cells.  

 

We pulse-treated SUM149 cells with 33, 100, or 300nM Cfz, followed by culturing in a drug-

free media, and collected the cells 3, 6, and 9 hours after the start of the treatment. We observed a 

prominent increase in CReP expression at 3 hours for 33, 100, and 300nM Cfz (Figure 3.12A). 

CReP was upregulated within one hour when treated with 10μM Cfz (Figure 3.12B), and 

GADD34 was upregulated in response to Cfz as well, although not as rapidly as CReP (Figure 

3.12B). This may be due to CReP accumulation resulting from proteasome inhibition, as CREP is 

expressed constitutively, whereas GADD34 is usually induced transcriptionally upon proteotoxic 

stress(171). We used 10 μM Cfz for this experiment because it was an extremely toxic dose, and 
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that would certainly induce PI-mediated apoptosis. Quantification of the western blot is shown 

below the blot (Figure 3.12B).  

 

We treated MDA-MB-231 cells with 500nM Btz and observed an increase in CReP expression at 

8-hour time points (Figure 3.12C- top panel). The increase in CReP expression observed 8 hours 

correlated with a lack of eIF2α phosphorylation (Figure 3.12C- top panel). We found an increase 

in GADD34 expression in MDA-MB-231 cells in response to 200nM and 500nM Btz at 8 hours 

(Figure 3.12C-bottom panel), however p-eIF2α did not appear to correlate with GADD34 

expression, as there was an increase in p-eIF2α at 4 hours, while we observed no change in 

GADD34 expression at that time point. 
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Figure 3.12 Proteasome inhibition results in the upregulation of CReP and GADD34 

A. SUM149 cells were pulse-treated with 500nM Btz for 1 hour, before being collected at the 

indicated time point. Western blot shows changes to GADD34 in response to Btz. In a 

sample denoted as “thap” cells were treated with 10μM Thapsigargin instead of Cfz. 

B. SUM149 cells were pulse-treated with 10μM Cfz for 1 hour, before being collected at the 

indicated time points. 

C. MDA-MB-231 cells were pulse-treated with the indicated dose of Btz for 1 hour, before 

being collected at the indicated time points. Western blot shows changes in p-eIF2α, eIF2α, 

and CReP in response to Btz. 

 

Figure 3.13 When eIF2α phosphatases are inhibited, Cfz activates ISRFigure 3.12 

Proteasome inhibition results in the upregulation of CReP and GADD34 
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Despite evidence of the increasing abundance of proteins in the PP1 complex, a lack of 

activation of the integrated stress response (ISR) could occur via a PP1 complex-independent 

mechanism. To verify that the lack of eIF2α phosphorylation was happening due to CReP and 

GADD34 via the PP1 complex, cells were treated with Salubrinal, an inhibitor that is selective 

for the eIF2α phosphatase complex, in combination with Cfz.  We observed that in response to 

Cfz alone, there was an increase in CReP and GADD34, with a corresponding decrease in 

phosphorylated eIF2α (Figure 3.13). A combination of Salubrinal and Cfz still resulted in an 

upregulation of CReP and GADD34 at 9 hours; however, there was no corresponding decrease in 

p-eIF2α. This suggested to us that the PP1 complex is involved in the dephosphorylation of 

eIF2α in response to proteasome inhibitors. An upregulation of CReP and GADD34 suggests that 

either or both could be the primary mediators of eIF2α dephosphorylation under PI-induced 

stress. Further repeats need to be performed in additional cell lines, and we would like to see the 

effects at all time points. 
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Figure 3.13 When eIF2α phosphatases are inhibited, Cfz activates ISR 

SUM149 cells were treated with 75μM of Salubrinal for one hour before pulse-treatment with 

300nM Cfz. Cells were collected at the indicated time points. 
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Due to proteasome inhibitors partially inhibiting the proteasomes, a lower rate of protein 

degradation occurs in the cells. A lower rate of degradation results in a longer half-life of 

proteins. This could be especially significant for short-lived proteins that can induce their effects 

in cells for a longer period before being degraded. An increase in CReP and GADD34 in 

response to proteasome inhibitors could be attributed to an increase in protein half-life or to the 

production of newly synthesized CReP/GADD34 proteins. CReP has been found to have a short 

half-life(172)of approximately 45 minutes(173) in HaCaT cells. GADD34 also has a short half-

life of less than one hour(174). CReP and GADD34 are both degraded by the proteasome.  

 

We performed a cycloheximide chase experiment to study the half-life of CReP and GADD34. 

To determine the half-life of the protein at basal conditions, SUM149 cells were treated with 

cycloheximide only, Cfz only, or a combination of both, and collected every thirty minutes up to 

3 hours post-treatment (Figure 3.14A). The cycloheximide-only treatment would enable us to 

determine the half-life of the protein, and the combination of CHX and Cfz would allow us to 

investigate how the half-life of the protein changes in response to proteasome inhibition. CReP 

half-life appeared to be approximately 30 minutes at basal conditions. The half-life of GADD34 

at basal conditions appeared to be approximately an hour. SUM149 cells showed an increase in 

CReP and GADD34 half-lives (Figure 3.14A) in response to Cfz, and an increase in CReP half-

life was observed in MDA-MB-231 cells as well (Figure 3.14 B). Quantification of the SUM149 

CReP expression western blot is shown below the blot (Figure 3.14A), and quantification of 

MDA-231-MB CReP expression western blot is shown below the blot (Figure 3.14B). 
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Figure 3.14 Inhibition of the proteasome causes an increase in the half-life of CReP and 

GADD34 

A. SUM149 cells were treated with 100μg/ml cycloheximide alone, 10μM Cfz alone, or a 

combination of 100μg/ml Cycloheximide and 10μM Cfz. Cells were collected at the 

indicated time points. 

B. MDA-MB-231 cells were treated with 100μg/ml Cycloheximide alone, or a combination of 

Cycloheximide and 300nM Cfz, and collected at the indicated time points.  
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The longer half-life of the protein could explain the upregulation of CReP and GADD34. With a 

lack of eIF2α phosphorylation, there would be a continued elevated load on the proteasome, 

which could lead the cells to undergo apoptosis. Based on this, we aimed to investigate the roles 

of CReP and GADD34 in PI-induced apoptosis. 

 

We used siRNA to perform knockdown experiments to study the role of CReP and GADD34 in 

PI-induced apoptosis. To ensure the specificity of siRNA-mediated knockdowns, we used two 

siRNA molecules for each protein. Additionally, we used a scrambled siRNA as a negative 

control to ensure that the results of the siRNA transfection process were due to the specificity of 

the siRNA molecules, rather than an off-target effect of the transfection. We initially tested 

several different siRNAs and selected the two molecules that showed the strongest reduction of 

expression of GADD34 and CReP proteins (Figure 3.15A). Of the four siRNA molecules we 

tested, CReP 07 and CReP 08 produced the best results in untreated SUM149 cells (Figure 

3.15A). CReP 07 and CReP 08 siRNA molecules also produced results in untreated MDA-MB-

231 cells (Figure 3.15B). After identifying the siRNA molecules that produced the strongest 

knockdowns, we pulse-treated CReP knockdown SUM149 cells with 33, 100, or 300nM Cfz, and 

collected at the indicated time points (Figure 3.15C). We observed a lack of CReP expression in 

the SUM149 cells transfected with the CReP 08 siRNA. Compared to cells without CReP 

knockdown, CReP KD cells exhibited increased phosphorylated eIF2α expression under both 

untreated and Cfz-treated conditions. We treated MDA-MB-231 cells with 500nM Btz and 

observed that CReP siRNA resulted in the expected knockdown of CReP and corresponded to an 

upregulation of phosphorylated eIF2α at basal conditions (Figure 3.15D). 
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We tested the effectiveness of four different GADD34 siRNA molecules (GADD34 05, 06, 08, 

and 18) and found that GADD34 06 and GADD34 08 produced the strongest knockdown effect 

in MDA-MB-231 cells (Figure 3.15E). We then tested how the knockdown of GADD34 

translated to phosphorylation of eIF2α in response to PI. The GADD34 siRNA molecules that 

produced the strongest knockdown effect resulted in elevated phosphorylated eIF2α levels at 

basal conditions, but phosphorylation was observed in response to Btz (Figure 3.15F).  

 

However, the promising effects of CReP siRNA on eIF2α phosphorylation have not been 

reproducible in subsequent experiments. GADD34 knockdown led to no increase in eIF2α in 

response to PI.  
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Figure 3.15 Validation of CReP and GADD34 siRNA knockdown 

A. SUM149 were transfected with four different CReP siRNA molecules for 72 hours. 

Transfection efficiency was verified by protein expression analysis using western blot. 

B. MDA-MB-231 cells were transfected with CReP 07 and CReP 08 siRNA and collected 72 

hours after transfection. 

C. SUM149 cells were transfected with CReP 08 siRNA for 72 hours. Cells were pulse-treated 

with various doses of Cfz and collected at the indicated time points. 

D. MDA-MB-231 cells were transfected with CReP 07 siRNA for 72 hours. Cells were pulse-

treated with 500nM Btz and collected 8 hours after the start of treatment. 

E. MDA-MB-231 cells were transfected with scrambled siRNA or GADD34 05, 06, and 08 

siRNA molecules for 72 hours. Cells were then pulse-treated with 500nM Btz for one hour 

and collected 8 hours from the start of treatment. 

F. MDA-MB-231 cells were transfected with scrambled siRNA or four different GADD34 

siRNA molecules for 72 hours. Cells were then pulse-treated with 500nM Btz for one hour 

and collected at the indicated time points.  

 

 

Figure 3.16 Role of CReP and GADD34 on PI-induced apoptosisFigure 3.15 Validation of 

CReP and GADD34 siRNA knockdown 

G. SUM149 were transfected with four different CReP siRNA molecules for 72 hours. 

Transfection efficiency was verified by protein expression analysis using western blot. 

H. MDA-MB-231 cells were transfected with CReP 07 and CReP 08 siRNA and collected 72 

hours after transfection. 

I. SUM149 cells were transfected with CReP 08 siRNA for 72 hours. Cells were pulse-treated 

with various doses of Cfz and collected at the indicated time points. 

J. MDA-MB-231 cells were transfected with CReP 07 siRNA for 72 hours. Cells were pulse-

treated with 500nM Btz and collected 8 hours after the start of treatment. 

K. MDA-MB-231 cells were transfected with scrambled siRNA or GADD34 05, 06, and 08 

siRNA molecules for 72 hours. Cells were then pulse-treated with 500nM Btz for one hour 

and collected 8 hours from the start of treatment. 
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We observed that knockdown of CReP using siRNA did not consistently affect eIF2α 

phosphorylation, and the knockdown of GADD34 did not affect eIF2α phosphorylation. This 

suggested to us that CReP and GADD34 either did not play a role in eIF2α phosphorylation, 

protein synthesis, or PI-induced apoptosis, or did play a role in regulating PI-induced apoptosis 

through an alternative mechanism. To test CReP and GADD34’s role in mediating PI-induced 

apoptosis, we transfected the cells to knock down CReP or GADD34, treated the cells with 

proteasome inhibitors, and then measured apoptosis using caspase activity assay or flow 

cytometry. We hypothesized that the knockdown of CReP and GADD34, and the corresponding 

increase in phosphorylated eIF2α, would reduce the proteasome load and rescue cells from PI-

induced apoptosis. We also hypothesized that if both CReP and GADD34 are playing a role in 

mediating PI-induced apoptosis, a combination of CReP and GADD34 KD would have a 

stronger rescue effect than CReP or GADD34 KD would have individually.  

 

We observed an increase in caspase activity in response to 500nM Btz in MDA-MB-231 cells, 

which was reduced in CReP KD cells at 8 hours (Figure 3.16A). This was observed in response 

to both CReP siRNA molecules. GADD34 KD also produced a rescue effect in response to 

500nM Btz at 8 hours (Figure 3.16B).   

 

 

 

 



88 

 

 

 

 

Figure 3.16 Role of CReP and GADD34 on PI-induced apoptosis 

A. MDA-MB-231 cells were transfected with scrambled siRNA, CReP 07, or CReP 08 siRNA 

for 72 hours and then pulse-treated with 500nM Btz for one hour. Cells were collected 8 

hours from the start of treatment. Caspase activity was measured using caspase activity 

assay. 

B. MDA-MB-231 cells were transfected with scrambled siRNA or GADD34 08 siRNA for 72 

hours and then pulse-treated with 500nM Btz for one hour. Cells were collected 8 hours from 

the start of treatment. Caspase activity was measured using caspase activity assay. 
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The results of our knockdown studies confirmed that knockdown of CReP and GADD34 rescues 

cells from apoptosis at 8 hours. Since we hypothesized that the effects are due to their role in 

mediating protein synthesis, we next looked at the role CReP and GADD34 knockdown had in 

protein synthesis. We already confirmed that GADD34 knockdown does not affect eIF2α 

phosphorylation in response to PIs, suggesting that GADD34 siRNA would not have any effect 

on protein synthesis. 

 

We observed that in response to Btz, MDA-MB-231 cells with CReP KD or GADD34 KD did 

not have any significant change in protein synthesis (Figure 3.17). This confirmed that GADD34 

is not playing a role in regulating protein synthesis. It also showed that CReP does not appear to 

regulate protein synthesis in response to PIs. Since the rescue effects of CReP and GADD34 

knockdown at earlier time points are not due to changes in protein synthesis, this suggests that 

their effects may be due to a novel mechanism that needs to be further investigated. 
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Figure 3.17 CReP and GADD34 KD’s role in regulating protein synthesis 

MDA-MB-231 cells were transfected with scrambled siRNA, CReP 07, or CReP 08 siRNA 

for 72 hours and then pulse-treated with 500nM Btz for one hour. Cells were collected 6 

hours from the start of treatments. Puromycin (2.5 g/ml and Btz (10 M) were added at the 

indicated time points. 20 minutes after puromycin addition, cells were harvested using ice-

cold PBS, supplemented with CHX (50 g/ml). Puromycin incorporation was measured by 

dot blots. N=2 (A,B) biological replicates. 

 

Quantification of data from experiments performed by other members of the laboratory. 
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Discussion 

Proteasome inhibitors are currently approved for the treatment of multiple myeloma and mantle 

cell lymphoma but have not been shown to work in solid tumors. However, no clinical studies 

involving their use in TNBC have been performed despite preclinical data suggesting sensitivity. 

Translating proteasome inhibitors to TNBC is highly relevant because no targeted therapies 

currently exist, though clinical trials with PD-L1 inhibitors have been conducted(175,176). To 

explore the potential use of proteasome inhibitors in TNBC, it is necessary to identify the 

mechanism by which these agents induce apoptosis in TNBC cells. In multiple myeloma, 

sensitivity to proteasome inhibitors is attributed to elevated protein synthesis and increased 

endoplasmic reticulum (ER) stress driven by antibody production. TNBC cells do not produce 

antibodies, yet TNBC cell lines have shown a similar sensitivity profile to PIs as multiple 

myeloma cell lines.    

 

While there is variability regarding the status of eIF2α phosphorylation, the Boise lab suggested 

that multiple myeloma cells initiate the unfolded protein response in response to proteasome 

inhibitors, resulting in rapid induction of PERK, phosphorylation of eIF2α, and downstream 

activation of ATF4 and CHOP(105). This is not what we observed in our multiple myeloma cell 

line. We observed a dephosphorylation of eIF2a in response to Btz. One key difference between 

our lab’s and their lab’s experiments is that they continuously treated their cells with Btz for 12 

or 24 hours. Our method better mimics clinical exposure, but the longer, continuous incubation 

may activate different pathways by increasing the potential of off-target effects. In addition, we 

observed a lack of phosphorylation or dephosphorylation in response to PIs in TNBC cells. A 

lack of phosphorylation or dephosphorylation would result in continued global protein synthesis, 
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exacerbating proteotoxic stress induced by proteasome inhibitors and placing a greater burden on 

the proteasome.  

 

Dephosphorylation of eIF2α is regulated by the protein phosphatase 1 (PP1) complex, which has 

two active subunits, Constitutive repressor of eIF2α phosphorylation (CReP), and GADD34. 

This work found that CReP and GADD34 are upregulated in response to proteasome inhibitors. 

Longer half-life of CReP and GADD34 was detected, which could be explained by the partial 

inhibition of the proteasome due to proteasome inhibitors.  

 

The effect of CReP in regulating eIF2α in response to PIs was not consistent. We could not 

consistently reproduce the rescue effects of CReP knockdown on eIF2α phosphorylation. The 

knockdown of GADD34 did not play a role in regulating eIF2α phosphorylation. However, the 

knockdown of neither protein resulted in a change in protein synthesis. This would suggest that 

CReP nor GADD34 are potentially playing a role in mediating PI-induced apoptosis. 

Confusingly, caspase activity data indicated that CReP and GADD34 regulate PI-induced 

apoptosis at 8 hours. All this together suggests that while CReP and GADD34 play a role in PI-

induced apoptosis, it is not through the dephosphorylation of eIF2α, but rather through a 

potentially novel mechanism. It is also possible that our siRNAs had non-specific binding, 

leading to additional effects beyond the expected knockdown. We tried to address this situation 

by using two different siRNAs to verify our results, but it is possible that both siRNAs had the 

same non-specific effect. While this is unlikely, we would need to sequence our RNA after 
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transfection to verify the specificity of our siRNA, or verify our results using alternative 

knockdown methods, such as CRISPR-Cas9. 

 

In this chapter, we demonstrated that TNBC cell lines are sensitive to proteasome inhibitors, like 

multiple myeloma cells. We showed that eIF2α is not phosphorylated in response to PIs, and that 

CReP and GADD34 levels increased. While we have not been able to consistently link CReP and 

GADD34 to mediating the phosphorylation status of eIF2α in response to PIs, we did observe 

that the knockdown of CReP and GADD34 has a rescue effect at earlier time points. Suggesting 

that CReP and GADD34 may be regulating sensitivity to PIs, potentially through an eIF2α-

independent manner. 
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Chapter 4: Regulators of NOXA accumulation in response to proteasome inhibitors 

 

Abstract 

Extensive investigations into the mechanisms of apoptosis induced by PIs in multiple myeloma 

have revealed that NOXA is the primary mediator of cell death. Based on the literature, we 

expected to see an increase in NOXA expression mediating apoptosis in response to PIs in 

TNBC as well. Here, we demonstrated that PIs induce NOXA upregulation in TNBC cells, as 

occurs in MM cells. To elucidate the mechanism regulating this response, we examined pathways 

upstream of NOXA that could result in NOXA upregulation. We found that the increase in 

NOXA expression occurred independently of ATF3 and the JNK signaling pathway, and was 

dependent on c-myc expression. Our results indicate that c-myc-dependent accumulation of  

NOXA is dependent on translation of new NOXA proteins, though direct transcriptional 

activation by c-myc cannot be ruled out. These results bypass the oft-debated ATF3-NOXA axis 

as the inducer of apoptosis and introduce c-myc as a key mediator of PI-induced apoptosis in 

TNBC cells. 

Introduction 

The BCL-2 family of proteins plays a key role in regulating mitochondrial apoptosis(177). The 

BCL-2 family of proteins can be divided into three groups: anti-apoptotic proteins, pro-apoptotic 

proteins, and the pore-forming apoptotic proteins. The three groups interact to inhibit or induce 

apoptosis. The anti-apoptotic proteins include BCL-XL, BCL-2, and MCL-1, while the 

sensitizing pro-apoptotic proteins include NOXA, PUMA, and BAD. The pore-forming pro-

apoptotic proteins include BAX and BAK(178). The pore-forming proteins, when released, form 
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pores in the mitochondrial outer membrane, leading to caspase activation and apoptosis. BAX 

and BAK are sequestered and inhibited by MCL-1, which prevents apoptosis. NOXA, a pro-

apoptotic BCL-2 protein, has been observed to accumulate in response to proteasome inhibitors 

in multiple myeloma (179). NOXA functions by being a competitive inhibitor of MCL-1. When 

NOXA accumulation occurs, it binds to and inhibits MCL-1, freeing BAX and BAK to induce 

apoptosis. 

 

NOXA has been shown to be activated in response to various cellular stress responses(180). The 

mechanism by which proteasome inhibitors induce apoptosis in TNBC differs from that in MM; 

however, NOXA accumulation still appears to play a key role in PI-induced apoptosis in TNBC 

cells(154). This suggests that, while the pathways upstream of NOXA that are activated in 

response to PIs are not clearly identified, and may potentially differ from what is observed in 

multiple myeloma, they still cause NOXA accumulation. Therefore, the proteasome dependence 

observed in TNBC cells may still be mediated by NOXA(154). We believe that the mechanism 

of PI-induced apoptosis is a lack of eIF2α phosphorylation, leading to a sustained increase in 

proteasomal load. Based on this, we wanted to identify the pathway by which the lack of eIF2α 

phosphorylation and sustained increase in proteasomal load upregulate NOXA. By identifying 

the mechanism by which NOXA is upregulated, we could potentially identify additional targets 

for combination therapy. 

 

In multiple myeloma, PIs cause a phosphorylation of eIF2α through the activation of the PERK 

arm of the UPR(105), which leads to the upregulation of ATF4 and then ATF3(12–14). The 
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upregulation of ATF3 leads to NOXA accumulation, ultimately driving apoptosis(181,182). 

Petrocca et al. and others have found that NOXA is upregulated in response to PIs in TNBC 

cells, and preliminary data from our lab support this finding. As shown in Chapter 3, in TNBC 

cells, there is a lack of eIF2α phosphorylation, suggesting that an alternative path is causing an 

accumulation of NOXA in response to PIs in TNBC cells. 

 

NOXA can be upregulated by several different stressors, proteins, and pathways. The pathway 

that upregulates NOXA in multiple myeloma is the unfolded protein response (UPR)(183). The 

UPR is activated by an elevated protein load due to the accumulation of misfolded or unfolded 

proteins in the ER, and functions to reduce the protein load and return cells to a state of protein 

homeostasis. The UPR has three signaling arms through which it induces its effects: IRE1α, 

PERK, and ATF6. If the UPR is unable to reduce the elevated protein load and resulting ER 

stress, it will cause the cell to undergo apoptosis. PERK functions to reduce protein synthesis 

through the phosphorylation of eIF2α. Phosphorylation of eIF2α results in an inhibition of global 

protein synthesis. The phosphorylation of eIF2α also upregulates the transcription factor ATF4. 

ATF4 dimerizes with ATF3, leading to the upregulation of NOXA(181,182,184). This is the 

mechanism by which proteasome inhibitors are thought to induce apoptosis in multiple 

myeloma.  

 

The UPR can also upregulate NOXA through the IRE1α arm. IRE1α, when activated, leads to 

the splicing of XBP1. The spliced form of XBP1, XBP1s, results in upregulation of specific UPR 

genes and ER chaperones that promote increased efficiency and capacity of folding proteins. In 
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cases of continued ER stress, the IRE1α arm of the UPR can activate JNK signaling(185). JNK 

activation can induce apoptosis through ATF3. As discussed with PERK, ATF3 can upregulate 

NOXA. 

 

Another known regulator of NOXA is c-Myc. In normal cells, the role of c-myc is associated 

with the cell cycle and metabolism and is tightly regulated. Additionally, c-myc is a well-known 

oncogene that has been found to play a crucial role in the transformation and proliferation of 

various cancers and is believed to be dysregulated in many cancers(186). While all breast cancer 

subtypes express c-Myc, it is expressed higher in TNBC cells(187). MYC has been found to bind 

to NOXA promoter sites and could directly upregulate NOXA(188). In pancreatic cancer cell 

lines, NOXA was found to play a significant role in MYC-driven sensitivity to proteasome 

inhibition(189). 

Given the support for NOXA-mediated apoptosis in TNBC cells and MM, we wanted to verify 

that NOXA accumulation was occurring and identify the mechanism that regulates it in response 

to PIs.  
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Results 

NOXA accumulates in response to proteasome inhibitors in TNBC cells 

We initially wanted to confirm that NOXA is upregulated in response to proteasome inhibitors in 

our cell lines. Using INA6, a multiple myeloma cell line, pulse-treated with Btz and Cfz, as a 

positive control, we observed an increase in NOXA expression in response to both proteasome 

inhibitors as early as 4 hours (Fig. 4.1A). After confirming NOXA accumulation in a multiple 

myeloma cell line, we next wanted to observe NOXA expression in response to PIs in TNBC cell 

lines. The sensitivity graphs of these TNBC cell lines to PIs are shown earlier (Fig. 3.1). MDA-

MB-231 cells were pulse-treated with 200nM Btz for one hour and collected 1, 2, 4, 6, or 8 hours 

from the start of treatment (Fig. 4.2B), and NOXA accumulation was observed as early as four 

hours from the start of treatment, with the most accumulation occurring at 8 hours. NOXA 

expression was quantified and graphed below the blot. Next, MDA-MB-231 cells were pulse-

treated with 1000, 500, 250, 125, or 62.5 nM Cfz or Btz for one hour and collected 8 hours from 

the start of treatment (Fig. 4.1C). We observed NOXA accumulation occurring in doses as low as 

62.5nM. SUM149 cells showed NOXA accumulation at 12 hours at 200nM and 1μM Cfz (Fig. 

4.1D). MDA-MB-468 cells also showed NOXA accumulation in response to Cfz (Fig. 4.1E). 
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Figure 4.1 TNBC cell lines' sensitivity to Proteasome inhibition 

A. INA6 cells were pulse-treated with the indicated dose of Btz or Cfz for one hour. Cells 

were then incubated in fresh media and collected at 2, 4, and 8 hours from the start of the 

treatments. NOXA expression was measured using western blotting.  

B. MDA-MB-231 cells were pulse-treated with 200nM Btz for one hour and collected at the 

indicated hours. Quantification of the western blot is graphed.  

C. MDA-MB-231 cells were pulse-treated with decreasing doses of Cfz or Btz and collected 

8 hours from the start of treatment.  

D. SUM149 cells were pulse-treated with 200nM or 1μM Cfz for one hour and incubated in 

fresh media till collection time. Cells were collected 12, 18, and 24 hours after the start of 

treatments. 

E. MDA-MB-468 cells were pulse-treated with 100nM or 1μM Cfz for one hour and 

incubated in fresh media till collection time. Cells were collected 12, 16, 18, and 24 hours 

after the start of treatments. 

 

Figure 4.1 TNBC cell lines' sensitivity to Proteasome inhibition 

F. INA6 cells were pulse-treated with the indicated dose of Btz or Cfz for one hour. Cells 

were then incubated in fresh media and collected at 2, 4, and 8 hours from the start of the 

treatments. NOXA expression was measured using western blotting.  

G. MDA-MB-231 cells were pulse-treated with 200nM Btz for one hour and collected at the 

indicated hours. Quantification of the western blot is graphed.  

H. MDA-MB-231 cells were pulse-treated with decreasing doses of Cfz or Btz and collected 

8 hours from the start of treatment.  

I. SUM149 cells were pulse-treated with 200nM or 1μM Cfz for one hour and incubated in 

fresh media till collection time. Cells were collected 12, 18, and 24 hours after the start of 

treatments. 

J. MDA-MB-468 cells were pulse-treated with 100nM or 1μM Cfz for one hour and 

incubated in fresh media till collection time. Cells were collected 12, 16, 18, and 24 hours 

after the start of treatments. 
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Similar to what was expected and observed in multiple myeloma, the TNBC cell lines also 

showed NOXA accumulation occurring in response to Cfz and Btz. However, NOXA 

accumulation does not directly indicate that NOXA mediates apoptosis in response to PI. 

Apoptosis may occur in an NOXA-independent manner, or NOXA may not be the primary 

regulator. To determine the role NOXA plays in PI-induced apoptosis, we used siRNA to knock 

down NOXA expression and measured the change in caspase activity in response to PIs. TNBC 

cells were transfected with siRNA in fresh media the day after they were plated. Cells were then 

treated with PIs 72 hours after transfection. We typically use two different siRNAs for each 

knockdown to verify the validity of the siRNA; however, we were only able to use one NOXA 

siRNA for our experiments, as only one was able to effectively knock down NOXA expression.  

 

Because NOXA accumulation is associated with apoptosis, we did not expect to find significant 

NOXA expression under basal conditions. We therefore treated the transfected MDA-MB-231 

cells with 1 μM Cfz for one hour and then collected them 18 hours from the start of the treatment 

(Fig. 4.2A). Cells transfected with scrambled siRNA had NOXA expression in response to 1 μM 

Cfz, which was rescued in cells with NOXA knocked down (Fig. 4.2A). We next verified the 

effectiveness of our NOXA siRNA in MDA-MB-468 cells (Fig. 4.2B). MDA-MB-468 cells were 

either transfected with no siRNA or transfected with NOXA siRNA for 72 hours. Following 

transfection, the cells were treated with either 300 nM Btz or 300 nM Cfz for 1 hour and then 

collected 6 hours after the start of treatment. We observed that in response to NOXA siRNA, 

NOXA accumulation was rescued in response to both Cfz and Btz, resulting in a decrease in 

apoptosis, compared to cells transfected with scrambled siRNA, as measured by PARP/Cl-PARP 

using western blotting (Fig. 4.2B). Additionally, MDA-MB-231 cells were transfected with 
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scrambled siRNA (C1) or NOXA siRNA and treated with increasing doses of Cfz for 1 hour. 

Afterward, they were collected 18 hours after the start of treatment (Fig. 4.2C).  We observed 

that the knockdown of NOXA expression reduced the percentage of apoptotic cells at all doses of 

Cfz. To build on this, we wanted to see the rescue effect NOXA KD would have at an earlier 

time point in response to Btz and Cfz. We treated MDA-MB-231 cells that were transfected with 

scrambled siRNA or NOXA KD siRNA, with 200nM Btz or 400nM Cfz and collected the cells 9 

hours after the start of treatments (Fig. 4.2D). We observed a significant rescue in apoptotic cells 

in cells with NOXA KD, compared to cells transfected with scrambled siRNA.  
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Figure 4.2 NOXA upregulation occurs in response to proteasome inhibition. This 

upregulation is seen with cell death occurring. 

A. MDA-MB-231 cells were transfected with scrambled siRNA or NOXA KD siRNA and 

pulse-treated with 1 μM Cfz. Cells were collected 18 hours after the start of the treatment. 

B. MDA-MB-468 cells were either transfected with NOXA KD siRNA or no siRNA. Cells 

were pulse-treated with 300 nM Btz and Cfz and collected 6 hours after the start of the 

treatment. NOXA and PARP/Cl-PARP expression was measured using western blotting. 

C. MDA-MB-231 cells were transfected with scrambled siRNA or NOXA KD siRNA. Cells 

were then pulse-treated with the indicated dose of Cfz. Cells were then collected 18 hours 

after the start of the treatments, and apoptosis was measured using flow cytometry. n=1. 

D. MDA-MB-231 cells were transfected with scrambled siRNA or NOXA KD siRNA. Cells 

were pulse-treated with 200 nM Btz or 400 nM Cfz for one hour and collected 9 hours 

from the start of treatment. Apoptosis was measured using flow cytometry. n=1. 

 

Figure 4.3 Lack of Rescue effect in ATF3 knocked down cellsFigure 4.2 NOXA 

upregulation occurs in response to proteasome inhibition. This upregulation is seen with 

cell death occurring. 

E. MDA-MB-231 cells were transfected with scrambled siRNA or NOXA KD siRNA and 

pulse-treated with 1 μM Cfz. Cells were collected 18 hours after the start of the treatment. 

F. MDA-MB-468 cells were either transfected with NOXA KD siRNA or no siRNA. Cells 

were pulse-treated with 300 nM Btz and Cfz and collected 6 hours after the start of the 

treatment. NOXA and PARP/Cl-PARP expression was measured using western blotting. 

G. MDA-MB-231 cells were transfected with scrambled siRNA or NOXA KD siRNA. Cells 

were then pulse-treated with the indicated dose of Cfz. Cells were then collected 18 hours 

after the start of the treatments, and apoptosis was measured using flow cytometry. n=1. 

H. MDA-MB-231 cells were transfected with scrambled siRNA or NOXA KD siRNA. Cells 

were pulse-treated with 200 nM Btz or 400 nM Cfz for one hour and collected 9 hours 
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We were able to confirm that the knockdown of NOXA resulted in a rescue from apoptosis in 

response to PIs. While knockdown of NOXA did not completely rescue cells from PI-induced 

apoptosis (Fig. 4.2B), there was a large reduction in the cytotoxic effects of proteasome 

inhibitors, suggesting that NOXA plays a key role in mediating PI-induced apoptosis. Since we 

have verified that NOXA plays a significant role, we next aimed to identify the pathways 

mediating NOXA upregulation. 

 

Regulators of NOXA accumulation 

NOXA has been found to be upregulated by different proteins in response to various stressors. In 

multiple myeloma, proteasome inhibitors are believed to induce NOXA accumulation through 

the ATF4/ATF3 pathway(183,184), which is downstream of eIF2α, a component of the unfolded 

protein response. In addition to ATF4/ATF3, NOXA upregulation can occur through activation of 

JNK, which is part of the MAPK signaling cascade, or through c-myc. C-myc has been found to 

upregulate NOXA either through direct upregulation of NOXA or through signaling cascades.  

 

We wanted to investigate each potential mechanism to find which is responsible for NOXA 

accumulation in response to PIs. We investigated the dephosphorylation of eIF2α and the 

changes in downstream signaling in Chapter 3. In this Chapter, we examine the role of ATF3 in 

NOXA signaling. In addition, we study JNK activation and the role it plays in NOXA 

accumulation, and how c-myc affects NOXA upregulation in response to PIs in TNBC cells. 
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Transcription factors downstream of eIF2α do not regulate NOXA accumulation 

While we did not observe eIF2α phosphorylation in response to PIs, we wanted to see if the 

downstream pathway was still responsible for NOXA upregulation. In multiple myeloma cells, 

ATF3 is thought to upregulate NOXA expression(184). ATF3, which is downstream of ATF4, can 

be upregulated by p-eIF2α. ATF3 is upregulated by ATF4, which is directly upregulated by eIF2α 

phosphorylation. While we showed that eIF2α is not phosphorylated in the previous chapter, 

ATF3 can be activated through other eIF2α-independent pathways(190,191). First, we wanted to 

confirm that ATF3 is upregulated by PIs. If so, we wanted to confirm ATF3’s role in regulating 

NOXA’s expression and, if ATF3 is key to regulating NOXA, identify which factor activated 

ATF3. To test the role of ATF3 in regulating NOXA, we used siRNA to knock down ATF3 and 

assessed whether it rescued cells from NOXA accumulation.  

 

Since ATF3 transcription factor directly upregulates NOXA transcription in multiple myeloma 

cells(184,192,193), we first wanted to confirm that ATF3 is upregulated in response to PIs (Fig. 

4.3A). MDA-MB-231 cells were pulse-treated with 100nM Cfz and collected 6 hours from the 

start of treatments. We observed an increase in ATF3 in response to Cfz. After confirming that 

PIs induce ATF3 upregulation, we next wanted to study whether ATF3 upregulates NOXA. 

While we typically use two different siRNAs for each knockdown to verify the validity of the 

siRNA, we were only able to use one ATF3 siRNA molecule, as one of the molecules tested had 

a strong knockdown effect on ATF3. This molecule was previously used by our lab.  
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MDA-MB-231 cells were transfected with scrambled siRNA or siRNA to knock down ATF3 or 

NOXA (Fig. 4.3B). We observed that ATF3 was knocked down in cells transfected with ATF3 

KD siRNA. In response to 300nM Btz or 300nM Cfz, MDA-MB-231 cells with ATF3 KD did 

not express ATF3 but still had NOXA expression (Fig. 4.3B). We then tested this in MDA-MB-

468 cells. In response to 500 nM Cfz, MDA-MB-468 cells treated with ATF3 siRNA did not 

express ATF3, but still upregulated NOXA. MDA-MB-468 cells transfected with NOXA KD did 

not have any NOXA expression in response to Cfz (Fig. 4.3C). Apoptosis was measured in 

MDA-MB-231 cells with scrambled siRNA, or ATF3 or NOXA KD (Fig. 4.3D). We did not 

observe a rescue in apoptosis in cells with ATF3 KD, but there was a rescue effect in cells with 

NOXA KD (Fig. 4.3D). This data together suggests that ATF3 is not p-eIF2α-dependent and 

ATF3 does not mediate NOXA accumulation in response to PIs. Based on this, we wanted to 

investigate other pathways that could be upregulating NOXA in response to PIs.  
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Figure 4.3 Lack of Rescue effect in ATF3 knocked down cells 

A. Cells were pulse-treated with 100nM Cfz and collected 6 hours after the start of treatment.  

B. MDA-MB-231 cells were transfected with siRNA to knock down ATF3, NOXA, or 

scrambled siRNA for 72 hours. Cells were then pulse-treated with 1 μM Cfz for one hour and 

collected 18 hours after the start of treatment. 

C. MDA-MB-468 cells were transfected with scrambled siRNA or siRNA to knock down ATF3 

or NOXA for 72 hours. Cells were then pulse-treated with 500 nM Cfz and collected.  

D. MDA-MB-231 cells were transfected with the indicated siRNA for 72 hours. Cells were then 

pulse-treated with 1μM Cfz and collected 18 hours from the start of treatments. n=1. 
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JNK activation does not mediate NOXA accumulation in response to PIs 

We have ruled out that ATF3 is not playing a key role in NOXA regulation, suggesting that an 

alternative mechanism is regulating NOXA accumulation, such as JNK or c-myc. The JNK 

pathway has been shown to play a major role in apoptosis in response to different stressors. C-

jun N-terminal kinase (JNK) is part of the MAPK signaling cascade pathways. The MAPK 

signaling pathway is one of the major signaling systems in cells, playing a role in a diverse range 

of cellular processes, including cell survival/death and development. TNF-α, NF-κB, JSAP1 JIP, 

and β-arrestin have been found to regulate JNK activity. TNF-α is a proinflammatory cytokine 

that can upregulate JNK signaling. On the other hand, NF-κB has been found to inhibit JNK 

signaling, though it is downstream of TNF-α. NK-κB is a transcription factor that has been found 

to have anti-apoptotic properties and to regulate apoptosis, cell proliferation, and 

differentiation(194). However, NF-κB has been found not to be the major factor mediating 

sensitivity to PIs(85). JNK has been found to upregulate ATF3, which in turn upregulates 

NOXA. JNK activity can be measured through the phosphorylation of its substrate, c-Jun, using 

Western blot imaging. To determine the role of JNK in proteasome inhibitor-induced apoptosis, 

we measured NOXA expression and c-Jun phosphorylation levels. In addition, phosphorylation 

activates JNK, which can drive NOXA expression(195,196). Therefore, we evaluated NOXA 

expression in cells co-treated with a JNK inhibitor and Cfz.  

 

We observed (Figure 4.4) that Cfz activates JNK, as measured by p-c-jun, and an increase in 

NOXA expression. In response to the JNK inhibitor alone, there was no NOXA accumulation, 

showing that the inhibitor by itself was not toxic to the cells. In cells treated with the JNK 

inhibitor and Cfz, there was a lack of -c-jun phosphorylation, meaning that the JNK pathway was 
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inhibited; however, we continued to observe NOXA accumulation. This suggests that while JNK 

activation does occur in response to proteasome inhibitors, it is not responsible for the PI-

induced upregulation of NOXA. This suggests that an alternative pathway is responsible for the 

accumulation of NOXA.  
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Figure 4.4 Inhibiting JNK signaling does not rescue cells from NOXA accumulation 

SUM149 cells were treated with 10 μM JNK inhibitor VIII, 300 nM Cfz, or a combination of 

both for one hour and collected at the indicated time points. JNK signaling activation was 

measured through p-c-jun expression. Thapsigargin was used as a positive control because it 

is a known activator of JNK. 
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Figure 4.5- Knockdown of c-myc rescues cells from apoptosisFigure 4.4 Inhibiting JNK 

signaling does not rescue cells from NOXA accumulation 

SUM149 cells were treated with 10 μM JNK inhibitor VIII, 300 nM Cfz, or a combination of 

both for one hour and collected at the indicated time points. JNK signaling activation was 

measured through p-c-jun expression. Thapsigargin was used as a positive control because it 

is a known activator of JNK. 
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C-myc regulates NOXA accumulation and sensitivity of TNBC cells to PIs 

C-myc can also upregulate NOXA expression in response to proteasome inhibitors(44,131). C-

myc is an oncogene referred to as a “master regulator” due to its role in controlling various 

aspects of cellular growth and metabolism. C-myc has been found to upregulate NOXA through 

several different mechanisms.  

C-myc can directly upregulate NOXA(44) or through signaling cascades downstream(131). To 

determine the mechanism by which c-myc plays a role in mediating the sensitivity of proteasome 

inhibitors in TNBC cells, we first investigated whether c-myc is upregulated in response to PIs, 

and verified if our c-myc siRNAs were knocking down c-myc expression (Fig. 4.5A). We 

transfected SUM 149 cells with no siRNA or one of our c-myc siRNAs and then pulse-treated 

the cells with 100nM Cfz (Fig. 4.5A). We observed an increase in c-myc expression in response 

to 100nM Cfz in the non-transfected cells, while there was a lack of c-myc expression in the cells 

transfected with c-myc siRNA (Fig. 4.5A). 

 

We transfected MDA-MB-231 cells with c-myc siRNA and treated them with 100nM Cfz, then 

collected them at 3, 6, and 9 hours after treatment. We measured c-myc and NOXA expression 

via Western blot. We observed (Fig. 4.5B) that in response to Cfz, there is an increase in c-myc 

expression, which was accompanied by NOXA accumulation.  

 

To measure the effect of c-myc on NOXA accumulation, we knocked down c-myc expression 

using siRNA. We observed that in response to 100nM Cfz, cells with c-myc knocked down did 

not upregulate c-myc, verifying that our transfection was successful in MDA-MB-231 cells, in 



114 

 

addition to SUM 149 cells (Fig. 4.5B). Corresponding to a lack of c-myc upregulation, we 

observed no NOXA accumulation in response to PIs (Fig. 4.5B). Our results were verified by 

using flow cytometry to measure apoptosis. We observed that c-myc knockdown significantly 

rescued cells from Btz and Cfz (Fig. 4.5C).  
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Figure 4.5 Knockdown of c-myc rescues cells from apoptosis 

A. SUM 149 cells were transfected with no siRNA, or one of the c-myc siRNAs 72 hours prior 

to treatments. Cells were then pulse-treated with 100nM Cfz and collected at the indicated 

time points  

B. MDA-MB-231 cells were transfected with scrambled siRNA or c-myc siRNA 72 hours prior 

to treatment and collected at the indicated time points. 

C. MDA-MB-231 cells were transfected with scrambled siRNA or c-myc siRNA 72 hours prior 

to 1-hour pulse-treatment with either Btz or Cfz. Cells were collected 18 hours from the start 

of treatments and apoptosis was measured using flow cytometry. n = 2 
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Based on the rescue effect knocking down c-myc had on TNBC cells, we wanted to identify the 

mechanism by which c-myc was regulating PI-induced apoptosis.  

 

C-myc has been found to regulate NOXA directly and through signaling cascades. Additionally, 

c-myc has been found to affect protein synthesis. We aimed to determine whether c-myc affects 

protein synthesis in TNBC cells and whether this mechanism is responsible for its upregulation 

of NOXA.  

 

In Figure 4.6, cells were treated with a combination of Cfz and CHX, resulting in a rescue in 

NOXA accumulation. This suggests that c-myc induction of newly synthesized NOXA is 

dependent on protein synthesis, but this does not rule out direct activation of NOXA by c-myc. 

 

In the future, we will want to directly study the effects of c-myc on protein synthesis in TNBC 

cells. We will use siRNA to knock down c-myc and measure basal protein synthesis using 

puromycin incorporation. While we did perform this experiment in the past, the results were 

inconsistent and so further repeats need to be performed. 
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Figure 4.6 The effect of c-myc on basal protein synthesis  

MDA-MB-468 cells were pulse-treated with 500nM Cfz and then treated with 100 ng/ml 

Chx. Cells were collected 18 hours after the start of treatments. 

 



118 

 

Given the changes observed in basal protein synthesis rates and their potential role in sensitizing 

TNBC cells to PIs, we sought to investigate other factors that c-myc may regulate to sensitize 

TNBC cells. We considered the possibility that c-myc may be affecting proteasome activity, 

either by downregulating the number of proteasomes in the cell or affecting their activity. 

 

We measured β5 activity to see how it changes in basal conditions in response to c-myc 

knockdown. We used β5 as a measurement for proteasome activity because that is the primary 

active site on the proteasome responsible for protein breakdown and is the primary target for 

most proteasome inhibitors. We observed a large reduction in β5 activity in response to c-myc 

knockdown in basal conditions (Figure 4.7). The result suggests that c-myc upregulates 

proteasome activity. This result is further validated in the literature in various other 

tumors(197,198), though they did not directly show the upregulation of protein synthesis.  

 

We observed that cells with c-myc knocked down had a decrease in β5 activity (Fig. 4.7), which 

may be attributed to the decreased basal protein synthesis rate observed in these cells (Fig. 4.6A).   
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Figure 4.7 Decrease in β5 activity in c-myc knocked down cells 

β5 activity was measured in MDA-MB-231 cells by the detection of cleaved β5 substrate 

LLVY-AMC. Cells were transfected with two different siRNA molecules 72 hours prior to 

collection. n=1. 

 

Figure 5.1 Activation of the UPR armsFigure 4.7- decrease in β5 activity in c-myc knocked 

down cells 

β5 activity was measured in MDA-MB-231 cells by the detection of cleaved β5 substrate 

LLVY-AMC. Cells were transfected with two different siRNA molecules 72 hours prior to 

collection. n=1. 
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Discussion 

Given that we found in Chapter 3 that the pathway by which proteasome inhibitors induce 

apoptosis was not through the phosphorylation of eIF2α as we thought, we wanted to identify the 

apoptotic protein responsible for inducing apoptosis. It was previously proposed that NOXA is 

the pro-apoptotic protein that induces apoptosis in MM cells in response to PI, and while the 

pathway upstream appears to vary from what we initially expected, NOXA continued to be 

upregulated in MM and TNBC cells in response to PIs. To verify the significance of NOXA, we 

performed knockdown studies and found that the knockdown of NOXA led to rescuing cells 

from PI-induced apoptosis, though it was not a complete rescue, suggesting an alternative 

mechanism may also be contributing to PI-induced apoptosis, though it is not as significant as 

NOXA. Further work is needed to identify the other pro-apoptotic protein that may play a role. 

Based on literature searches(122,199,200), I believe it could be the pro-apoptotic protein BIM. 

BIM is a pro-apoptotic protein, like NOXA, that has been found to be upregulated in response to 

Btz(199). BIM has also been associated with regulating MYC-induced apoptosis, unlike other 

pro-apoptotic proteins such as PUMA(200).  

 

We next sought to identify the mechanism regulating NOXA accumulation in response to PIs and 

found that c-myc plays a key role in regulating NOXA accumulation in response to PIs in TNBC 

cells. C-myc is a common oncoprotein that is upregulated in several types of cancer and can 

upregulate NOXA through multiple mechanisms. Here we have established that c-myc is a key 

regulator of NOXA accumulation in TNBC cells in response to PIs and it is through this 

mechanism that PIs induce apoptosis. Future directions of this work will involve identifying the 

exact mechanism by which c-myc upregulates NOXA in TNBC cells. One potential mechanism 
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by which c-myc could upregulate NOXA is by directly interacting with NOXA’s promoter(44). 

To further validate c-myc’s role in inducing NOXA accumulation in TNBC cell lines, we will 

select TNBC cell lines that do not have c-myc expression and measure their sensitivity to PIs. 

Linking c-myc expression and NOXA upregulation in response to PIs in TNBC cells is 

significant because it could open a therapeutic window for using PIs in TNBC patients with high 

c-myc expression.  

 

In this chapter, I demonstrated that NOXA accumulation occurs in response to PIs in an eIF2α-

independent manner. NOXA upregulation appears to be associated with c-myc expression, and 

the knockdown of c-myc results in a rescue from NOXA accumulation. C-myc’s effect on NOXA 

accumulation appears to be regulated through protein synthesis, but this does not rule out the 

possibility of c-myc upregulating NOXA directly through the promoter for NOXA. This 

possibility will be further investigated by our lab.  
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Chapter 5: Conclusions and future directions 

 

A lack of eIF2α phosphorylation in response to proteasome inhibition in TNBC cells 

Proteasome inhibitors, such as Btz and Cfz, are currently approved for the treatment of multiple 

myeloma and mantle cell lymphoma. While they are effective in those cancers, studies have 

shown they are effective in other cancers and cell lines as well. Studies conducted by Petrocca et 

al(154) and our lab confirmed that TNBC cell lines are sensitive to proteasome inhibitors. 

Multiple myeloma cells produce antibodies, which increase the load on the proteasome, which 

sensitizes them to proteasome inhibitors. However, TNBC cells do not produce antibodies, 

suggesting that the mechanism sensitizing them to proteasome inhibitors differs, and the pathway 

by which PIs induce apoptosis in TNBC cells may vary, too. While eIF2α is expected to be 

phosphorylated in MM cells in response to PIs, we observed a lack of eIF2α phosphorylation, 

and in some cases, we even observed dephosphorylation in TNBC cells. The phosphorylation of 

eIF2α results in an inhibition of global protein synthesis. A lack of eIF2α phosphorylation would 

suggest that protein synthesis is not being inhibited, and therefore, the proteasome is under 

elevated stress. This inability to reduce protein synthesis could be a mechanism by which TNBC 

cells are sensitized to PIs. 

 

While we could not detect eIF2α phosphorylation, we wanted to verify the activation of the other 

UPR arms, other than PERK. We measured IRE1α/XBP1 activation and ATF6 activation in 

response to proteasome inhibitors. If any of the eIF2α kinases are being activated, but eIF2α is 

not being phosphorylated, it would suggest that something was preventing the kinases from 
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inducing their effects on eIF2α. XBP1 activation can be measured by comparing the XBP1 

unspliced variant expression to the spliced variant. We observed a lack of XBP1 spliced variant 

in response to 500nM and 1μM Cfz (Fig. 5.1A). We observed that IRE1α phosphorylates in 

response to 500 nM and 1μM Cfz, but at 9 hours and 18 hours (Fig. 5.1B), which does not 

correlate with phosphorylation of eIF2α. In addition, we observed processed ATF6 at 18 hours in 

response to 500nM Cfz (Fig. 5.1C), which also did not translate to eIF2α phosphorylation. The 

time points where ATF6 and IRE1α activation were observed occurred later than when apoptosis 

was observed in chapters 3 and 4. This suggests that the IRE1α and ATF6 activation do not play 

a role in PI-induced apoptosis.  

 

Another factor that could be causing a lack of eIF2α phosphorylation is eIF2B, a guanine 

exchange factor. eIF2B functions to reload the eIF2 complex with GTP, allowing it to engage in a 

new round of translation initiation(201). The phosphorylation of eIF2α converts the eIF2 

complex from a substrate into a competitive inhibitor of eIF2B(201,202). The eIF2B complex is 

limited in cells and is present in lower abundance than eIF2 in cells(201). In cases where eIF2B 

is elevated, eIF2B would be able to outcompete p-eIF2α and prevent more of the eIF2 complex 

from becoming phosphorylated. eIF2B could be upregulated at baseline in TNBC cells, which 

could partially explain why TNBC cells are sensitive to PIs, or PIs could prevent eIF2B 

degradation, leading to its accumulation. 
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Figure 5.1 Activation of the UPR arms 

A. MDA-MB-231 cells were pulse-treated with 500nM or 1μM Cfz and collected at the 

indicated time points. XBP1 splicing was imaged on a 3.5% gel. 

B. MDA-MB-231 cells were pulse-treated with 500nM or 1μM Cfz and collected at the 

indicated time points. Proteins were imaged using western blotting. Quantification of the blot 

standardized to change from untreated 1 hour is shown below the blot. 

C. MDA-MB-231 cells were pulse-treated with 500nM Cfz and collected at the indicated time 

points. Proteins were imaged using western blotting. 

 

 



125 

 

Lack of protein synthesis in response to proteasome inhibition 

This work found that CReP and GADD34 are upregulated in response to proteasome inhibitors. 

The effect of CReP on eIF2α dephosphorylation was not consistently reproducible, and GADD34 

was found not to play a role in mediating eIF2α phosphorylation status. However, both proteins 

were found to mediate PI-induced apoptosis at 8 hours. In this work, longer half-lives of CReP 

and GADD34 were observed, which could be explained by partial proteasome inhibition induced 

by proteasome inhibitors. The longer half-lives observed could be how CReP and GADD34 

induce their effects. Additionally, GADD34 is regulated transcriptionally; therefore, studies are 

needed to determine if there is transcriptional upregulation. This could potentially be achieved by 

using a combination of proteasome inhibitors and transcriptional inhibitors, such as actinomycin 

D, to see the effect on GADD34 expression.  

 

NOXA accumulation has been observed in MM cells in response to PIs and is considered to play 

a key role in mediating PI-induced apoptosis. NOXA accumulation was believed to occur 

downstream of eIF2α phosphorylation-dependent upregulation of ATF4. While we observed a 

lack of eIF2α phosphorylation, we did observe increases in ATF4 and ATF3; however, 

knockdown studies of both transcription factors led us to believe that neither plays a role in 

upregulating NOXA in response to PIs in TNBC cells.  

 

We found that c-MYC plays a key role in mediating NOXA in TNBC cells in response to PIs in 

Chapter 4. Knockdown of c-MYC rescued cells from NOXA accumulation and PI-induced 

apoptosis. Knockdown of c-MYC also affected protein synthesis and β5 activity (a proteasomal 
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catalytic site). c-MYC can upregulate NOXA expression through multiple mechanisms, 

including direct binding to the NOXA promoter. This is a question that we will be looking to 

answer in future studies. In addition, we want to investigate the mechanism by which c-MYC 

regulates β5 activity. Given the lack of eIF2α phosphorylation and our finding that c-MYC 

affects protein synthesis, we also want to investigate how these two mechanisms potentially 

interact. Figure 5.2 illustrates the pathways investigated in this dissertation. 
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Figure 5.2 The regulators of NOXA investigated in this dissertation 
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In this study, we use the puromycin incorporation assay to measure protein synthesis. As 

described in Chapter 3, the rate of puromycin incorporation is proportional to the rate of protein 

synthesis. However, polypeptides, including those with puromycin incorporated, are constantly 

synthesized and degraded until the rates of synthesis and degradation reach an equilibrium. We 

are then able to visualize the rate of protein synthesis via western blotting. While this method is 

effective, it can pose challenges when studying changes in protein synthesis rate in response to 

proteasome inhibitors. Because proteasome inhibitors impair the proteasome from breaking 

down proteins, it will lead to an increase in puromycin incorporation readout, but we would not 

be able to distinguish whether the increase in puromycin incorporation caused by PIs is due to an 

increase in protein synthesis or due to an impairment in protein breakdown. To overcome this 

challenge, we used the THRONCAT method to directly assess whether proteasome inhibition 

increases protein synthesis. THRONCAT is a metabolic labeling method based on Threonine-

derived non-canonical amino acid tagging. This method uses a bioorthogonal threonine analog, 

β-ethynylserine (βES), incorporated into nascent proteins(203). Existing labeling methods, such 

as bioorthogonal methionine analogs, azidohomoalanine (AHA) and homopropargylglycine 

(HPG), and puromycin analog O-propargyl-puromycin (OPP), can be used to study changes in 

the rate of protein synthesis; however, each method has flaws. OPP can label newly synthesized 

proteins quickly and in complete growth media(203). Still, OPP is toxic to cells and can lead to 

truncated proteins that are unstable and proteolytically degraded within an hour(203). Labeling 

with AHA and HPG is less toxic but poorly incorporated into proteins and treating cells in media 

depleted of intracellular methionine pools requires treatment(203). THRONCAT, a method 

developed by the Bonger lab, is a novel labeling method allowing fast, efficient, and non-toxic 

incorporation of amino acid analogs. At the same time, cells are grown in complete media(203). 
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We treated cells with βES or puromycin following treatments with PIs. After harvesting, the 

incorporated βES was conjugated with Cy-5-azide fluorophore via click chemistry. The rate of 

newly synthesized proteins using βES was then measured using in-gel fluorescence, while cells 

treated with puromycin were imaged via western blotting.  
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Figure 5.3 Proteasome inhibition did not cause an increase in newly synthesized proteins 

MDA-MB-231 cells were treated with 500nM Btz for an hour before being collected at the 

indicated time. Samples containing 1mM βES were treated with βES 1 hour before collection 

time. Cells treated with puromycin were treated with puromycin 30 minutes prior to 

collection time. 

 



131 

 

We found that in response to PIs, there was no increase in newly synthesized proteins (Fig. 5.2); 

however, this experiment was conducted only once, and we could not perform more repeats 

because we did not have enough reagents for this study, which are not commercially available. 

Our results from puromycin incorporation suggested that there was no increase in protein 

synthesis in response to PIs in SUM149 cells. In MDA-MB-231 cells, there was a decrease in 

protein synthesis at two hours, after which it stayed steady (Figure 3.7). Taken together, the 

puromycin incorporation data and the THRONCAT data show no increase in newly synthesized 

proteins. 

 

CReP and GADD34’s role in mediating PI-induced apoptosis was believed to be through the 

dephosphorylation of eIF2α. However, the data suggests that CReP and GADD34 do play a role 

in mediating the effects of PI-induced apoptosis (Figure 3.16), but the lack of dephosphorylation 

of eIF2α and a lack of increase in protein synthesis in response to PIs leads us to believe that 

CReP and GADD34 may be playing a role in mediating PI-induced apoptosis through a novel 

mechanism. This will be further investigated by our lab in the future.  

 

PTEN’s role in sensitizing TNBC cells to proteasome inhibitors 

Other factors may be mediating PI-induced apoptosis. As discussed in Chapter 1, PTEN status in 

cells has been found to affect sensitivity to proteasome inhibitors. PTEN functions by blocking 

the activation of AKT and mTOR. PTEN deficiency was found to increase proteasome 

proteolytic activity and facilitate the effect of proteasome inhibitors in cholangiocarcinoma(43). 

This has also been observed in other types of cancer(40,43,51,93). PTEN deficiency may explain 
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why TNBC cells are sensitive to PIs. A study found that 35% of TNBC tumors contained a 

PTEN deficiency(204,205). A future direction for this study will be to identify the status of 

PTEN expression in the TNBC cell lines used. We would like to categorize multiple TNBC cell 

lines based on their PTEN expression status. We would then perform sensitivity experiments to 

determine if PTEN expression status affects sensitivity to PIs in triple-negative breast cancer 

cells. If cells with PTEN deficiency are found to be more sensitive to PIs than cells with PTEN 

expression, we would overexpress PTEN in the sensitive cells and study whether it leads to a 

loss of sensitivity. Additionally, we would knock down PTEN in cells containing PTEN 

expression and study whether that sensitizes those cells to PIs. 

 

Summary 

The work presented in this dissertation indicates that TNBC cells are sensitive to PIs and that 

NOXA is the primary pro-apoptotic protein driving apoptosis. This sensitivity is mediated by 

CReP and GADD34 through potentially novel mechanisms, as evidenced by the lack of eIF2α 

phosphorylation. In addition, c-myc appears to play a critical role in mediating PI-induced 

apoptosis by regulating NOXA. Further investigation into the mechanism by which c-myc 

upregulates NOXA in TNBC cells is recommended.  
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