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Figure 4.17: Lamin A cleavage in brain tumors of mice treated with vorinostat plus 
proteasome inhibitors. A) Representative images from IHC of cleaved lamin A in the 
brain tumors of mice treated for 2 weeks with combinations of vorinostat with BTZ or 
MRZ (40X). B) Average number of cells per 40X field positive for cleaved lamin A in 
mice from (A). 
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Summary 

 In this chapter, I examined questions of key clinical importance for proteasome 

inhibitors in GBM: the ability of the drugs to inhibit the proteasome in orthotopic brain 

tumors, and the combination effect of proteasome inhibitors with HDACi. Two separate 

proteasome substrates were examined, p21 and p27, in brain tumors of mice treated either 

with a single injection of proteasome inhibitors (p27) or with twice-weekly treatment for 2 

weeks (p21). Together, these results indicate that BTZ and MRZ do exert functional effects 

on proteasome substrates. Notably, MRZ seems to exert slightly stronger effects, particularly 

on p27, which was not elevated by BTZ treatment. 

 Combinations of proteasome inhibitors and HDACi revealed strong combination 

effects between both BTZ and MRZ and 2 pan-HDACi, vorinostat and panobinostat. 

Notably, a class I HDACi did not exert strong effects in combination with BTZ and MRZ. 

Examination of potential areas of crosstalk between the mechanisms of these drugs revealed 

that vorinostat reduces mRNA of the proteasome catalytic subunit PSMB5. This change in 

mRNA was indicative of functional effects, as both vorinostat and panobinostat decreased 

CT-L proteasome activity, both alone and in combination with proteasome inhibitors.  

 I also determined that the combination of proteasome inhibitors with vorinostat 

augmented caspase 9 cleavage, which was shown to be important for proteasome inhibitor-

induced death in Chapter 3. Following up on this result, I examined markers of caspase 

activation in orthotopic brain tumors from mice treated with BTZ, MRZ, and vorinostat for 2 

weeks. This experiment revealed minor increases in cleaved caspase 3 in brain tumors of 

mice only in the MRZ plus vorinostat group. Additional examination of the caspase substrate 

lamin A revealed that though there was a lack of single agent effects, increases in cleaved 
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lamin A were noted in mice treated either with MRZ plus vorinostat or BTZ plus vorinostat, 

with a slight trend toward greater lamin A cleavage in some of the brain tumors treated with 

MRZ plus vorinostat. 

 The results of this chapter indicate that BTZ and MRZ exert functional effects on 

proteasome substrates and induce activation of caspases and cleavage of the caspase substrate 

lamin A in orthotopic brain tumors. Trends such as increased p27 accumulation in brain 

tumors and increased lamin A cleavage in combination with vorinostat indicate that MRZ 

may have slightly more potent properties than BTZ in vivo. As I hypothesized, the work in 

this chapter provided insight into the clinical utility of BTZ and MRZ by demonstrating their 

ability to affect proteasome substrates as single agents and to induce death in combination 

with HDACi. 
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 The goal of this work was to characterize the proteasome inhibitory and death 

inducing properties of the proteasome inhibitors BTZ and MRZ in order to establish factors 

that contribute to their efficacy and their potential as therapeutic agents in GBM. This study 

also sought to provide in vivo evidence of the clinical feasibility of proteasome inhibition 

therapy in GBM by examining brain tumor permeance and combination therapy strategies to 

enhance the efficacy of BTZ and MRZ. 

Chapter 2 Discussion 

 Targeting standard proteasome subunits with BTZ and MRZ 

 The first goal of this study was to investigate the kinetics of proteasome inhibition by 

BTZ and MRZ. Past studies have indicated that MRZ causes longer-lasting proteasome 

inhibition in other cancer types such as leukemia, and this property is thought to be why 

MRZ induces greater cell death than BTZ in some model systems [160]. The potency of 

irreversible inhibitors was further established by studies of MRZ analogs. Different MRZ 

analogs were developed that were either irreversible due to the presence of a leaving group 

(LG analogs) in the chemical structure, or reversible due to the lack of a leaving group (non-

LG analogs) [60]. The irreversible LG analogs were found to induce more sustained 

proteasome inhibition and greater death than the non-LG analogs in myeloma and leukemia 

[60, 61, 161]. Therefore, the question of whether proteasome inhibitors cause sustained 

inhibition of proteasome activity is important for establishing their potential therapeutic 

efficacy. 

 In a panel of GBM cell lines, I found that BTZ actually caused more sustained 

inhibition of the chymotryptic-like proteasome activity than MRZ (Fig. 2.1). This was 

unexpected, as it was the opposite of what was seen in the previously mentioned studies in 
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hematologic malignancies. BTZ also exerted stronger effects on the caspase-like and trypsin-

like activities compared to MRZ (Fig. 2.2), which is counter to past studies that have 

indicated that MRZ is a stronger inhibitor of trypsin-like proteasome activity [62]. 

 To determine possible reasons why BTZ was causing more sustained inhibition of 

proteasome activity, I examined 2 possibilities: efflux of MRZ through P-glycoprotein and 

differential proteasome binding ability in GBM cells. When I used verapamil to inhibit P-

glycoprotein, I found that this did not enhance the activity of either BTZ or MRZ, indicating 

that it is not a major mechanism of efflux for either agent (Fig. 2.5). To examine binding to 

the proteasome, I examined inhibition of proteasomes by these agents in cell lysates (Fig. 

2.6). Interestingly, under these conditions, both BTZ and MRZ had similar effects on the 

chymotryptic-like proteasome activity at both early (1 h) and late (24 h) timepoints. Since 

BTZ and MRZ demonstrate similar inhibitory abilities in lysed cells, it is likely that some 

factor in the cellular milieu is attenuating MRZ, such as a compensatory increase in 

proteasome subunits, inactivating modifications such as oxidation, or drug metabolism.    

 A study of MRZ in mice characterized proteasome activity using fluorogenic 

substrates in a wide variety of tissues from 10 min to 24 h following intravenous injection 

with 0.15 mg/kg MRZ [99]. In this study, MRZ initially inhibited proteasome activity in 

several normal tissues including lung, liver, and kidney; however, proteasome activity in 

these cells recovered within 24 h. More sustained inhibition was only observed in the blood 

and in plasmacytoma tumors. This suggests that normal cells have a mechanism for 

recovering proteasome activity, even after treatment with an irreversible inhibitor. It is 

possible that GBM cells have a similar mechanism. One possible way this could occur is 

through increased production of new proteasome subunits. My data suggests that levels of the 
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catalytic subunit β5 remain steady after proteasome inhibitor treatment (Fig. 2.4) Recovery of 

proteasome activity could also occur through increased proteasome assembly, which can be 

facilitated by factors such as proteasome maturation protein (POMP), which facilitates 

formation of proteasome core particles [162]. Future experiments analyzing proteasome 

assembly, such as by analysis of POMP or by examination of assembled proteasome levels 

using native gel electrophoresis would be informative about whether MRZ-treated LN18 

cells recover proteasome activity through changes in assembled proteasomes. 

 Another explanation is that MRZ could be metabolized or subject to inactivating 

modifications in GBM cells. Past studies of BTZ have revealed that Vitamin C can directly 

bind to BTZ and inhibit its function [85]; similar mechanisms could exist for MRZ. 

Experiments that determine whether MRZ is sensitive to oxidation or other inactivating 

modifications would be informative on this issue. Pharmacodynamic studies of MRZ have 

indicated that it is relatively stable in vivo, indicating that drug inactivation does not seem to 

be a major issue [99]. In addition, the data presented in this study indicates that MRZ affects 

proteasome substrates in brain tumors 24 h after injection of mice (Fig. 4.1-2); therefore, the 

effects of MRZ are reasonably sustained in vivo. 

 As an additional measure of proteasome inhibition, I examined proteasome activity 

and DNA fragmentation after shorter pulse treatments (2–24 h) with BTZ and MRZ (Fig. 

2.7). This is an important indicator of clinical potential, as it likely mirrors in vivo conditions 

better than continuous treatment. Past experiments with radiolabeled MRZ indicated that the 

levels of MRZ in mouse blood and kidneys spiked within 30 min of treatment before quickly 

diminishing [163]. Under these conditions, it is important that the inhibitors can cause strong 

proteasome inhibition with only a short exposure time.  
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 In GBM cells, short (2 h) and long (24 h) exposure to MRZ had very similar effects in 

terms of reduction in proteasome activity and induction of cell death. However, BTZ 

required longer exposure times to cause significant effects, and effects on proteasome 

activity and death induction were amplified as exposure time increased. Therefore, while 

BTZ can cause stronger effects overall with continuous exposure, MRZ is more potent after 

brief exposure. This could have important implications for clinical efficacy. 

 Lastly, to further explore the kinetics of MRZ in GBM, I examined the effects of a 

variety of irreversible (LG) versus reversible (non-LG) analogs of MRZ (Fig. 2.8). Since 

MRZ-treated GBM cells recovered proteasome activity, I was curious to see if there was still 

a clearly defined difference between MRZ and its reversible analogs. I hypothesized that the 

irreversible nature of MRZ may be compromised in GBM, leading to a lack of distinction 

between these analogs. However, there were still clear differences between the two classes of 

agents; irreversible analogs caused longer lasting proteasome inhibition and greater decreases 

in viability compared to reversible analogs. Therefore, the presence of the LG still enhances 

the potency of MRZ. Interestingly, BTZ behaved more like one of the irreversible analogs in 

terms of degree of proteasome inhibition and decreases in viability at a dose that was 1/10 the 

dose of the MRZ analogs (10 nM BTZ versus 100 nM analogs). This indicates that BTZ is 

simply more potent in these cells. Future experiments focused on the effect of the proteasome 

inhibitors on various proteasome subunits and assembly as well as examination of drug 

metabolism in these cells could help explain the enhanced potency of BTZ compared to MRZ 

in vitro.  

 Though BTZ treatment was more advantageous in vitro, my data in an orthotopic 

brain tumor model indicated that MRZ more potently caused accumulation of proteasome 



120 

substrates, and also caused slightly stronger effects on death activation in combination with 

vorinostat. Therefore, MRZ may have increased clinical utility despite differences in the 

dynamics of proteasome inhibition in vitro. 

Targeting the immunoproteasome in GBM 

 Immunoproteasome subunits were found to be overexpressed in a subset of GBM 

tumors by immunohistochemistry [40], and my analysis of the REMBRANDT database 

showed that they are also more highly expressed in GBM tumors versus normal brain (Fig. 

2.9B). Further analysis of the REMBRANDT database showed that lower LMP7 (β5i) 

expression was associated with better overall survival of glioma patients (Fig. 2.10). 

Therefore, I hypothesized that targeting the immunoproteasome may be effective for GBM 

therapy. However, inhibiting the immunoproteasome with ONX-0914, a specific inhibitor of 

β5i, did not cause much cell death (Fig. 15). This is likely because the immunoproteasome 

constitutes only a fraction of the proteasome pool in GBM cells. Therefore, dual targeting of 

the standard and immunoproteasome may be a more effective therapeutic strategy. 

 For combination with standard proteasome inhibitors, I wanted to ensure the doses of 

ONX-0914 I was using were specifically targeting only the immunoproteasome. At high 

doses, ONX-0914 loses specificity and also inhibits β5. To ensure that the doses I was using 

were specifically inhibiting only the immunoproteasome, I used the ELISA-based ProCISE 

assay, which can measure binding of agents to each standard and immunoproteasome subunit 

(Fig. 2.12). Having established which doses were specific, I tested combinations of ONX-

0914 with BTZ and MRZ. The combinations did not show increases in DNA fragmentation, 

indicating that addition of a specific immunoproteasome inhibitor did not enhance the 

potency of either BTZ or MRZ. 
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 One main reason for this may be the fact that BTZ and MRZ can already affect 

immunoproteasome subunits on their own. Though the main target of these drugs is the 

standard proteasome, the active sites of the proteasome are so similar that the drugs often 

react with other subunits. It can be difficult to determine whether immunoproteasome activity 

is inhibited, as the fluorogenic substrates commonly used to measure proteasome activity do 

not distinguish between proteasome and immunoproteasome activity. Berkers et al. used a 

probe for proteasome active sites to demonstrate that BTZ can bind to multiple proteasome 

catalytic subunits, including β1i and β5i [43]. To really determine whether targeting the 

immunoproteasome enhances ubiquitin-proteasome system targeting in GBM, it would be 

necessary to use an agent that specifically targets only the standard proteasome; its lack of 

immunoproteasome-targeting would need to be confirmed with a specific assay such as 

ProCISE. Then, combinations of standard and immunoproteasome targeting could be more 

accurately studied. However, from a therapeutics perspective, this data indicates that 

additional targeting of the immunoproteasome does not enhance the efficacy of BTZ or 

MRZ.  

 It is unknown whether upregulation of immunoproteasomes could be a mechanism of 

resistance to standard proteasome inhibitors in GBM. A past study demonstrated that a 

specific inhibitor of β1i, IPSI-001, was able to induce death in myeloma cells resistant to 

BTZ [63]. Though ONX-0914 was not effective in the current study, it would be interesting 

to study whether it can induce death in GBM cells that are resistant to BTZ, such as those 

that have been continuously exposed to increasing doses of BTZ or MRZ to select for 

resistant cells.   

Targeting of regulatory cap elements: PA28γ 
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 Though the proteasome has several alternative regulatory cap subunits, PA28γ is 

relevant to this work because it has been found to be expressed at high levels in the brain 

[35], and reports indicate that it may regulate important cellular functions such as ubiquitin-

independent degradation of select proteins including the cell cycle regulator p21 [36]. For 

these reasons, I hypothesized that PA28γ might play a role in GBM.  

 Though PA28γ was expressed in GBM cell lines, knocking it down with siRNA did 

not enhance sensitivity to BTZ or MRZ (Fig. 2.14). This is likely because BTZ and MRZ 

cause strong inhibition of the catalytic activity of the proteasome, making targeting of a cap 

subunit redundant. Overall, additional targeting of PA28γ did not enhance the therapeutic 

efficacy of BTZ or MRZ. 

Chapter 2 Future Directions: The future of proteasome targeting in GBM 

 Experiments with proteasome inhibitors such as BTZ and MRZ have provided 

evidence that manipulation of the proteasome can be a useful strategy in cancer therapy. 

Looking forward, several other methods of targeting the ubiquitin-proteasome system are 

being developed that offer potential in two key areas: improved tolerability and increased 

specificity of targeting (Fig. 5.1). 

 Studies have frequently suggested that green tea has cancer preventative properties 

[164]. An interesting line of investigation has revealed that the polyphenol epigallocatechin-

3-gallate (EGCG) is an inhibitor of the proteasome. Specifically, EGCG inhibited 

chymotrypsin-like proteasome activity in purified proteasomes and Jurkat leukemia cells at 

doses that were suggested to be achievable in the serum of people who consumed green tea 

[165]. As a consequence, EGCG caused accumulation of p27 and cell cycle arrest in Jurkat 

cells. Since then, synthetic EGCG analogs have also been investigated for their proteasome 
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inhibitory abilities [166]. This line of work is an interesting example of a proteasome 

inhibitor from a natural product that appears to be non-toxic. Due to its tolerability, EGCG is 

frequently considered to have potential as a cancer preventive agent. Future experiments will 

reveal whether EGCG can augment other types of therapy specifically by inhibiting the 

proteasome. Notably, EGCG has been shown to antagonize BTZ, preventing it from 

inhibiting the proteasome [152]. Therefore, consumption of green tea polyphenols is 

contraindicated for patients receiving BTZ. The potential of EGCG lies in augmentation of 

other therapeutic strategies in a highly tolerable manner. 

 Another strategy for inhibition of the ubiquitin-proteasome pathway involves 

targeting of the ubiquitin conjugating system. This process can be targeted at numerous steps. 

Inhibitors of E1 activating enzymes have developed, including PYR-41, an agent that inhibits 

formation of the thioester bond between ubiquitin and the active site cysteine of E1 ubiquitin 

activating enzymes [167]. This agent blocks ubiquitination in cells, which is a fairly broad 

mechanism, as the E1 enzyme is responsible for all ubiquitin activation and is not specific for 

certain substrates.  

 More finely targeted inhibitors target E3 ubiquitin ligases. Cullins, which are 

components of cullin-RING E3 ubiquitin ligases, are modified by the addition of NEDD8, a 

small ubiquitin family member that is activated in a process similar to that of ubiquitin. The 

addition of NEDD8 to cullins is necessary for their activation. Inhibitors have been designed 

to target the NEDD8 activating enzyme, which therefore prevents activation of cullin-RING 

E3 ligases [168]. MLN4924, an inhibitor of NEDD8 activation, was shown to radiosensitize 

breast cancer cells in a manner dependent on p21 accumulation after cullin-RING ligase 

inhibition [169].  



β2 
β5 β1 

E1 

E2 

E3 

U 

U 

E2 U 

E3 
Substrate 

Substrate 

E3 
N 

N 

U 

Substrate 

BTZ 
MRZ 
EGCG 

ONX-0914 

siPA28γ 

MLN4924 

PYR-41 
E3 

substrate 
recognition 
inhibitors 

19S regulator 

20S core 

19S regulator 

standard 
proteasome 

immunoproteasome 

Figure 5.1: Targeting the ubiquitin-proteasome pathway. Inhibitors of the 
proteasome used in this study (highlighted in red, bold text) included inhibitors of the 
standard proteasome (BTZ and MRZ), immunoproteasome (ONX-0914) and PA28γ 
(siPA28γ). Other strategies for inhibiting protein degradation include inhibition of 
ubiquitin activating enzymes (PYR-41), inhibitors of E3 ligase substrate recognition, 
inhibitors of neddylation (MLN4924), and natural inhibitors of the proteasome (EGCG, 
epigallocatechin gallate) Abbreviations: N, NEDD8; U, ubiquitin. 
  

124 

β2i 
β5i β1i 



125 

 Attempts have been made to develop more direct inhibitors of E3 ligases that 

interfere with their ability to recognize and bind substrates [170, 171]. Since E3 ligases are 

responsible for specific substrate recognition and ubiquitylation, it is possible that targeting 

them could be honed for more specific inhibition of protein degradation. For example, S 

phase kinase-associated protein 2 (Skp2) has been shown to recognize both p21 and p27 and 

target them for proteasomal degradation as part of E3 ligase SCF (Skp1-Cullin1-F-box 

protein) complexes [172, 173]. Therefore, inhibition of this E3 ligase complex could prevent 

degradation of these important cell cycle regulators.  

 Notably, targeting the ubiquitin conjugating pathway would only inhibit ubiquitin-

dependent proteasome degradation; the proteasome is also capable of degrading some 

proteins independently of ubiquitin conjugation [174]. It will be interesting to determine 

whether more refined targeting of protein degradation can reduce toxicity while maintaining 

potent anticancer activity. 

 Perhaps most intriguing in the future of proteasome targeting is the possibility of 

specifically targeting the proteasomes that are assembled in response to the increased 

proteotoxic stress frequently present in cancer cells. A recent study in yeast reported a heat 

shock-induced protein, Adc17, that was specifically involved in assembly of proteasome 

regulatory caps under stress conditions [175]. Though no human homolog for Adc17 was 

identified by sequence analysis, it is possible that a functional homolog exists. Screens in 

mammalian cells that identify factors necessary for assembly of proteasomes specifically 

under stress conditions could provide intriguing targets for specific targeting of stress-

induced proteasomes in cancer cells.  
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 My work in this report has demonstrated that BTZ and MRZ strongly suppress 

proteasome activity, leading to accumulation of ubiquitinated substrates. Concordant avenues 

of investigation have presented new tools for inhibiting the ubiquitin-proteasome system, 

such as natural extracts and specific inhibitors of the ubiquitin conjugating system. Since 

strength and duration of proteasome inhibition have been linked to the anticancer efficacy of 

proteasome inhibitors such as BTZ and MRZ [61], new inhibitors must be tested to ensure 

they are capable of achieving desired effects on the function of this pathway. I have 

investigated some alternative targeting strategies, including an immunoproteasome inhibitor 

and knockdown of PA28γ, and have concluded that these strategies do not induce GBM cell 

death as single agents, nor do they enhance the activity of BTZ or MRZ. New agents should 

be tested in a similar manner in GBM. 

Chapter 3 Discussion 

Death induction by proteasome inhibitors in GBM 

 Having studied the dynamics with which BTZ and MRZ inhibited proteasome 

activity in GBM cells, I went on to investigate how that inhibition translated into effects on 

cell death. I examined multiple readouts of death and growth inhibition in GBM cells treated 

with proteasome inhibitors: viability by trypan blue exclusion, DNA fragmentation by 

propidium iodide staining, and colony growth in soft agarose (Fig. 3.1-3). 

 Proteasome inhibitors decreased viability and increased DNA fragmentation in GBM 

cells. BTZ caused these effects at lower doses than MRZ, which is consistent with my 

previous observations that BTZ caused longer-lasting proteasome inhibition than MRZ. 

Overall, however, GBM cells were sensitive to both BTZ and MRZ at reasonably low doses 

in the nanomolar range. These experiments establish that proteasome inhibition potently 
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induces death in GBM cells. Examination of the growth of colonies in soft agarose also 

showed inhibition of colony growth by BTZ and MRZ. 

 Proteasome inhibitors have been shown to induce caspase-dependent death in a 

variety of cancer cell types [66-68]; however, the dependence of proteasome inhibitors on 

caspases in GBM has not yet been established. This information is important for determining 

biomarkers of drug efficacy and for anticipation of mechanisms of drug resistance. 

Therefore, I set about examining the three initiator caspases: caspases 2, 8, and 9. I observed 

cleaved caspase bands, representing the initial steps of caspase activation, for all three 

initiator caspases after proteasome inhibition (Fig. 3.4). Activity of the executioner caspases 

3/7 was detected 16 and 24 h following proteasome inhibitor treatment. To test the 

hypothesis that caspase activation was an essential part of proteasome inhibitor-mediated cell 

death, I pre-treated cells with a pan-caspase inhibitor, z-VAD-fmk. This agent blocked nearly 

all the DNA fragmentation induced by both BTZ and MRZ (Fig. 3.5). Together, this data 

indicates that death induction by proteasome inhibitors is caspase-dependent in GBM, and all 

three initiating caspases may play a role in this death. 

Activation of caspase 2 by proteasome inhibitors in GBM 

 I observed that caspase 2 was cleaved earlier than the other initiator caspases after 

proteasome inhibitors. Therefore, I became interested in the role caspase 2 may be playing in 

proteasome inhibitor-induced apoptosis in GBM. Caspase 2 can be activated following heat 

shock and DNA damage [73, 76, 176, 177], but activation of this caspase has not been 

extensively studied in GBM. The signals initiate recruitment of caspase 2 to the PIDDosome, 

a complex including PIDD and RAIDD, where caspase 2 CARD domains interact and 

catalytic processing occurs to activate caspase 2 [73, 178, 179]. Caspase 2 goes on to cleave 
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Bid, which leads to mitochondrial permeabilization and downstream activation of caspase 9 

[75, 76]. Caspase 2 has been described as a tumor suppressor, as cells deficient in caspase 2 

are resistant to DNA damaging agents and do not properly initiate apoptosis after cell cycle 

inhibition [77]. These background studies indicate that activation of caspase 2 by proteasome 

inhibitors would be a logical mechanism of death.  

 I wanted to be sure that the cleavage of caspase 2 that I observed was truly indicative 

of activation, as cleavage can sometimes occur in a manner not associated with activation. 

Therefore, I studied another step in caspase 2 activation; induced proximity that occurs as 

caspase 2 is recruited to the PIDDosome. This step is a definitive step in the activation 

process, and can be measured using the Venus bimolecular fluorescence protein attached to 

caspase 2 CARD domains [178]. I used this system as a second readout, in addition to 

cleavage on Western blot, to show that caspase 2 is activated quickly after proteasome 

inhibitor treatment, especially with MRZ (Fig. 3.6).  

 Though caspase 2 was definitely activated, experiments with caspase 2 knockdown 

revealed that it was not essential for death induction by BTZ or MRZ. In fact, cells stably 

expressing caspase 2 shRNA actually had slightly increased cleavage of caspase 9, caspase 

3/7 activity, and DNA fragmentation (Fig. 3.8). This was very interesting given that it was 

the opposite of what was expected. One piece of evidence that caspase 2 serves a different 

purpose than the other initiator caspases is the kinetics of caspase activation. The Venus 

BiFC model indicates that caspase 2 is recruited to the PIDDosome as early as 1 h to 2 h. 

However, activation of other caspases does not occur until 12 h to 24 h, and DNA 

fragmentation is seen at even later times (24 h to 48 h). This could have interesting 

implications for alternative roles of caspase 2, perhaps even in cell cycle checkpoints in a 
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manner that is more ameliorative than death inducing. Data from caspase 2-deficient mice 

indicates that caspase 2 has opposing roles in death induction in different cell lineages. 

Oocytes and lymphoblasts from caspase-2 deficient mice were more resistant to death, while 

sympathetic neurons from these same mice were more susceptible to death following 

withdrawal of nerve growth factor [180]. The conflicting roles of caspase 2, particularly 

evidence that it can protect neurons from death, lends support to the idea that caspase 2 could 

also be protective in GBM cells. In the case of GBM cells, caspase 2 is not required for death 

induction by proteasome inhibitors. 

Induction of death by caspase 9 after proteasome inhibition in GBM 

 I then examined the importance of caspases 8 and 9, which were both activated 

around 12 h following proteasome inhibition. I used 2 methods to examine the importance of 

caspases 8 and 9: chemical inhibitors that use substrate specificity to block caspase protease 

activity and shRNA specifically targeting either caspase 8 or 9. These experiments revealed 

that inhibition of caspase 9 blocked activation of caspase 8, and also blocked some DNA 

fragmentation in both models. This indicates that caspase 9 is at the top of the caspase 

hierarchy after treatment with BTZ and MRZ in GBM (Fig. 5.2). 

 There were some differences between the chemical inhibitors and shRNA that should 

be noted. Mainly, chemical inhibitors of both caspase 8 and caspase 9 blocked a significant 

portion of the DNA fragmentation induced by BTZ and MRZ. However, when I repeated 

these experiments with shRNA, only a small portion of DNA fragmentation was blocked, 

and only by shCASP9 and not by shCASP8. One reason for this difference is the lack of 

specificity of the chemical inhibitors. Caspases have overlapping cleavage specificities, so 

the inhibitors recognize different caspases to varying degrees [144]. For instance, the peptide  
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used for caspase 8 (IETD) is also recognized by the executioner caspases 3 and 6. Therefore, 

it is logical that this inhibitor would have a strong protective effect on DNA fragmentation. 

Notably, the caspase 8 inhibitor has a very low affinity for the other initiator caspases, which 

is why it is still useful for experiments that seek to determine the apical initiating caspase in 

GBM. Similarly, the caspase 9 inhibitor (LEHD) has some affinity for the executioner 

caspases, but much lower affinities for the other initiators [144]. This explains the strong 

effects of these inhibitors on DNA fragmentation suppression, but also indicates that they are 

still valid tools due to their relative specificity as far as the initiator caspases are concerned. 

In fact, blockade of the executioner caspases by these inhibitors will prevent downstream 

cleavage of initiator caspases by activated executioner caspases, which adds reassurance that 

the effects I observed with these inhibitors on initiator caspase cleavage are really due to 

initiating and not late events. 

 With the shRNA, there were differences between early (24 h) and later (48 h) death in 

cells expressing shCASP8 or shCASP9 (Fig. 3.14-15). At 24 h, shCASP9 suppressed death 

by both BTZ and MRZ. Interestingly, shCASP8 also suppressed death, but only in cells 

treated with MRZ, not BTZ. This is consistent with previous studies in leukemia that have 

found an increased dependence on caspase 8 for MRZ [68]. However, only caspase 9 

prevented death by both inhibitors. This could have interesting implications for the intrinsic 

sensitivity of brain-derived cells to death induction by specific caspases. 

 Caspase 9 has a notable connection to brain development and apoptosis after brain 

injury. Caspase 9 homozygous knockout mice usually die before birth and are marked by 

enlarged cerebrums, indicating defective apoptosis during brain development [181]. Though 

genes involved in caspase 9 activation, such as Apaf-1, have been found to be repressed in 
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the brain as development progresses, insults such as traumatic brain injury have been shown 

to cause re-expression of this pathway and subsequent caspase 9-dependent cell death [182]. 

This evidence, particularly the marked effects on brain development in caspase 9-deficient 

mice, supports the hypothesis that brain-derived cells, such as GBM cells, may be more 

susceptible to caspase 9-dependent apoptosis versus death induced by other caspases.  

 A final point that needs to be addressed concerning the experiments with caspase 8 

and 9 shRNA has to do with the fact that after 48 h, there were only minor effects on death in 

the shCASP9 cells (Fig. 3.15). This would seem to indicate that the effects of caspase 9 are 

not particularly strong. However, there is precedent for the idea that reduction in the main 

death-inducing caspase can be compensated for by other caspases. For example, a study by 

Zheng et al. of a Fas agonistic antibody, Jo2, showed that mitochondrial permeability and 

activation of caspases 9 and 3 were necessary events for death induction in hepatocytes after 

treatment with Jo2 [183]. However, hepatocytes from mice deficient in caspases 9 or 3 were 

not protected from Jo2-induced apoptosis. In fact, apoptosis still occurred, and it was due to 

activation of caspases 2, 6, and 7, which were not detected in wild-type mice. Interestingly, 

the activation of compensatory caspases was still downstream of mitochondrial membrane 

permeability in caspase 3 and 9 deficient mice, indicating that the requirement for this event 

remained the same.  

 This study illustrates that the caspase pathways exhibit flexibility, and activation of 

compensatory caspase pathways is possible in cases of caspase deficiency. While this could 

explain the blunted effects on death that I observed after 48 h in shCASP8 and 9 cells, it is 

notable that early events (24 h) were still dependent on caspase 9. Therefore, failure of 

activate caspase 9 at the very least will delay apoptosis, and will prohibit death completely in 
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some cells. Together, my data indicates that compensatory pathways are possible, but the 

strongest death induction occurs through cleavage of caspase 9. 

Bcl-XL protection from proteasome inhibitor-induced death, but not caspase 9 cleavage 

 As a method for further probing the role of caspase 9 in proteasome inhibitor-induced 

death, I overexpressed the anti-apoptotic Bcl-2 family member Bcl-XL in LN18 GBM cells. I 

expected Bcl-XL to maintain mitochondrial integrity, preventing activation of caspase 9 and 

subsequent apoptosis. While Bcl-XL did reduce DNA fragmentation in response to 

proteasome inhibitors (Fig. 3.18), it did not prevent decreases in mitochondrial membrane 

potential or cleavage of caspase 9 after proteasome inhibition (Fig. 3.19). Notably, both 

caspase 9 cleavage and DNA fragmentation were prevented in Bcl-XL overexpressing cells 

treated with staurosporine, which activates the mitochondrial pathway of apoptosis. 

 The lack of protection against caspase 9 cleavage in Bcl-XL overexpressing cells 

could simply mean that the degree of Bcl-XL overexpression is inadequate for preventing 

these events. However, it is possible that overexpression of this protein has other unintended 

effects on cells besides protection of the mitochondrial membrane. Bcl-2 family members 

have also been shown to localize to the endoplasmic reticulum (ER), and Bcl-XL has been 

shown to cause release of calcium from the ER [184, 185]. As a regulator of intracellular 

calcium flux, Bcl-XL could have numerous effects such as stimulating mitochondrial energy 

production or potentially activation of calpains [185]. Calpains are a family of proteases that 

have been shown to activate caspases in response to ER stress [186]. These studies 

demonstrate the Bcl-XL has complex functions that go beyond its regulation of 

mitochondrial membrane permeability. Overexpressing Bcl-XL can affect all of these 

aspects, and future investigation of alternative roles of Bcl-XL may lend insight into why 
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cells overexpressing this protein are protected from proteasome inhibitor-induced apoptosis 

independently of mitochondrial membrane protection and cleavage of caspase 9. 

The protective effect of thiol reducing agents against proteasome inhibitor-induced 

death in GBM. 

 Given previous reports that generation of ROS is important for proteasome inhibitor-

mediated death [47, 68, 82, 84], I investigated ROS induction as well as the effect of 

antioxidants in GBM cells treated with BTZ or MRZ. Treatment with NAC or DTT blocked 

caspase activation and cell death in a manner independent of GSH (Fig. 3.23-24). Also, 

despite previous reports that NAC directly inactivates BTZ [187], I found that both BTZ and 

MRZ were still able to proteasome activity in cells pre-treated with NAC (Fig. 3.25). 

Therefore, NAC and DTT block proteasome-inhibitor induced death in a manner independent 

of GSH or direct inactivation of proteasome inhibitors. 

 It has also been reported that proteasome inhibitors cause amino acid starvation, 

particularly through depletion of the amino acids cysteine and asparagine in MEFs [153]. In 

that study, supplementing with cysteine and asparagine was protective against the 

proteasome inhibitor MG132. I hypothesized that NAC may be protecting cells from 

proteasome inhibitors by flooding cells with cysteine, rescuing them from starvation. 

However, amino acid levels were not reduced following proteasome inhibition in LN18 cells, 

and additional supplementation with asparagine had minimal effects on proteasome inhibitor-

induced death (Fig. 3.26-27). Therefore, I concluded that amino acid starvation was not a 

likely mechanism of proteasome inhibitor efficacy in GBM. 

 Alternatively, NAC and DTT impact thiol levels to create a reduced cellular 

environment. Given their broad effects on cellular reduction potential, NAC and DTT may 
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affect many proteins in stress response and cell death pathways, such as caspases and 

components of caspase activating complexes. Thiol modulation can also impact cellular 

stress responses, as DTT and NAC have been shown to attenuate heat shock death in 

endothelial cells, whereas GSH did not prevent death [148]. DTT has also been found to 

inhibit the heat shock response and decrease translation by increasing phosphorylation of 

eukaryotic initiation factor 2α [188, 189]. The way NAC and DTT modulate the cellular 

reducing environment and influence stress pathways may provide insight into the mechanism 

by which they protect cells from proteasome inhibitor-induced death. 

Chapter 3 Future Directions: Looking at indicators of sensitivity to caspase 9-depentent 

apoptosis following proteasome inhibition in GBM. 

 Since caspase 9 is the initiating caspase in GBM cells treated with proteasome 

inhibitors, examination of factors related to caspase 9 activation could serve as biomarkers of 

drug efficacy as well as help anticipate drug resistance. For example, mitochondrial 

membrane permeability or cleavage of caspase substrates could be examined in tumors to 

evaluate whether BTZ and MRZ are exerting effects at the molecular level in GBM patients.  

 As for mechanisms of resistance, factors that mediate mitochondrial permeability 

could impact caspase 9 activation, and therefore efficacy of proteasome inhibitors. Bcl-2 and 

Bcl-XL, which are anti-apoptotic regulators of mitochondrial membrane integrity, have been 

found to be expressed in GBM and other cancer types, which could be an important 

mechanism of resistance to proteasome inhibitors [112]. Drugs have been developed to 

inhibit these anti-apoptotic proteins, such as ABT-737, a therapeutic agent that mimics the 

BH3 proteins that are natural antagonists of pro-apoptotic Bcl-2 family members [190]. 

Targeting Bcl-2 and Bcl-XL induces apoptosis in GBM cell lines, suggesting these proteins 
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are important mediators of apoptosis in GBM [113]. High levels of these proteins in a GBM 

patient would suggest possible resistance to MRZ and BTZ, and would encourage the use of 

therapeutics like ABT-737 that would ameliorate the effects of high levels of these anti-

apoptotic proteins.  

 As I mentioned earlier, my data concerning the protective effects of NAC and DTT 

also suggests the potential for future studies into how modulation of cellular stress by these 

agents could be involved in protection from proteasome inhibitor-induced death. This data 

also has clinical implications. Vitamin C and other antioxidants have already been shown to 

prevent BTZ efficacy in myeloma [151], and thiol-rich agents such as NAC and DTT that 

alter the reducing environment in cells should also be evaluated for contraindications. 

Additionally, this work suggests that GSH, but not NAC, may be an appropriate treatment for 

the peripheral neuropathy associated with BTZ treatment [102], as it does not attenuate 

proteasome inhibitor efficacy.  

Chapter 4 Discussion 

Accumulation of proteasome substrates in orthotopic brain tumors after BTZ and 

MRZ treatment. 

 A main goal of this work was to establish the ability of BTZ and MRZ to have 

functional effects on proteasomes in orthotopic brain tumors. These experiments answered 

important questions about BBB permeance that have not been adequately addressed by 

studies that used subcutaneous models [80, 98] or by trials where biomarkers of drug efficacy 

were not reported [97]. Both BTZ and MRZ caused accumulation of the proteasome substrate 

p21 in orthotopic brain tumors, while only MRZ increased p27 (Fig. 4.1-2). This indicates 

that MRZ may have a stronger effect in vivo, particularly on specific substrates like p27. 
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 Interestingly, MRZ did not cause longer lasting proteasome inhibition than BTZ in 

vitro, but data from in vivo experiments suggests a different dynamic in an orthotopic animal 

model, perhaps due to better BBB penetration of MRZ in tumor bearing mice. Importantly, 

these experiments demonstrate that BTZ and MRZ do have the ability to be delivered to 

brain tumors, which was uncertain as past studies of mice without brain tumors, and therefore 

with intact BBB, have indicated that these drugs may not reach brains [99]. This work 

emphasizes the importance of using relevant in vivo models that represent the actual clinical 

condition as closely as possible. Also, given the negative clinical trial results with BTZ in 

GBM, it is especially important to monitor biomarkers of drug function. 

Proteasome inhibition combination therapy: targeting IAPs 

 Another step toward establishing the clinical potential of BTZ and MRZ is designing 

rational combination strategies to enhance therapeutic efficacy. The decision to target IAPs 

was based on the observation that MRZ induced greater cleavage of initiator caspases, but 

not stronger death, compared to BTZ (Fig. 4.3). IAPs can bind to active caspases, particularly 

caspases 9, 3, and 7, and inhibit apoptosis [114]. Therefore, I hypothesized that MRZ may 

increase IAPs, inhibiting cell death even in the presence of caspase activation. 

 I found that neither MRZ or BTZ increased protein levels of XIAP (Fig. 4.4). 

However, even though protein levels were not altered, there is still a possibility that IAP-

caspase interactions were somehow enhanced in MRZ-treated cells. To discover if targeting 

IAPs was a useful strategy for enhancing efficacy of MRZ, I utilized mimetics of Smac, a 

cellular inhibitor of IAPs. The Smac mimetics birinapant and LCL-161 increased death in 

combination with both BTZ and MRZ (Fig. 4.5), suggesting an overall role of IAPs in 
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preventing the efficacy of proteasome inhibitors, though it demonstrated that this effect was 

not unique to MRZ. 

 Though birinapant and LCL-161 have been shown to cause ubiquitination and 

degradation of IAPs [156], I did not observe changes in IAP levels following treatment. This 

raised concerns that the drugs were not acting as previously described. Therefore, I silenced 

XIAP and cIAP-1 with siRNA to see if specific targeting of these proteins enhanced 

combination efficacy. Knockdown of cIAP-1 and XIAP did not enhance the efficacy of BTZ 

and MRZ (Fig 4.6). This suggests that either other IAPs besides XIAP and cIAP-1 are 

targeted by birinapant and LCL-161, or off-target effects of these agents are responsible for 

their combination effects. Since birinapant and LCL-161 do enhance death induction by 

proteasome inhibitors, future studies are needed to understand how these drugs are 

functioning to yield this effect.  

Proteasome inhibition combination therapy: targeting HDACi 

 I also examined targeting of HDACi in combination with proteasome inhibitors. The 

combination of BTZ with vorinostat in GBM has shown promise in preliminary in vitro 

studies [95], but a clinical trial of this combination that did not report molecular markers of 

efficacy for either agent failed to prevent  disease progression [97]. 

 In this study, I found that MRZ and BTZ synergized in GBM cells with the pan-

HDACi vorinostat and panobinostat, but not with the class I HDACi entinostat (Fig. 4.7-9, 

Table 1.1). Therefore, targeting of class I HDACs is not sufficient for combination effects. I 

also investigated areas where the mechanisms of proteasome inhibitors and HDACi might 

intersect, and I found that vorinostat decreased mRNA of the proteasome catalytic subunit β5 

(Fig. 4.11). This decrease in mRNA was accompanied by functional changes, as both 
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vorinostat and panobinostat decreased proteasome activity, alone and in combination with 

proteasome inhibitors (Fig. 4.12-13). The decrease in mRNA is consistent with past 

experiments in leukemia [139]. Upregulation of β5 expression has been shown to cause 

resistance to proteasome inhibitors [106], so the fact that HDACi suppress expression could 

have interesting implications for preventing resistance to BTZ and MRZ. 

 I also investigated the combination of BTZ and MRZ with vorinostat in an orthotopic 

model of GBM. Given strong in vitro data from past studies and the data from this current 

study, further examination of the reason for the disappointing clinical result is warranted [95, 

96]. Also, MRZ has not been tested with vorinostat in vivo in GBM. Based on my result that 

proteasome inhibitors induce caspase 9-dependent death in GBM, and also the fact that the 

combination of BTZ or MRZ with vorinostat enhances cleavage of caspase 9, I chose to 

examine cleavage of the executioner caspase 3, as well as cleavage of the caspase substrate 

lamin A in tumors of mice treated with proteasome inhibitor and HDACi combinations. 

Though there was a lack of single-agent efficacy for any of the drugs in vivo, cleaved lamin 

A was notably increased in tumors from mice treated with the combinations of BTZ or MRZ 

with vorinostat (Fig. 4.17). There was a trend toward increased lamin A cleavage in mice 

treated with vorinostat plus MRZ versus the combination with BTZ, indicating once again 

that MRZ may be exerting a stronger effect than BTZ in vivo. Though cleaved caspase 3 

staining was weak, it is notable that the only samples that showed any positivity were tumors 

treated with MRZ and vorinostat (Fig. 4.16). It is possible that MRZ shows increased 

efficacy in this combination due to stronger effects on proteasomes, as indicated by its effects 

on proteasome substrates in brain tumors.   
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Chapter 4 Future Directions: Confirming effects of proteasome inhibitors on survival of 

orthotopic GBM models. 

 My initial experiments demonstrate that BTZ and MRZ are capable of causing 

accumulation of proteasome substrates in orthotopic brain tumors. More definitive 

experiments are necessary to confirm this, as well as to determine whether there is truly a 

difference between BTZ and MRZ in vivo. One way to measure this would be to use 

radiolabeled drug to confirm delivery to brain tumors. Previous studies have used similar 

systems, but they have generally focused on delivery to other organs [99]. Another 

possibility for monitoring proteasome activity uses a technique in which a degradation-

targeting is fused to a green fluorescence protein. Vlashi et al. demonstrated that a protein 

constructed in this manner accumulated in the absence of proteasome activity, allowing for 

fluorescence monitoring of proteasome activity in live cells [191]. GBM cells could be 

modified to express this protein, allowing for analysis of proteasome activity in brain tumors 

that have been treated with proteasome inhibitors.  

 My in vitro data also supports further investigation of newer HDACi in vivo. 

Panobinostat was effective at lower doses than vorinostat in vitro (nanomolar doses versus 

micromolar). This increased potency should be examined in vivo. Panobinostat is already 

being studied in the clinic for high grade glioma in combination with the angiogenesis 

inhibitor bevacizumab [192], further indicating its relevance for treatment of brain tumors. 

 This study focused on molecular markers of death in brain tumors. However, to 

further establish the clinical relevance of these agents and combinations, future experiments 

are needed to examine whether these agents reduce tumor size and enhance survival of mice. 

To examine tumor size, U87 cells expressing luciferase can be injected into mice, which 
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allows for imaging of tumor size as treatment progresses. This non-invasive imaging allows 

for monitoring of direct tumor effects while also looking at overall survival of the mice.  

 As a final piece of evidence supporting these agents clinically, it is possible to use 

different tumor models that are considered to be more representative of clinical GBM. 

Though U87 cells are commonly used to generate xenograft tumors, there is concern over the 

fact that these cells were isolated over 40 years ago, and long-term culture may make them 

less similar to the clinical disease state [193]. More recent studies have focused on isolation 

of glioma stem cells from patient specimens; that is, cells that display multipotency and the 

ability to recapitulate brain tumors from single cells [194]. Using glioma stem cells to 

establish orthotopic tumors allows for testing of therapeutic agents on a putative stem cell 

population, which is thought to be more resistant to therapy, and which has also been 

described as a main cause of tumor recurrence [195]. The evidence for the clinical relevance 

of BTZ and MRZ would be bolstered by experiments with combination agents with increased 

potency in relevant animal models that utilize cancer stem cells and measure effects on tumor 

size and survival. 

Concluding remarks 

 The goal of this study was to establish the clinical relevance of proteasome inhibitors 

in GBM by first determining the optimal subunits for targeted therapy, then by defining the 

mechanism of apoptosis induction for optimal monitoring of drug efficacy and prediction of 

resistance, and finally by establishing the properties of these agents in a relevant orthotopic 

brain tumor model. By answering these questions, I have established a framework for future 

clinical experiments. 
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 Targeting alternative proteasome components, such as the immunoproteasome and 

PA28γ, did not enhance the effects of BTZ and MRZ. Treatment with BTZ or MRZ was 

sufficient to induce death in GBM cells without combined targeting of other pathway 

components. 

 Having determined that targeting the standard proteasome with BTZ and MRZ was an 

optimal strategy, I then performed experiments that allowed me to ascertain that these agents 

induce caspase 9-dependent apoptosis in GBM cells. This information can be used to monitor 

treatment efficacy in future studies, such as by examination of mitochondrial permeability 

and cleavage of caspase substrates. Additionally, this information opens the door for future 

studies into whether factors that limit caspase 9 activation, such as overexpression of anti-

apoptotic Bcl-2 family members, can serve as biomarkers for predicting resistance to 

proteasome inhibitors in GBM. 

 I also determined that proteasome inhibitor efficacy was blocked by the cellular 

reducing agents NAC and DTT, but not by GSH. Notably, NAC and DTT blocked early steps 

in apoptosis, including release of cytochrome C from the mitochondria and caspase cleavage. 

NAC and DTT potentially perform this function through as-yet undefined changes in the 

cellular reducing environment or stress responses. This information also has important 

implications for the clinical use of proteasome inhibitors, as antioxidants are being examined 

as supplements that may reduce side effects, particularly peripheral neuropathy induced by 

BTZ. My work suggests that GSH could be safe for co-administration with proteasome 

inhibitors, as it does not interfere with drug efficacy. However, other agents with reducing 

properties, such as NAC, should not be used. 
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 Finally, I presented results that establish the potential of BTZ and MRZ in a relevant 

orthotopic model. I showed that both agents cause accumulation of proteasome substrates in 

brain tumors, with MRZ having slightly stronger effects. I also demonstrated that the 

combination of vorinostat with proteasome inhibitors effects molecular markers of death in 

brain tumors, especially in tumors from mice treated with MRZ and vorinostat. Together, 

these results suggest a need for future examination of these agents in clinical trials that 

carefully monitor the molecular biomarkers of drug efficacy. 

 This study demonstrates that targeting the proteasome is a potent strategy in GBM. 

Future studies of alternative methods of proteasome targeting, such as inhibitors of E3 ligases 

or stress-induced proteasome induction, could provide more tolerable and specific options for 

targeting protein degradation. Additionally, this study provided ideas for development of 

biomarkers of drug efficacy and resistance that are based on the mechanism of death 

induction by caspase 9 that I have defined here. Finally, the in vivo experiments I presented 

here represent a basis for more exhaustive investigation of proteasome inhibition and survival 

enhancement achieved by proteasome inhibition therapy in various models of GBM. The 

work presented here, along with the future experiments, provides a detailed examination of 

the kinetics and mechanism of death induced by proteasome inhibitors in GBM cell lines and 

orthotopic tumors.  
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Cell Culture and Reagents 

 All cells were maintained in an incubator at 37 °C with 5% CO2. GBM cell lines 

(LN18, SNB19, U87, and U251) were obtained from ATCC and were maintained in 

DMEM/F12 media with 10% FBS, 1% penicillin and streptomycin, and 1% L-glutamine. 

Cells were authenticated by the Characterized Cell Line Core Facility at MD Anderson 

Cancer Center using the short tandem repeat method. Normal human astrocytes (NHA, 

E6/E7/TERT immortalized) were obtained from Kenneth Aldape (MD Anderson Cancer 

Center, Houston, TX) and were maintained in DMEM/F12 media with 10% FBS, 1% 

penicillin and streptomycin, 1% L-glutamine, 0.2 µg/mL puromycin, and 10 µg/mL 

blasticidin. PA28γ-/- MEFs were provided by Lance Barton (Austin College, Sherman, TX). 

PA28γ-/- MEFs were cultured in DMEM media supplemented with 10% FBS, 1 mM sodium 

pyruvate, 50 µM β-mercaptoethanol, 2 mM L-glutamine, 1X non-essential amino acids, and 

1% penicillin and streptomycin. Caspase 2-/- MEFs (E1A/Ras immortalized) were provided 

by Lisa Bouchier-Hayes (Baylor College of Medicine). Caspase 2-/- MEFs were cultured in 

DMEM media with 10% FBS, 2 mM L-glutamine, 1% penicillin and streptomycin, 1X 

sodium pyruvate, 1X non-essential amino acids, and 55 µM β-mercaptoethanol. 

 BTZ was obtained from LC Labs (Woburn, MA) and MRZ was provided by Nereus 

Pharmaceuticals (San Diego, CA). 

 

Proteasome Activity Assay 

 Cells incubated with indicated treatments were harvested by brief incubation with 

0.05% trypsin. Cells were pelleted by centrifugation (1,700 rpm for 3 min) and pellets were 

washed 1X in ice cold PBS. Cells were resuspended in 20S proteasome lysis buffer (20 mM 
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Tris, pH 7.5, 0.1 mM ethylenediaminetetraacetic acid, 20% glycerol, and 0.05% NP-40 

supplemented each time with fresh 1 mM β-mercaptoethanol and 1 mM adenosine 

triphosphate). Cells were lysed by freezing and thawing 3X on dry ice. Samples were then 

spun for 1 min at 12,000 rpm. Samples were aliquoted to duplicate wells (100 µL/well) of a 

black 96-well plate. Next, 98 µL substrate buffer (50 mM HEPES, pH 7.5, and 50 mM 

EGTA, pH 7-8) were added to each well along with 2 µL fluorogenic substrate: suc-LLVY-

amc for chymotrypsin-like activity or z-LLE-amc for caspase-like activity (AG Scientific, 

San Diego, CA, USA), and boc-LRR-amc for trypsin-like activity (Enzo Life Sciences, Inc., 

Farmingdale, NY, USA). After 1 h incubation with fluorogenic substrates, fluorescence was 

read on a Gemini EM Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at an 

excitation of 380 nM and an emission of 460 nM. For experiments that indicate they were 

standardized to DMSO, all samples were divided by the fluorescence value for control 

(DMSO treated) cells. 

 

Western Blotting 

 Cells were lysed for 1 h at 4 °C in Triton X-100 lysis buffer (PBS containing 1% 

Triton X-100, 25 mM Tris, pH 7.5, and 157 mM NaCl) supplemented with a cOmplete Mini 

protease inhibitor cocktail tablet (Roche, Basel, Switzerland) and 1 mM glycerol phosphate, 

1 mM NaF, and 1 mM NaOrthoV, with the exception of lysates for analysis of histones 

(please see “Analysis of acetylated and total histone levels” section). Debris was pelleted by 

spinning samples for 20 min at 12,000 rpm at 4 °C, and protein concentrations were 

determined by Bradford Assay (Bio-Rad, Hercules, CA, USA).  
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 Proteins were separated by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis and transferred onto polyvinylidene fluoride membranes. After blocking for 1 

h at room temperature in 5% milk or bovine serum albumin in TBS-T, membranes were 

incubated with 1:1,000 dilutions of the following primary antibodies: LMP7 (Abcam, 

Cambridge, England), actin (Sigma, St. Louis, MO, USA), β5 (Enzo, Farmingdale, NY, 

USA), caspase 8, caspase 9, LC3B, tubulin (Cell Signaling, Beverly, MA, USA), acetylated 

histone H3, caspase 2, total histone H3 (EMD Millipore, Billerica, MA, USA), cytochrome 

C, p27 Kip1, XIAP (BD, San Jose, CA, USA), Bcl-XL, cIAP-1, ubiquitin (Santa Cruz, 

Dallas, TX, USA) and PA28γ (provided by Lance Barton, Austin College). Membranes were 

then washed 3X with TBS-T before being incubated with appropriate horseradish peroxidase 

conjugated secondary antibodies (mouse and rabbit: GE Healthcare, Buckinghamshire, 

England; rat: Cell Signaling, Beverly, MA, USA). Chemiluminescent visualization of bands 

was performed using a Kodak film developer (Rochester, NY, USA). Densitometry was 

evaluated using Image J software (National Institutes of Health, Bethesda, MD). 

 

DNA Fragmentation 

 Cells were harvested by brief incubation with 0.05% trypsin. Cells were pelleted by 

centrifugation (1,700 rpm for 3 min) and washed 1X in PBS. Cells were fixed in 70% ethanol 

by resuspending cell pellets in 300 µL ice cold PBS, then adding 700 µL ice cold ethanol 

dropwise with gentle vortexing. After fixation for at least 24 h, samples were centrifuged 

(1,700 rpm for 3 min), washed 1X in PBS, and resuspended in a PBS solution containing 50 

µg/mL propidium iodide and 100 µg/mL ribonuclease A. After incubation for 30 min to 1 h 
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with propidium iodide, the cell cycle was analyzed on the FL-3 channel of a flow cytometer 

(FACSCalibur™, BD Biosciences, San Jose, CA, USA).  

 

Proteasome Activity in Cell Lysates 

 LN18 cells were resuspended in 20S proteasome lysis buffer (20 mM Tris, pH 7.5, 

0.1 mM ethylenediaminetetraacetic acid, 20% glycerol, and 0.05% NP-40 supplemented each 

time with fresh 1 mM β-mercaptoethanol and 1 mM adenosine triphosphate) and lysed by 

freezing and thawing 3X on dry ice. Samples were centrifuged at 12,000 rpm for 1 min, and 

100 µL supernatant was aliquoted into duplicate wells in a 96-well plate. Proteasome 

inhibitors were added to wells at indicated concentrations and incubated for varying lengths 

of time. Proteasome activity was measured by adding substrate buffer containing fluorogenic 

substrates and reading fluorescence on a plate reader, as described under “Proteasome 

Activity Assay.” 

 

Viability Assessment 

 Cells were harvested by brief incubation with 0.05% trypsin. Cells were pelleted by 

centrifugation (1,700 rpm for 3 min) and resuspended in 500 µL PBS. Viability was 

measured by the ability of cells to exclude trypan blue using a Vi-CELL® (Beckman Coulter, 

Inc., Pasadena, CA, USA). 

 

Profiling of Specific Subunit Targeting by ONX-0914 

 The ProCISE (proteasome constitutive/immunoproteasome subunit enzyme-linked 

immunosorbent) assay was performed in collaboration with Onyx Pharmaceuticals as 
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previously described [142]. LN18 cells plated in 10 cm2 dishes were treated with indicated 

doses of drugs in sufficient numbers to obtain 10X106 cells at the end of treatment. Cells 

were then analyzed by Onyx using an active site probe to isolate active proteasome subunits, 

followed by analysis with primary antibodies specific for each subunit to determine the 

amount of each subunit unbound by the i-proteasome inhibitor in each sample. 

 

Knockdown of PA28γ 

 Cells (1X106) were electroporated with 1 or 2 µM ON TARGET plus SMART pool 

siRNA for PSME3 or the control SMART pool (Thermo Scientific Dharmacon) using an 

Amaxa™ Nucleofector™ (Lonza, Basel, Switzerland). Efficiency of knockdown was 

checked by Western blot. To test sensitivity to proteasome inhibitors, cells electroporated 

with 2 µM siRNA were re-plated 24 h after transfection. Then, 24 h after plating, cells were 

treated for 48 h with proteasome inhibitors.  

 

Colony Assay 

 A base agarose layer was formed by mixing 10 mL sterile water containing 4% low-

melt agarose with 85 mL DMEM/F12 media containing 10% FBS and 15 mL additional 

FBS. The base agarose (0.5 mL) was added to each well in a 24-well plate. Then, a top 

agarose layer was formed by mixing 10 mL sterile water containing 3% low-melt agarose 

with 42.5 mL DMEM/F12 media containing 10% FBS and 7.5 mL additional FBS. LN18 

cells were added to the top agarose (1,300 cells/mL), and 0.5 mL top agarose containing cells 

was added to each well of the 24-well plate on top of the base layer of agarose. After the top 

matrix solidified, 300 µL warm media was added to the top of each well. Cells were grown in 
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these plates for 5 days. After 5 days, proteasome inhibitors were added to the top media of 

each well, and cells were incubated with the drug for 3 additional days. Wells were analyzed 

using a GelCount™ machine (Oxford Optronix, Oxfordshire, England). Biomass was 

calculated as the number of colonies multiplied by the average volume. 

 

Caspase 3/7 Activity 

 Harvested cells were re-suspended in PBS and aliquoted to duplicate wells (50 µL per 

well) of a 96-well plate on dry ice. After freezing, samples were thawed and incubated for 3 

h with 150 µL DEVD buffer, pH 7.25 (100 mM HEPES, 10% sucrose, 5 mM DTT, 0.0001% 

IGEPAL, 0.1% CHAPS) containing 50 µM Ac-DEVD-amc fluorogenic substrate (Enzo Life 

Sciences, Farmingdale, NY, USA). Fluorescence was read on a Gemini EM Microplate 

Reader (Molecular Devices, Sunnyvale, CA, USA) at an excitation of 355 nM and an 

emission of 460 nM. 

 

Caspase 2 Venus bimolecular fluorescence complementation 

 Measurement of induced proximity of caspase 2 using the caspase-2 BiFC was 

performed as previously described [178]. LN18 cells were plated in a 4-chamber dish 

containing coverslips (Nunc, Roskilde, Denmark) 24 h prior to transfection. Cells were 

transfected with caspase 2-CARD-VC (100 ng/well), caspase 2-CARD-VN (100 ng/well), 

and dsRed mito (20 ng/well) using lipofectamine 2000 (Life Technologies, Carlsbad, CA, 

USA). The following day, cells were treated with 290 nM MRZ or 15 nM BTZ. Cells were 

imaged using a spinning disk confocal microscope (Zeiss, Jena, Germany). Temperature was 

maintained at 37°C and 5% CO2 using an environmental control chamber. Zen 2012 software 
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(Zeiss, Jena, Germany) was used to acquire images using a Zeiss Plan-Neofluar 40x 1.3 NA 

objective on an Orca R2 CCD camera and to analyze average Venus intensity. 

 

Transient knockdown (siRNA) of caspase 2, caspase 9, cIAP-1, and XIAP 

 Cells were plated at 100,000 cells per well in 6-well dishes. After 24 h, cells were 

transected with siRNA against caspase 2 (L-003465-00, Thermo Scientific, both siRNA pool 

and individual siRNAs were used), caspase 9 (sc-29931, Santa Cruz), cIAP-1 (sc-29848, 

Santa Cruz), XIAP (sc-37508, Santa Cruz), or corresponding control siRNA pools using 

Lipofectamine® RNAiMAX (Life Technologies, Carlsbad, CA, USA). Twenty-four h post-

transfection, fresh media was added to each well, and cells were then treated as indicated. 

 

Generation of cells with stable knockdown (shRNA) of caspases 2, 8, and 9 

 GIPZ lentiviral shRNA was obtained from GE Healthcare (Buckinghamshire, 

England) with sequences targeting caspase 2 (V3LHS_338913, sequence: 

CAGACATCTCCTTGCACCG), caspase 8 (V2LHS_12733, sequence: 

TTCTTAGTGTGAAAGTAGG), and caspase 9 (V3LHS_412093, sequence: 

TGTCGTCAATCTGGAAGCT). Lentiviral infection of LN18 cells was performed using a 

Trans-Lentiviral Packaging Kit from Thermo Fisher Scientific (Waltham, MA, USA). Cells 

stably expressing the shRNA were selected using puromycin. 

 

Cytochrome C Western blots in cytoplasmic fractions 

 LN18 cells grown in 10 cm2 dishes were harvested by brief incubation with 0.05% 

trypsin. Cells were pelleted, then washed 1X in PBS. Cells were then lysed on ice in 50–75 
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µL cold STE buffer (250 mM sucrose, 1 mM EDTA, 25 mM Tris, pH 6.8) for 2–4 min, until 

cells were trypan blue positive. Samples were then centrifuged at 14,000 rpm for 5 min at 4 

°C. Supernatants were transferred to a new tube; pellets contained mitochondria. 

Supernatants were then analyzed by Western blot for cytochrome C. 

 

Mitochondrial membrane potential measurement 

 At the end of treatment, cells were harvested by brief incubation with 0.05% trypsin 

and pelleted by centrifugation (1,700 rpm for 3 min). Cells were then washed 1X in PBS. 

Cells were then resuspended in 1 mL PBS containing 25 nM TMRE and incubated for 30 

min at 37 °C. Samples were then centrifuged (1,700 rpm for 3 min) and pellet was 

resuspended in 300 µL PBS for analysis on the FL-2 channel of a flow cytometer 

(FACSCalibur™, BD Biosciences, San Jose, CA, USA).  

 

Generation of Bcl-XL overexpressing cells 

 Bcl-XL overexpression and pLZRS control retroviral vectors were obtained from Lisa 

Bouchier-Hayes (Baylor College of Medicine). A 3-plasmid system was used to produce 

retrovirus. First, 3X106 293T cells were plated in 10 cm2 plates in 10 mL DMEM containing 

10% FBS, 1% penicillin and streptomycin, and 1% glutamine. The following day, the media 

was changed 2–4 h before transfection. Plasmids were mixed together in tubes (12 µg pLZRS 

or Bcl-XL retroviral vector, 6 µg pMD “old” Gag-pol, and 2 µg VSVG). Sterile water was 

added up to 500 µL. Next, 500 µL 2X HBS buffer was added, and tubes were mixed well. 

Finally, 50 µL CaCl2 solution, pH 5.5, was added, and plasmids were incubated 20–30 min at 

room temperature, gently mixing and shaking periodically. The plasmid mix was then added 
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to the 293T cells, and cells were incubated overnight at 37 °C. After harvesting virus and 

changing media 3 times, pooled virus was filtered through a 0.45 micron filter. Filtered virus 

(1.5–2 mL) was added to target cells (LN18) with 8 µg/mL polybrene for 1–2 h. Fresh media 

was added to wells for overnight incubation. Cells were selected for stable expression using 

zeocin. 

 

Reactive oxygen species detection  

Hydroethidium staining for superoxides 

Treated samples were centrifuged for 3 min at 1,700 rpm to pellet cells. Cells were 

resuspended in 1 mL PBS containing 10 µM hydroethidium dye. After 30 min incubation at 

37 °C, samples were pelleted (3 min at 1,700 rpm) and resuspended in 300 µL PBS for 

analysis on the FL-3 channel of a flow cytometer (FACSCalibur™, BD Biosciences, San 

Jose, CA, USA).  

 

CM-H2DCFDA staining for hydrogen peroxide 

Treated samples were centrifuged for 3 min at 1,700 rpm to pellet cells. Cells were 

resuspended in 1 mL DMEM/F12 media containing 10 µM CM-H2DCFDA and incubated for 

30 min at 37 °C. Then, samples were washed 1X in PBS and resuspended in 300 µL PBS for 

analysis on the FL-1 channel of a flow cytometer (FACSCalibur™, BD Biosciences, San 

Jose, CA, USA).  

 

Measurement of glutathione levels 
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 Cells were harvested by brief incubation with 0.05% trypsin, followed by 

centrifugation (1,700 rpm for 3 min) and 1X wash in PBS. Cells were resuspended in 1 mL 

PBS and 2 µL monochlorobimane solution (2.2 mg monochlorobimane in 194.12 µL 

acetonitrile) was added to each sample. Samples were vortexed and incubated at 37 °C for 15 

min. The reaction was halted by adding 50 µL trichloroacetic acid and vortexing. Samples 

were spun for 5 min at 10,000 rpm, and 1 mL supernatant was added to a glass tube 

containing 1 mL dichloromethane. Glass tubes were vortexed and centrifuged for 2 min at 

3,500 rpm. For each sample, 200 µL of the top aqueous layer was plated in duplicate wells in 

a white 96-well plate. Fluorescence was read on a Gemini EM Microplate Reader (Molecular 

Devices, Sunnyvale, CA, USA) at an excitation of 360 nM and an emission of 460 nM. 

Glutathione concentrations were determined by comparing samples to a standard curve 

composed of varying concentrations of glutathione ethyl ester dissolved in PBS.  

 

Amino acid and metabolite measurement 

 Analysis of amino acid and metabolite levels was performed as previously described 

[154] in collaboration with Preeti Purwaha, Philip Lorenzi, and David Hawke in the 

Proteomics Core at MD Anderson Cancer Center. LN18 cells were treated for indicated time 

periods in 10 cm2 dishes. Media was suctioned off plate, and plate was placed on dry ice. 

Next, plates were washed 2X with 5 mL methanol ambic. A solution of methanol, 

chloroform, and water (7:2:1) was then added to each plate (500 µL) directly to the center of 

the plate. Cells were scraped using a cell scraper, and mixture was transferred to a simport 

tube. Samples were shaken using a Disruptor Genie for 30 sec in a cold room, then debris 
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was pelleted by spinning at 20,000 xg for 2 min. Samples were then analyzed by mass 

spectrometry as described [154]. 

 

Intracranial mouse xenograft model 

 An intracranial guidescrew model of GBM was used, as previously described [155]. 

We implanted 500,000 U87 GBM cells though a guidescrew in 5-week-old female athymic 

nude mice (Experimental Radiation Oncology, MD Anderson, Houston, TX) and let tumors 

develop for 1–2 weeks (as noted in Results). Mice were then injected intraperitoneally with 1 

mg/kg BTZ, 0.15 mg/kg MRZ, and/or 50 mg/kg vorinostat in dosing schedules outlined in 

the Results. For lysates, the tumor sections were frozen in liquid nitrogen, then homogenized 

by vortexing with zirconia/silica beads (Biospec, Bartlesville, OK, USA) in lysis buffer (20 

mM Tris, pH 7.5, 0.1 mM EDTA, 20% glycerol, and 0.05% NP-40). For IHC analysis, 

samples were preserved in formalin, then paraffin-embedded. 

 

Immunohistochemistry 

 Slides were deparaffinized and hydrated in xylene and graded ethanol solutions. 

Endogenous peroxidase activity was blocked with 3% H2O2 in water for 10 min. Slides were 

washed, then antigen retrieval was performed using 1.0 mM EDTA buffer, pH 8.0 (for p21) 

or 10 mM citrate buffer, pH 6.0 (for cleaved caspase 3 and lamin A) in a microwave (3 min 

at 100% power, 10–15 min at 50% power). After cooling and washing in water, slides were 

incubated with blocking reagent (Biocare, Concord, CA) for 10 min. Slides were then 

incubated with antibodies for p21 (sc-6246, 1:50 dilution: Santa Cruz, Dallas, TX), cleaved 

caspase 3 (AF835, 1:500 dilution: R&D Systems, Minneapolis, MN), or cleaved lamin A 
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(2035, 1:100 dilution: Cell Signaling, Beverly, MA) overnight at 4 °C. Slides were then 

washed and incubated with secondary antibody (for p21: biotinylated rabbit-anti mouse for 

15 min, [Accurate Chem, Westbury, NY]; for cleaved caspase 3: biotinylated goat-anti-rabbit 

for 30 min [Vector Laboratories, Burlingame, CA]; for lamin A: anti-rabbit horseradish 

peroxidase for 30 min [Dako, Glostrup, Denmark]). Slides were then incubated with Tablet 

DAB (for p21 and cleaved caspase 3; Sigma, St. Louis, MO) or Dako (Glostrup, Denmark) 

DAB. Slides were washed, counterstained with hematoxylin, dehydrated, and coverslipped. 

Slides were visualized and the number of positive cells per 40X was counted and averaged 

for 5 fields. 

 

Analysis of acetylated and total histone levels 

Cells were pelleted by centrifugation (1,700 rpm for 3 min) and washed 1X with PBS. Pellets 

were resuspended in 100 µL Triton Extraction Buffer (TEB: PBS containing 0.5% Triton X-

100 and 0.02% NaN3, with freshly added 2 mM PMSF and 5 mM sodium butyrate) and lysed 

on ice for 10 min with gentle stirring. Samples were centrifuged at 6,500 xg for 10 min at 4 

°C to pellet nuclei. Supernatant was discarded, and nuclei were washed with 50 µL TEB and 

pelleted as before. Pellets were then resuspended in 40 µL 0.2 N HCl, and histones were acid 

extracted overnight at 4 °C. Samples were centrifuged at 6,500 xg for 10 min at 4 °C to pellet 

debris, and supernatants containing histones were analyzed by Western blot. 

 

Measurement of PSMB5 mRNA 

RNA was isolated using an RNeasy Mini Kit (Qiagen, Limburg, Netherlands). The 

concentration of RNA was determined using a Nanodrop (Thermo Scientific, Waltham, MA), 
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and equal amounts of RNA were used for reverse transcription to cDNA using an Omniscript 

RT Kit (Qiagen). PSMB5 and actin levels were then assessed by mixing cDNA with SYBR 

green (Bio Rad, Hercules, CA) and primers (PSMB5 primers: forward, 5’-

TAAGGAACGCATCTCTGTAGCA; reverse, 5’-TCCACTTCCAGGTCATAGGAAT-3’; 

actin primers: forward, 5’-CTGTGGCATCCACGAAACTA-3’; reverse, 5’-

CGCTCAGGAGGAGCAATG-3’) and measuring amplification on an iCycler qPCR 

machine (Bio Rad). Amplification was performed using the following qPCR protocol: initial 

temperature of 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 seconds and 63 °C 

for 1 min, followed by 95 °C for 1 min, then a hold at 55 °C. 

 

 

Statistical analysis 

 Values are given as the mean ± standard error of the mean, with all experiments 

performed at least in triplicate. Comparisons were made using Student’s t tests performed 

using GraphPad Prism software, version 6 (GraphPad software, La Jolla, CA, USA). P-

values < 0.05 were considered significant. Synergy was determined with the method 

described by Chou and Talalay [158] using CalcuSyn software (Biosoft, Cambridge, United 

Kingdom), with combination index (CI) values < 1 being considered synergistic. 
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