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Abstract 

 Acute lymphoblastic leukemia, ALL, is a cancer of the blood or bone marrow that 

develops from the uncontrolled proliferation of lymphocytes. One subtype of ALL is caused 

by a translocation involving the MLL gene, or mixed lineage leukemia gene on chromosome 

11, known as MLL-r ALL. MLL-r ALL confers to a poor prognosis and only a 20-40% 5-year 

event free survival rate compared to an overall 68% 5-year survival rate for patients and 

98% 5-year survival rate for pediatric patients that do not harbor this translocation. A 

translocation involving chromosomes 4 and 11 leads to the MLL-AF4 fusion protein, which 

is the driver of MLL-AF4 ALL, and accounts for 60% of MLL-r ALL. The standard treatment 

option for MLL-r ALL is standard induction chemotherapy which patients initially respond 

well to, but commonly relapse since MLL-r ALL has one of the highest relapse rates. 

Therefore, a new targeted treatment is needed for this deadly disease.  

In this project we are targeting the proteasome, specifically the immunoproteasome for the 

treatment of MLL-AF4 ALL. The proteasome is responsible for the degradation of damaged 

or misfolded proteins in order to maintain cellular homeostasis. Cancer cells are highly 

reliant on proteasomes due to the high production of misfolded proteins that will need to 

be degraded to reduce cellular stress and maintain homeostasis. The MLL-AF4 fusion 

protein promotes transcriptional elongation and DNA methylation, which increases its 

dependency on the proteasome. We have found that inhibiting the ability of the proteasome 

to degrade proteins increases cell stress and ultimately leads to apoptosis. There are two 

types of proteasomes: the constitutive proteasome, which is found in all tissues, and 

immunoproteasome, which is predominantly found in lymphoid tissues. The proteasome, 

both immune and constitutive, has 3 active sites that are responsible for protein 
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degradation β5, β1, and β2. The β5 site, or β5i for immunoproteasomes, is the dominant 

site of protein degradation and the target of most proteasome inhibitors. B-cell ALL 

prominently expresses immunoproteasomes as does MLL-AF4 ALL. This provides a specific 

target for the treatment of MLL-AF4 ALL that can avoid the toxicities that are associated 

with FDA approved proteasome inhibitors. M3258, developed by MERCK KGaA, and ONX-

0914 are the two immunoproteasome specific inhibitors used in this project. The goal of 

this project is to determine if the specific inhibition of immunoproteasomes can be a viable 

therapy option for MLL-AF4 ALL and the cause of sensitivity of MLL-AF4 ALL to 

proteasome inhibition. 
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Chapter 1: Introduction 

1.1: Acute Lymphoblastic Leukemia driven by the t(4:11) translocation 

Acute lymphoblastic leukemia, or ALL, is a cancer of the blood and bone marrow 

specifically involving lymphocytes such as B and T cells. Uncontrolled proliferation and 

growth of these cells leads to leukemia. There are several risk factors that can cause this 

uncontrolled proliferation including previous exposure to chemotherapy or radiation, 

genetic disorders i.e., Down syndrome, and age as this cancer is most common in children 

or people over 65. One of the major causes of ALL is chromosomal translocations which can 

lead to several different subtypes of ALL1. It is estimated that in 2023 there will be ~6,500 

new cases of ALL, which represents an estimated 0.3% of new cancer cases, and ~1400 

deaths. Most of the deaths are from older patients 65-74. From 2016-2020 the percent of 

death among patients 65-74 was 17.3%, the highest among all groups, with the median age 

of death being 592. The overall 5-year event free survival of ALL is ~70%. It is even better in 

pediatric patients where the 5-year event free survival is about 85-90%, with about 98% of 

pediatric patients going into remission3,4.  

One subtype of ALL is caused by a translocation involving the MLL gene, or mixed lineage 

leukemia gene, also called KMT2A, on chromosome 11q23, known as MLL-r ALL. MLL-r 

ALL leads to poor prognosis. MLL-r leukemia diagnoses account for about 10% of all acute 

leukemia cases. For ALL cases specifically, MLL-r accounts for ~9% of adult cases, ~5% of 

children cases and about ~60-80% of infant cases. For infant patients, patients <1 year old, 

there is only a 20-40% 5-year event free survival (EFS) rate compared to an overall 60-70% 

5-year survival rate in patients that do not harbor this translocation. For pediatric patients 
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>1 year old, the 5-year EFS is slightly better than for infant patients, where the 5-year EFS 

for pediatric patients is ~60% compared to ~90% overall in pediatric ALL.  In adults, the 5-

year EFS and OS rates were also very low at 34% and 35% respectively. This is only slightly 

lower than the OS of the overall adult ALL which is at 45%3,4.  

The wild type MLL gene encodes a 500kDa nuclear protein that is cleaved by Taspase 1 

creating a N-terminal and C-terminal end, MLL-N and MLL-C, with each possessing several 

functional domains. The N- and C- terminal ends of the MLL protein dimerize forming a 

large complex that can regulate gene expression and modification of chromatin. The MLL-N 

protein contains AT-hooks that help with binding DNA, speckled nuclear localization 

domains 1 and 2, SNL, two repression domains with one containing a CxxC domain that is 

responsible for binding unmethylated CpG DNA, four PHD domains, or plant homeodomain 

fingers, that are responsible for mediating protein-protein interaction, and a bromodomain 

which is involved in the binding of histones to acetylated lysine residues. The MLL-C 

protein contains a transactivation domain and a SET domain that is involved in histone 

methyltransferase activity and specifically methylates H3 at lysine 4. Each end of the wild-

type MLL protein also has several binding partners. MLL-N has a specific domain that 

allows for the binding of Menin. The interaction between MLL-N and Menin allows for the 

binding of LEDGF, or lens epithelium derived growth factor, which can then bind to 

chromatin. MLL-C also has several binding partners including ASH2L, RbBP5, and WDR5. 

ASH2L and RbBP5 are needed to stabilize the wt-MLL protein in its active catalytic 

conformation, while WDR5 is used as a bridge between the ASH2L and RbBP5 complex and 

the wt-MLL3,5 (Figure 1.1A5).   
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Translocations that lead to MLL-r leukemias can generate several different fusion proteins 

depending on the chromosomes involved in the translocation. The two most common 

fusion proteins for ALL are MLL-AF4, generated from the t(4:11) translocation, and MLL-

ENL, generated from the t(11:19) translocation. MLL-AF4 is the more prevalent fusion 

protein as it accounts for about 50%, 45%, and 80% of infant, children, and adult ALL cases 

respectively and is the focus of this project3–5. As mentioned above, the MLL-AF4 fusion 

protein is generated from the in frame t(4;11)(q21;23) translocation. These new fusion 

proteins are “fused” to the MLL-N portion on the MLL protein at the breakpoint region. The 

fusions cause a loss of several functional domains of the wt-MLL protein including the PHD, 

transactivation, and SET domains but the Menin binding domain, AT-hooks, SNL, and the 

repression domains are maintained3–6 (Figure 1.1B6). The MLL-AF4 fusion protein also 

allows for new binding partners for the protein. The AF4 arm of the fusion protein will 

interact with pTEFb and DOT1L. pTEFb, or positive transcription elongation factor b, is a 

complex that is formed from the dimerization of CDK9 and cyclin T1/T2 and is involved in 

promoting DNA elongation through phosphorylation of the C-terminal of RNA polymerase 

II. The binding of the AF4 arm of the fusion protein to pTEFb further magnifies the 

phosphorylation of the C-terminal of RNA polymerase II further promoting gene 

transcription. AF4 also binds with DOT1L, an H3K79 methyltransferase, that interacts with 

several MLL fusion proteins and promotes H3K79 methylation leading to increased 

transcriptional activity. The MLL-AF4 fusion protein has several important target genes 

which include MESI1 and HOXA9, both of which are transcription factors and are often 

upregulated by the fusion protein. The upregulation of these transcription factors can also 

lead to an increase in the transcriptional activity effects of the MLL-AF4 fusion protein3–5,7.  
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Figure 1.1: Structure of MLL protein. 

A. wt-MLL with binding partners Adapted from (5). B. MLL-r structure 

adapted from (6).  

B. 

A. 
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1.2: Current therapy options for MLL-AF4 ALL 

The initial treatment of MLL-AF4 ALL is the same as for other pediatric leukemias. The 

standard induction protocol for the treatment of ALL includes a steroid (dexamethasone or 

prednisolone) in combination with vincristine, L-asparaginase, and an anthracycline such 

as doxorubicin or daunorubicin can be added to the regimen. After the initial induction 

therapy, the patient is then given consolidation therapy which is used to eliminate any 

potential leukemic cells remaining. Consolidation therapy can vary depending on whether 

the patient is considered low or high risk and can change depending on the type of ALL. 

Consolidation therapy can include some of the same compounds used in induction therapy. 

The compounds for consolidation therapy include a combination of high-dose 

methotrexate, cytarabine, 6-mercaptopurine (6-MP), cyclophosphamide, thioguanine, 

vincristine, corticosteroids, and L-asparaginase. Consolidation therapy can involve 4-to-6-

week cycles and last up to 8 months. Maintenance therapy is the next step after 

consolidation therapy. Maintenance therapy is used to prevent the relapse of ALL. Most 

maintenance therapy is built off daily 6-MP and weekly methotrexate and can include an 

addition of periodic vincristine and corticosteroids. Maintenance therapy can last for 2-3 

years4,8.  

Another current treatment option for MLL-AF4 patients is hematopoietic stem cell 

transplant, or HSCT. HSCT is also commonly referred to as a bone marrow transplant, and 

this is when the patients are injected with hematopoietic stem cells that develop into new 

bone marrow. There have been studies to determine if HSCT is more beneficial than 

standard chemotherapy, but the reports have been conflicting. According to Interfant-99 
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trial, the majority of MLL-r ALL patients did not benefit any more from HSCT than standard 

chemotherapy, and one study by Pui et al. showed that MLL-AF4 ALL infant patients had a 

worse overall survival when treated with HSCT than when treated with chemotherapy. 

However, other studies showed that treating infant patients with HSCT following the first 

complete response and high intensity induction chemotherapy improved overall survival 

rates3,4,8,9.  

There are a few targeted immunotherapies for ALL such as rituximab and blinatumomab. 

Rituximab is a monoclonal antibody that is used to target CD20. However, it has been 

reported that MLL-AF4 ALL often expresses low levels of CD20 or doesn’t express it at all 

which would eliminate the effectiveness of rituximab10–12. Blinatumomab is a bispecific 

anti-CD19/CD3 T-cell engager that has shown effectiveness in patients with B-cell ALL. 

However, it has been shown that MLL-r cells are able to “escape” anti-CD19 immunotherapy 

through the loss of CD19 antigen expression especially for the MLL-AF4 subtype. Loss of 

CD19 would hinder the effects of Blinatumomab. Blinatumomab has been FDA approved for 

the treatment of relapsed/refractory B-ALL for children and adults4,8,13.  

CAR-T therapy is an immunotherapy option that harnesses the body’s own immune system 

to target cancer cells. CD4 and CD8 T cells are engineered with receptors for the cancer cell 

specific antigen to direct the T cells to attack the specific cancer cells. However, the 

“immune escape” capabilities of MLL-AF4 could cause issues with CAR-T therapy if the T-

cells were engineered to target CD1914. There were also reports of relapse to CAR-T therapy 

with a change to an AML phenotype in a patient with MLL-AF4 ALL4,8,15.  
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Inotuzumab Ozogamicin, INO, is a calicheamicin-based antibody dug conjugate that targets 

CD22. Calicheamicin is an antitumor antibiotic that results in double-strand DNA breaks. 

INO is approved for the treatment of adult refractory or relapsed B-ALL. However, there is 

limited data for efficacy on pediatric patients. There was a retrospective study of pediatric 

patients with R/R B-ALL that were given INO and 67% of the patients achieved CR and 71% 

of the responders were MRD-negative. However, loss of the CD22 antigen of the leukemic 

cells is a concern for the development of resistance. One 7-year-old with pre-B-ALL initially 

responded to INO but then relapsed with a loss of CD22 expression4,8,16.  

The current therapy options for MLL-AF4 ALL are effective against this deadly disease but 

the OS from the current therapies is very low. Therefore, there is a great need for a new 

targeted therapy that more effectively treats MLL-AF4 and prevents relapse of the disease.  

1.3: Experimental targeted therapies in MLL-r ALL 

While there is no clear targeted treatment for MLL-r ALL and specifically for MLL-AF4 ALL, 

there has been progress in some experimental targeted treatments. One experimental 

target in MLL-r is Menin. As stated previously, Menin is an important cofactor of the MLL-r 

fusion protein and the small molecule Menin inhibitors MI-503 and VTP50469 disrupt the 

interaction of Menin with the MLL-r fusion proteins3,17,18. MI-503 was developed as an 

orally bioavailable inhibitor. Borkin was able show that MI-503 was highly effective and 

selective in targeting MLL-r leukemias. MI-503 greatly inhibited growth of MLL-r leukemias 

in vitro after 7 days of continuous treatments and had essentially no effect on cell lines that 

did not harbor an MLL-r translocation/fusion protein. MI-503 was also able to selectively 

kill MLL leukemia patient samples. Borkin at el also showed that there was a decrease in 
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expression of MLL-r fusion protein target genes MEIS1 and HOXA9. MI-503 has shown to be 

effective in vivo as it delayed tumor growth and improved survival of MLL-AF4 leukemia 

mice17. Krivtsov at el showed that VTP50469 was also effective and selective in treating 

MLL-r leukemias. Krivtsov also showed that the IC50 of VTP50469 in MLL-r leukemias was 

less than 100nM while leukemias with other or no translocations had much higher IC50 

values, roughly >2000 nM. They also saw a change in the gene expression of cells treated 

with VTP50469 including a down regulation of MESI1 similar to MI-503. VTP50469 also 

showed to be effective in vivo by delaying tumor growth and prolonging the survival of 

MLL-r mice and MLL-r B-ALL PDX models18. There are also several clinical trials that are 

currently recruiting to test the efficacy of Menin inhibitors against MLL-r leukemias as a 

single therapy and in combination with chemotherapy (NCT05153330, NCT05326516, 

NCT04988555, NCT04811560, and NCT05735184) 

Another potential target in MLL-r ALL is DOT1L. Small molecule DOT1L inhibitor EPZ-5676 

was developed to inhibit the methyltransferase activity of DOT1L which is essential for the 

development and survivability of MLL-r leukemia3,19. EPZ-5676 is highly selective for 

DOT1L over other methyltransferases with a 37,000-fold selectivity. Daigle et al. found that 

EPZ-5676 is highly effective against cell lines that harbor a MLL fusion protein. EPZ-5676 

inhibited the proliferation with an IC50 of less than 1µM for MLL-r leukemia cell lines vs 

~10µM IC50 for non MLL-r leukemia cell lines. Similar to Menin inhibitors, EPZ-5676 

showed a decrease in gene expression of MLL-r target genes HOXA9 and MEIS1. Daigle et al. 

also showed that EPZ-5676 was effective in vivo by significantly slowing tumor growth19. 

EPZ-5676 was also in clinical trial to test its effectiveness against MLL-r leukemia 

(NCT02141828 and NCT01684150).  
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FLT3, Fms-like tyrosine kinase 3 is another potential target for MLL-r ALL. MLL-r ALL can 

have a high-level of gene expression of FLT3 making it a potential therapeutic target. FLT3 

is a membrane bound receptor for the FLT3 ligand which is a hematopoietic growth factor. 

When the FLT3 ligand binds to the FLT3 receptor, the receptors dimerize and are activated 

due to phosphorylation which then activates signaling pathways that promote cell survival 

and proliferation3,20. Armstrong et al. showed that a small molecule inhibitor, PKC412, was 

effective against MLL-r leukemia in vitro with wt-FTL3 and mutant FLT3. They also showed 

that PKC412 was effective in vivo against a MLL-AF4 ALL cell line SEMK2-M1 but not 

against the MLL-AF4 ALL cell line RS4;11. Armstrong et al. also demonstrated that SEMK2-

M1 expressed higher levels of FLT3 than RS4;11, therefore, the effectiveness of FLT3 

inhibitors may depend on FLT3 expression21. Stam et al. also showed that PKC412 was 

effective in treating patient samples in vitro and in vivo but saw the same trend that the 

sensitivity of the patient samples to PKC412 was dependent on FLT322. Brown et al. found 

the same trend with CEP-701, or Lestaurtinib. They found that both cell lines and primary 

infant ALL cells were sensitive to CEP-701 but the sensitivity was directly correlated to 

levels of FLT3 expression23. This could be a limiting factor for FLT3 inhibitors in a clinical 

setting. FLT3 inhibitors Midostaurin, or PKC412, Quizartinib, Gilteritinib have been FDA 

approved but only for AML24–26. 

Another potential target for MLL-AF4 ALL is HDACs, or Histone deacetylases. HDACs are 

responsible for the removal of acetyl groups from histones and are involved in several 

cellular functions such as gene expression, cell cycle, DNA damage repair, and apoptosis. 

Stumpel et al. showed that MLL-AF4 ALL cell lines RS4;11 and SEM were sensitive to 

several HDAC inhibitors in vitro. Stumpel was also able to show that B-cell MLL-AF4 ALL 
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patients cells were also sensitive to HDAC inhibitors, but non-MLL B-ALL patient samples 

were less sensitive and only sensitive to certain HDAC inhibitors. Additionally, Stumpel et al. 

showed that HDACi Panobinostat actually decreased MLL-AF4 mRNA levels and protein 

levels suggesting that the mechanism of sensitivity is due to downregulation of the fusion 

protein27. Bhatla et al. showed that the MLL-AF4 ALL cell line RS4;11 was sensitive to 

HDACi vorinostat, and that vorinostat in combination with chemotherapy agents 

prednisolone and decitabine, a demethylating agent, had synergistic effects28. Vorinostat 

was in clinical trials in combination with BTZ and chemotherapy for relapsed or refractory 

MLL-r ALL but was terminated (NCT02419755)3. Finally, Castro et al. was able to show that 

MLL-r ALL was specifically sensitive to Panobinostat while non-MLL-r ALL was not as 

sensitive. Panobinostat significantly reduced cell proliferation in MLL-r ALL and induced 

apoptosis while Panobinostat showed very little effect against non-MLL ALL cell lines. 

Castro et al. then showed that Panobinostat was effective in delaying tumor growth and 

increasing survival of MLL-r ALL in vivo and PDX models of MLL-r ALL. However, Castro et 

al. suggests another source of MLL-r ALL sensitive to HDACi. Castro et al. found that HDACi 

reduced the ubiquitylation of H2B and downregulates the RNF20/RNF40/WAC complex 

which is invoked in histone methylation29.  

BCL-2 is an anti-apoptotic protein that is a part of the BCL-2 family of proteins that are 

involved in the intrinsic apoptosis pathway and is another potential target for the treatment 

of MLL-AF4 ALL. It has been shown that BCL-2 is highly expressed in MLL-r ALL and 

specifically in leukemias expressing MLL-AF4 fusion proteins30,31. Benito et al. 

demonstrated that MLL-AF4 specifically upregulates BCL-2 through DOT1L mediated 

histone methylation, which could support a rationale that uses a combination of DOT1L and 
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BCL-2 inhibitors. ABT-199, or Venetoclax, was developed as a BCL-2 specific inhibitor. ABT-

199 does not inhibit BCL-XL, which helps prevent side effect thrombocytopenia that is 

associated with BCL-XL inhibition. Benito et al. showed MLL-r ALL that expresses high 

levels of BCL-2, i.e. MLL-AF4 cell line RS;411, and SEM, was highly sensitive to BCL-2 

inhibition by ABT-199. ABT-199 was able to induce apoptosis as a single therapy drug in 

primary patient samples but was also synergistic with chemotherapy agents such as 

cytarabine, doxorubicin, L-asparaginase, and vincristine. Benito et al. also demonstrated 

that ABT-199 had minimal effects and VXL chemotherapy, vincristine, L-asparaginase, and 

dexamethasone, had only modest effects in treating 2 BCL-2 dependent MLL-AF4 ALL 

patient derived samples as single agents in vivo. However, a combination of ABT-199 and 

VXL reduced the leukemia burden by 70%30. This suggests that combining ABT-199 with 

standard chemotherapy regimens could be beneficial for patients.  

BTZ has been shown to have synergistic or additive effects for ALL in vitro when combined 

with the components of induction chemotherapy vincristine (VCR), dexamethasone (DEX), 

L-asparaginase (ASP), and with doxorubicin, which is a close analog of daunorubicin 

(DAN)32,33. BTZ in combination with chemotherapy has shown a remarkable response rate 

of 70% in relapsed pediatric B-cell precursor ALL, or BCP-ALL, in two separate phase II 

clinical trials34–36. In addition, CFZ in combination with HyperCVAD chemotherapy elicited a 

90% response rate in a phase I clinical trial of adult ALL37,38. BTZ was used to replace 

vincristine, a staple component of standard induction therapy, in patients that developed 

severe peripheral neuropathy, also a common side effect of vincristine, without an increase 

in the probability of relapse39. Response rates of therapy combinations that contain PIs in 

relapsed diseases are comparable to other novel targeted therapies including 
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blinatumomab, inotuzumab-ozagomicin, and CAR-T-cells40–45. Relapsed patients generally 

face poorer diagnoses than newly treated patients. Therefore, approaches to decrease 

relapse rate, such as combining PIs with chemotherapy to target the minimal residual 

disease that is still present after the initial rounds of chemotherapy, are needed and BTZ 

has been included in one such trial (NCT03117751) but not targeted to specific subtypes. 

The relapse rate in MLL-AF4 is one of the highest in ALL3,46,47 and is driving the need of new 

and improved targeted therapies or treatment regimes.  

Proteasome inhibitors have also been shown to have efficacy in treating MLL-AF4. Lui et al. 

found that a young patient, a 21 year old female, that was diagnosed with t(4;11) pre-B-Cell 

ALL achieved complete cytogenetic remission when treated with BTZ.  However, the patient 

developed neurotoxicity and she was then given a reduced dosage of BTZ as a maintenance 

treatment and after 8 weeks the BTZ treatment was discontinued. The patient was able to 

retain remission for over a year without any other treatment. Unfortunately, she relapsed, 

and her leukemia returned which was resistant to BTZ and she died soon after48.   

While the list for experimental treatments for MLL-AF4 ALL appears long, none of the 

treatments have been approved for MLL-AF4 ALL. Therefore, a targeted therapy is still 

needed for this deadly disease, and we plan to combat this need with the use of IPIs and 

targeting immunoproteasomes.  

1.4: The Proteasome  

The proteasome is a 2.5 MDa multi subunit complex found in eukaryotic cells that is 

responsible for the degradation of proteins into smaller peptides. The proteasome is the 

major quality control system in the cell that is responsible for cellular homeostasis and is 
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also involved in several regulatory pathways such as the cell cycle. Cancer cells are very 

reliant on the proteasome to breakdown the abundance of misfolded proteins found in 

cancer cells which causes a high load on the proteasome49,50. Upon proteasome inhibition, 

the proteasome loses some of its ability or “capacity” to degrade proteins that have been 

tagged for degradation51.  The proteins then accumulate inside the cell and this 

accumulation of proteins leads to increased cell stress and ultimately apoptosis. This 

phenomenon is known as the load vs capacity theory (Figure 1.2). Proteins, grey fish, are 

ubiquitinated, with blue dots, which “tag” the proteins for degradation by the proteasome, 

orange fish. When the proteasome is uninhibited, it has the capacity to break down the 

ubiquitinated proteins and reduce the proteotoxic stress inside the cell. However, when the 

proteasome is inhibited, red X, then the cells lose some of their capacity to degrade proteins 

which leads to an accumulation of ubiquitinated proteins inducing proteotoxic stress and 

ultimately cell death (Figure 1.2 right panel). It has been said that multiple myeloma, MM, is 

sensitive to proteasome inhibition due to a high load on the proteasome. MM cells generate 

a large amount of immunoglobulins that need to be degraded by the proteasome52–55 and 

upon proteasome inhibition the immunoglobulins accumulate leading to proteotoxic stress 

and ultimately cell death. 

The structure of the 26S proteasome consists of a 20S core and either one or two 19S 

regulatory particles (RP) that serve as the lid and base of the proteasome structure. The 

20S core is the cylindrical hollow component of the proteasome that contains 4 stacked 

rings of 14 separate polypeptides pairs. The outermost rings are comprised of seven α 

subunits while the inner most rings are composed of seven β subunits (Figure 1.3 left 

panel49). 3 β subunits contain the active sites of protein degradation, β5, β2, and β1.  Each 
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of these active sites cleave after different residues. The β5 site, the chymotrypsin-like site, 

cleaves after hydrophobic residues, the β2 site, the trypsin-like site, cleaves after basic 

residues, and the β1 site, the caspase-like site, cleaves after acidic residues.  The β5 site has 

been shown to be the dominant site for protein degradation and is the target of most 

proteasome inhibitors49 (Figure 1.3 right panel49). The 19S RP is the regulatory particle of 

the proteasome. The 19S is responsible for recognizing proteins that are tagged for 

degradation with a ubiquitin chain, allowing them to pass into the 20S core where they 

then are degraded. The 19S RP contains three deubiquitylating enzymes, Rpn11, USP14, 

and Uch37, that are responsible for removing the ubiquitin from the protein. Within the 

19S RP there are 6 ATPases that form a ring structure and interact with the 20S core. The 

ATPases are responsible for the unfolding of the folded proteins tagged for degradation. 

The ATPases also open the channel of the 20S core to allow the newly unfolded proteins to 

pass through to be degraded49.  
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Figure 1.2: Load vs Capacity Theory. 

Orange fish represent active sites of the proteasome. Gray fish represent 

proteins. Blue dots represent ubiquitin.   
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Figure 1.3: Structure of the proteasome. 

Structure of the 26S proteasome (left) and the 20S core (right). Adapted 

from (49). 

or (β5i or LMP7) 
or (β2i or MECL) 

or (β1i or LMP2) 
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1.5: FDA approved Proteasome Inhibitors  

Bortezomib, clinically known as Velcade, is FDA approved for the treatment of Multiple 

Myeloma and Mantle Cell Lymphoma. Bortezomib is widely known as an inhibitor of the β5 

site of the constitutive proteasome and to a lesser degree an inhibitor of the β149,56,57.  

Clinically BTZ can be given as a bolus IV injection or a subcutaneous injection. For patients 

with previously untreated MM, the recommended starting dose of BTZ is 1.3 mg/m2 and is 

given twice weekly with at least 72 hours between doses for cycles 1-4. BTZ is then given 

once weekly for cycles 5-9.  For patients with previously untreated MCL, the starting dose is 

the same but BTZ is given twice weekly for two weeks followed by a ten day rest period and 

is continued for 6 cycles58.  

Carfilzomib (CFZ), clinically known by its brand name Kyprolis, is FDA approved for the 

treatment of relapsed or refractory MM that has received at least two prior therapies 

including BTZ and an immunomodulatory agent and has seen progression of the disease or 

has been within 60 days of the completion of the previous therapy.59,60. CFZ is a similar 

proteasome inhibitor to BTZ in its active site specificity. CFZ is an irreversible proteasome 

inhibitor that targets the β5/β5i sites of the proteasome57,61,62. CFZ has a higher affinity for 

the β5 site than BTZ as the IC50 of CFZ to β5 is less than 5nM where BTZ is about 8nM57. CFZ 

is also more selective to β5 than the other active sites, β5/β5i >> β2~β149,62,56.  Clinically 

CFZ is given by IV over a 2-10 and up to a 30 min span depending on the dosing regimen. 

CFZ is given at a dose of 20 mg/m2 for consecutive days each week for 3 weeks with a 12-

day rest period in between each dose. If the 1st cycle is tolerated well the concentration of 

the dose can be raised to 27 mg/m2 in the following cycles. The number of following cycles 
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is determined by the progression of the disease and until severe toxicities occur 59–61,63. The 

half-life of CFZ is < 30min.  

Ixazomib (IXA), clinically known by its brand name Ninlaro, is FDA approved for the 

treatment of MM patients who have received at least one prior therapy. IXA is a reversible 

oral proteasome inhibitor that also targets the β5 site of the proteasome similar to BTZ and 

CFZ. IXA is also known as an inhibitor of the β5 site of the constitutive proteasome but can 

also inhibit the β5i and again to a lesser degree, like BTZ, inhibit β1/β1i49,56,57,64. Clinically 

IXA is given orally in combination with lenalidomide and dexamethasone. The starting dose 

of IXA is 4 mg that is given orally once a week, usually the first day of the week. If a 

reduction in dosage is needed the first reduction is 3 mg and the second reduction is 2.5 

mg. IXA needs to be taken about the same time each day to obtain optimal effects. The 

number of subsequent cycles is dependent on disease progression and degree of toxicities 

that arise65.  
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Figure 1.3: Structures of proteasome inhibitors. 
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1.6: Toxicities of FDA approved Proteasome inhibitors  

Like most cancer therapeutics there are toxicities and side effects associated with 

proteasome inhibitors. There are several side effects that are associated with the use of 

BTZ. Common side effects include fatigue, nausea, and diarrhea but there are more serious 

side effects as well. A serious side effect and the most known to be associated with BTZ is 

peripheral neuropathy, or damage to the nerves. Depending on the severity of the 

peripheral neuropathy, Grade 1 with pain or Grade 2 or higher, the dosage of BTZ may need 

to be reduced or given subcutaneously since the incidence of peripheral neuropathy is less 

in this dosage route, or BTZ dosing must be stopped all together until the peripheral 

neuropathy has subsided. There are several gastrointestinal toxicities associated with BTZ 

including decreased appetite, constipation, and vomiting. Other common toxicities 

associated with BTZ are thrombocytopenia, neutropenia, anemia, hypotension, and 

anorexia. There are also some serious but rare side effects such as heat rhythm problems or 

heart failure, sudden liver failure, and posterior reversible encephalopathy syndrome. 

There was also a recent paper that reported that BTZ inhibited bone growth in young mice 

which could be problematic with BTZ for treatments of pediatric patients with MLL-AF4 

ALL66–70.   

There are also several toxicities associated with CFZ as well. Similar to BTZ, CFZ is 

associated with the common toxicities of fatigue, nausea, and diarrhea. CFZ does cause 

some peripheral neuropathy but to a much lesser extent than BTZ; 14% vs 39% 

respectively. A serious side effect of CFZ is cardiac toxicity. One of the common cardiac 

toxicities is cardiac failure including pulmonary edema, congestive cardiac failure, and 
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decreased ejection fraction. There have also been cases of cardiac arrest within a day of CFZ 

treatment. Other common toxicities of CFZ are anemia, thrombocytopenia, neutropenia, 

hypertension, and acute renal failure or renal impairment. If these toxicities reach Grade 3 

or 4, especially the cardiac toxicities, then CFZ treatments will be stopped until the 

toxicities subside or are reversed. Then, CFZ can be continued to be given at a reduced 

dose71–73.  

Ixazomib also has some toxicities associated with its treatments that are similar to BTZ and 

CFZ. Following the same trend as BTZ and CFZ, IXA has the same common toxicities of 

fatigue, nausea, and diarrhea. IXA was developed as an alternative to BTZ in hopes of 

lowering the incidence of peripheral neuropathy. This appears to have been successful as it 

has been reported that IXA only has Grade 1 peripheral neuropathy toxicities of 18% and 

grade 2 and 3 of 11% and 2% respectively, while BTZ has a reported Grade 2 peripheral 

neuropathy toxicities of 39% and Grade 3 of 15%. IXA has severe hematologic side effects 

including thrombocytopenia of 85% and neutropenia of 74%. In cases of severe decline in 

platelet and absolute neutrophil count IXA treatments will be stopped until the counts 

recover. Other common side effects include rash, liver impairment, back pain, and 

decreased appetite74–76.  
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Figure 1.5: Active site specificity of inhibitors and rationale for using β5i inhibitors for the 

treatment of ALL.  
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1.7: Immunoproteasomes 

There are two classes of 20S core particles. The most common proteasome is referred to as 

the constitutive proteasome and is found in most tissues. The second type of proteasome is 

called the immunoproteasome which is generally found in lymphoid tissues such as the 

spleen and B and T cells. Immunoproteasomes can also be found in other tissues as their 

expression is induced by pro-inflammatory cytokines such as IFNγ77. Immunoproteasomes 

are very similar to the constitutive proteasome but do have their own distinct active sites. 

The immunoproteasome contains the β5i (LMP7), β2i (MECL1), and β1i (LMP2) active 

sites, the i signifies the active site for the immunoproteasome. The distinct active sites of 

the immunoproteasome allow for a slightly different substrate specificity than the 

constitutive proteasomes, which has allowed immunoproteasome specific inhibitors to be 

developed49. In addition, the distinct active sites of the immunoproteasome allow the 

immunoproteasome to be involved in several immune functions including antigen 

presentation, cytokine production, and T-cell activation78–80. The peptides generated by 

immunoproteasomes are primed to be presented on MHC class 1 complexes and it’s been 

shown that immunoproteasomes are more capable of cleaving peptides suited for antigen 

presentation than constitutive proteasomes78. This immune function of the 

immunoproteasome has made them a target for the treatment of autoimmune diseases like 

rheumatoid arthritis, colitis, and lupus because the immunoproteasome inhibitor ONX-

0914 has proven to be effective in treating such diseases through reducing the production 

of proinflammatory cytokines and activation of T-cells81–83.  
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1.8: Immunoproteasome inhibitors 

BTZ, CFZ and IXA are generally referred to as constitutive proteasome inhibitors; however, 

they are equipotent inhibitors of constitutive and immunoproteasomes, meaning that they 

inhibit both β5 and β5i at equally similar concentrations. 

M3258 was developed by Merck KGaA to be a highly β5i specific inhibitor to treat 

refractory or relapsed MM. Inhibition of each active site by M3258 was measured to test the 

specificity to the β5i site. The IC50 of M3258 for the β5i was 4.1 nmol/L ± 2.4. While the 

IC50 of the of the other active sites β5, β1i, and β2i is 2,519 ± 397, >30,000, and >30,000 

respectively84. M2358 was developed to be administered as a daily oral drug. The reason for 

the daily administration is partly due to the reversible inhibitory effects of M3258 as it 

showed a 68% mean reversibility of human β5i after 1 hour84,85. Administering 10mg/kg of 

M3258 daily in mice also provided constant inhibition of the β5i site in the tumor over 24 

hours and there was still detection of M3258 in mice plasma after 24 hours. M3258 has 

shown strong in vivo efficacy in treating MM84. This data supported the start of a phase 1 

clinical trial (NCT04075721) to study the safety profile and dose escalation of M3258 as a 

single agent and in combination with dexamethasone. However, this clinical trial was 

terminated due to difficulties recruiting participants86.  

While the clinical trial to analyze the safety profile in humans was terminated, Sloot et al. 

was able to test the safety profile in several animal models. Many of the toxicities associated 

with FDA approved inhibitors appear to be absent from β5i specific inhibition. M3258 

showed a reduced toxicity profile compared to BTZ, CFZ, and IXA in both dogs and rats. 

Sloot at el compared the recommended human dose of BTZ, CFZ, and IXA to the expected 
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human dose of M3258 in rats and dogs to determine the difference in presenting toxicities. 

Similar to the toxicities in humans, BTZ and IXA caused peripheral nerve toxicity and CFZ 

and BTZ showed cardiac, lung, and kidney toxicities in the animal models87. However, these 

toxicities were not observed with M3258 suggesting that it could have a better safety 

profile than constitutive proteasome inhibitors87.  

ONX-0914, formerly known as PR-957, was developed to be selective for the 

immunoproteasome specifically the β5i site. ONX-0914 is fairly selective for β5i at 

concentrations less than 100nM, but can also inhibit other activity sites including β5 and 

β1i when administered at higher concentrations81,88. Immunoproteasomes have been 

explored as targets to treat several autoimmune diseases, and ONX-0914 has been effective 

in targeting arthritis, experimental colitis, and murine lupus like disease81,83,89. ONX-0914 

has also shown efficacy in treating MM90. ONX-0914 was licensed to Kezar Life Sciences 

where they developed a derivative of ONX-0914 called KZR-616, or Zetomipzomib. This was 

developed as a next generation inhibitor and because ONX-0914 was only developed to be a 

research tool. KZR-616 is currently in clinical trials for the treatment of lupus and 

autoimmune hepatitis91–93. 

There have been several trials with Zetomipzomib to assess the safety profile in a dose 

escalation manner including MISSION phase 1b and 2, and a long-term safety trial, in which 

patients were treated with Zetomipzomib once a week for 16 weeks and then switched to 

placebo for 16 weeks or vice versa. Patients in this long-term safety trial could enroll in an 

open-label extension trial which would go up to 96 weeks on Zetomipzomib. The most 

common adverse reaction reported was injection site reactions which were mostly mild. 
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Other reported adverse effects included headache, nausea, and vomiting94. There were no 

reports of peripheral neuropathy, prolonged hematological adverse effects, or clinically 

significant laboratory abnormalities. In MISSON phase 1b there was one report of 

thrombotic microangiopathy, or TMA, in one patient that led to the drug being discontinued 

for that patient, but no such adverse effect was reported in phase 294. In the long-term 

study, the adverse effects were generally mild to moderate with the most common being 

injection site reactions which were generally manageable95. From these trials, 

Zetomipzomib demonstrated clinically meaningful renal responses in lupus patients and 

prompted Kezar to recruit patients for a larger placebo-controlled Phase 2b trial that is 

currently recruiting.  

BTZ has also shown efficacy in treating lupus in patients; however, the adverse effects have 

been severe. In one study 5 of the 12 patients developed hypogammaglobulinemia and it 

persisted in 2 patients at the end of the study. Additionally, 2 of the 12 patients developed 

neuropathy which led to the discontinuation of BTZ96. In a separate study, BTZ was effective 

in treating systemic lupus erythematosus, or SLE, but several adverse effects occurred 

including polyneuropathy. BTZ treatments had to be discontinued in 7 of the 12 patients 

due to the adverse effects97. This shows that the limitations of FDA approved proteasome 

inhibitors could be overcome with immunoproteasome specific inhibition (Figure 1.5). 

1.9: Immunoproteasome expression in various tumors and immunoproteasome 

inhibitors in cancer therapy  
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While immunoproteasome inhibitors have not been approved for cancer therapy, there 

have been studies performed in other cancer types that show the potential of using 

immunoproteasome inhibitors for a targeted treatment. 

Sanderson et al. found that M3258 was effective in treating MM. M3258 was able to 

decrease the viability of MM cell lines and induce apoptosis. M3258 appeared to perform 

exceptionally well in vivo by significantly delaying tumor growth and even reduced the 

tumor burden while also significantly improving the survival of the mice. Sanderson et al. 

also compared the efficacy of M3258 to FDA approved proteasome inhibitors in vivo and 

observed that M3258 was just as effective or more effective in treating MM in vivo than 

Ixazomib and BTZ. With these observations, Sanderson et al. was able to promote M3258 to 

clinical trials but the trial was discontinued due to issues recruiting participants for the 

trial85,98. This is the only current study involving M3258 for use in cancer therapy.  

Hsin-Han et al. observed glioblastoma, a form of brain cancer, cell lines LN229, GBM8401, 

and U87MG expressed PSMB8, which is the gene name for β5i. This expression of β5i was 

not affected by ONX-0914 exposure. Hsin-Han et al. also observed that ONX-0914 induced 

apoptosis, cell cycle arrest, autophagy and inhibited colony formation in glioblastoma cells, 

and that ONX-0914 was synergistic in treating in vivo glioblastoma models with 

temozolomide, a common chemotherapy agent for brain cancers99. 

Li et al. studied the effects of immunoproteasome inhibition on castration resistant prostate 

cancer, CRPC. They found the CRPC tissues had a significant “tumor elicited” Th17-type 

inflammatory response that induced the expression of immunoproteasomes. They found 

that ONX-0914 suppressed this “tumor elicited” Th17-type inflammatory response and 
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CRPC tumor progression in vivo. Li et al. also found that ONX-0194 induces apoptosis 

through the activation of the unfolded protein response100. Koerner et al. also looked at the 

effects of ONX-0914 on prostate cancer. Koerner et al. found that immunoproteasomes were 

highly expressed in different lobes of TRAMP, transgenic adenocarcinoma of the mouse 

prostate. Upon treatment with ONX-0914, apoptosis was induced in human and murine 

prostate cancer cells and ONX-0914 also disrupted proteostasis in these cells. Koerner et al. 

further observed that ONX-0914 effectively treated TRAMP prostate cancer in mice by 

increasing the overall survival of the mice and significantly delaying tumor growth101.  

In addition to observing the effects of ONX-0914 on prostate, Koerner et al. also studied the 

effects in colorectal carcinoma (CRC). Inflammation and pro-inflammatory cytokines 

promote the development of colorectal cancer. They hypothesized that ONX-0194 could 

prevent the differentiation of Th1 and Th17 and prevent the production of pro-

inflammatory cytokines to inhibit and possibly prevent CRC. Koerner et al. found that ONX-

0914 did in fact block tumor initiation and progression in chemically induced and 

transgenic CRC mouse models and even reduced body weight loss that is often associated 

with CRC102.  

Besse et al. analyzed the expression of immunoproteasomes and efficacy of 

immunoproteasome inhibitors in CLL, or chronic lymphocytic leukemia. Besse et al. found 

that CLL patient samples expressed a high β5i/β5c ratio and even expressing a higher ratio 

than B-ALL, AML, MM, and PCL. Besse et al. observed that CLL patient samples were 

inherently more sensitive to immunoproteasome inhibitors LU-005i and LU-035i than 

other hematological malignances such as AML, B-ALL, MM, and PCL, and that the increased 
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sensitivity correlates with immunoproteasome activity. Besse et al. also observed that the 

co-inhibition of β2i/β2c sensitized hematological malignances, B-CLL, B-ALL, AML, MM, 

and PCL, to β5i inhibitors103.  

While there is not a study focused solely on immunoproteasome inhibitors in B-ALL, 

several studies observing the expression in B-ALL have been completed. Gerian et al. found 

that B-ALL primary patient cells have a ratio of β5i/β5c and β1i/β1c to be greater than 

ten104. Similarly, Niewerth et al. found that pre-B ALL had a significantly higher β5i/β5c 

ratio than T-ALL and AML, which suggests that targeting immunoproteasome in ALL is a 

viable option105. 

Therefore, the evidence from past studies of immunoproteasome inhibitors in other cancer 

types, along with high immunoproteasome expression in B-ALL and the favorable safety 

profile of IPIs, provides a strong rationale to study clinical stage IPIs in MLL-AF4 ALL.  
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Chapter 2: Materials and Methods 

Inhibitors and substrates:  

Carfilzomib and bortezomib were obtained from LC laboratories, ONX-0914 and M3258 

were obtained from MedChemExpress. LU-102, LU-015i, and activity-based probes were 

kindly provided by Drs.Bogdan Florea and Herman Overkleeft (Univ. of Leiden, the 

Netherlands). Suc-LLVY-AMC was obtained from Bachem. All other substrates were custom 

synthesized by China Peptide. 

Cell lines and cell culture experiments:  

RS4;11, LOUCY, HS-5, REH, NALM-6, MOLM-13, PBMC and RPMI-8226 cells were obtained 

from the American Tissue Culture collection; SEM and ALL-SIL cells were obtained from 

DSMZ (Braunschweig, Germany). PDX cell lines were obtained from Dr. Richard Lock from 

Australian Children’s Cancer Institute and the Pediatric Pre-clinical Testing Program 

(PPTP). HS-5 cells were cultured in DMEM; all other cells were cultured in RPMI-1640 

media. Both media were supplemented with 10% FBS, penicillin, streptomycin, and 

ciprofloxacin (0.2μg/ml). Cell viability was assayed with resazurin (Alamar Blue, Sigma) or 

Cell Titer Glo (Promega). 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. Alternatively, 

caspase-3/7 activity was measured in extracts using Ac-DEVD-amc as described106 or by 

using the APO-One Homogeneous Caspase 3/7 Assay (Promega).  

Creation of SEM-GFP-luc cells:  

GFP and luciferase-expressing SEM cells (SEM-GFP-luc) were generated by transducing 

SEM cells with a Luciferase-T2A-eGFP lentiviral vector and subsequent sorting for GFP-
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positive cells. The lentiviral plasmid was cloned as previously described107. The enhanced 

luc + gene was briefly amplified from the pGL3 plasmid using primers engineered to harbor 

XbaI and BamHI sites at the 5′ and 3′ ends, respectively. This product was then ligated to a 

lentiviral transfer plasmid engineered to contain XbaI/BamHI in a polylinker, followed by a 

T2A-eGFP (containing a stop codon, eGFP cloned from pEGFP-N1) sequence. The plasmid 

was verified using Sanger sequencing. The virus was provided by Dr. Gilbert Rahme. 

Proteasome activity measurements and identification: 

Frozen cell pellets were lysed in a buffer of 50 mM Tris–HCl, pH 7.5, 25% sucrose, 2 mM 

EDTA, 1 mM DTT, 1 mM ATP, 0.05% digitonin. Proteasome activity was measured in 

extracts of treated cells with Suc-LLVY-amc (β5c and LMP7), Ac-ANW-amc (LMP7), Ac-

WLA-amc (β5c), Ac-nLPnLD-amc (β1c and LMP2), Ac-APL-amc (LMP2) and Ac-RLR-amc 

(β2c and MECL1) fluorogenic substrates106. It was normalized to the total protein content 

of the extract, which was determined using the Coomassie Plus—The Better Bradford 

Assay Reagent (Thermo). Activity of β5c and LMP7 with Suc-LLVY was also measured using 

Proteasome Glo Assays (Promega). Cells were incubated with the Proteasome Glo Assay 

reagent for 10 minutes and luminescence was then measured. To distinguish between 

contribution of β5c and LMP7 to the cleavage of Suc-LLVY-amc, extracts were preincubated 

with a highly LMP7-specific inhibitor LU-015i (5μM) for 30 min at 37 °C immediately 

before activity measurements. Alternatively, occupancy of active sites was measured with 

activity-based probes as described104,108. In a three-probe-cocktail, 1c (PSMB6) and LMP2 

(β1i) subunits are labeled with Cy5-NC-001, BODIPY(FL)-LU-112 labels MECL1 (β2i) and 

β2c (PSMB7), and LMP7 (β5i) and β5c (PSMB5) subunits were labeled with BODIPY(TMR)-

NC-005-vs10. In a two-probe combination, LMP7, β5c, MECL1 and β2c subunits were 
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labeled with BODIPY(TMR)-NC-005, and β1c and LMP2 were labeled with BODIPY(FL)-NC-

001108,109. Labeled subunits were resolved in 10% Bis–Tris SurePAGE™ (Genscript) and 

imaged on c600 gel imager (Azure Biosystems). 

Equipment and setting: 

All gel and blot images were acquired on a c600 multi-mode imager (Azure Biosystems), 

using the “Auto-expose” feature, except for images in the blue channel that used a 30 

second exposure. Fluorescent bands were quantified using Image Studio Lite software 

(LiCOR). Input levels for all gel images in the figures were adjusted in Adobe Photoshop to 

ensure gray background. Cytation 5 multi-mode plate reader (Bio-Tech) was used for 

fluorescent assays of the proteasome and caspase activity, Alamar Blue assay of cell 

viability, and for Bradford assays. 

Animal studies: 

6–8-week-old male NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, e.g. Nod/Scid/IL-2 receptor 

γ-chain knockout, Jackson Laboratory) for the ONX-0194 and BTZ study or 6–8-week-old 

female NRG (NOD.Rag1null Il2rgnull, NOD RAG gamma, NOD-RG, Jackson Lab stock number 

007799) mice for the PI plus chemotherapy study were injected intravenously with 1 

million SEM-GFP-luc cells. Animals were randomly assigned to treatment/vehicle groups. 

The sample size (7–8 animals/group) was based on past experience. Dosing and frequency 

are indicated in Figure 3.9 and 3.10. We did not perform blinding because the primary 

readout of the experiment was an objective measurement of luminescence of luciferase-

expressing tumors. Mice were injected intraperitoneally with D-Luciferin (150 mg/kg) 

once weekly and imaged on Xenogen IVIS-200 imaging system under isoflurane anesthesia. 

Photon counts of the whole animal were determined using Living Image software (Perkin 
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Elmer). All animal procedures were carried out according to the US Public Health Service 

Policy on Care and Use of Laboratory Animals and were approved by Dartmouth College 

IACUC (protocol #2203) and by Auburn university IACUC (protocol #2020-3750/2023-

3750). The results of the study are reported according to ARRIVE guidelines. 

Histone Extraction:  

Frozen cell pellets were first lysed in a buffer of 50mM Tris-HCL, 10% glycerol, 5mM MgCl2, 

1mM EDTA, 1mM ATP, and 10% CHAPS. The supernatant was then removed and saved, 

and the nuclei was resuspended in 400µL of 0.4N H2SO4 and incubated on a rotator for at 

least 30 minutes. The samples were then spun at 40C at 16,000g to remove the nuclear 

debris. The supernatant was moved to a fresh tube where 132µL of TCA (final 

concentration of 33% TCA) was added dropwise and then the samples were inverted 

several times to mix the solution and incubated for 30 minutes. Histones were then 

pelleted by centrifugation at 16,000g at 40C for 10 minutes. The supernatant was removed, 

and the histones were washed with acetone and then samples were centrifuged at 16,000g 

for 5 minutes. The acetone wash and centrifugation were repeated. The supernatant was 

removed, and the pellet was left to air dry for 20 minutes at room temperature. The histone 

pellets were then dissolved in 20µL of ddH2O.  

Western blot analysis:  

For the detection of the MLL-AF4 fusion protein, nuclear extracts were prepared using NE-

PER™ nuclear extraction reagent (ThermoFisher) separated on 4–12% Bis–Tris 

SurePAGE™ (Genscript) using MOPS running buffer and transferred to a nitrocellulose 

membrane using methanol-free transfer buffer110. The MLL–AF4 fusion protein was 

revealed using D2M7U antibody to N-terminal antigen of MLL-1; histone H3 was detected 
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with D2B12 antibody (Cell Signaling). We used HRP-conjugated secondary antibodies (Cell 

Signaling) and Super Signal West Femto Maximum Sensitivity substrate (Thermo Scientific) 

for band visualization. 

For the detection of ubiquitin conjugates, NOXA and cleaved PARP, frozen cell pellets were 

lysed in a buffer of 50nM Tris-HCL, 10% glycerol, 5mM MgCl2, 1mM EDTA, 1mM ATP, and 

10% CHAPS and separated on a 10% Bis–Tris SurePAGE™ (Genscript) using MOPS running 

buffer and transferred to a PSQ membrane (for Ubiquitin conjugates detection) of FL 

membrane (for NOXA and cleaved PARP detection). Ubiquitin protein was revealed using 

the D9D5 K48-linkage specific polyubiquitin antibody (Cell Signaling), while NOXA was 

revealed with D8L7U Noxa antibody (Cell Signaling) and cleaved PARP was revealed with 

the D214 cleaved PARP antibody (Cell Signaling). We used HRP-conjugated secondary 

antibodies (Cell Signaling) and Super Signal West Femto Maximum Sensitivity substrate 

(Thermo Scientific) for band visualization of K48 and FL secondary antibodies (Cell 

Signaling) for band visualization of NOXA and cleaved PARP.  

For the detection of puromycin, frozen cell pellets were lysed in a buffer of 50 mM Tris-

HCL, 10% glycerol, 5mM MgCl2, 1mM EDTA, 1mM ATP, and 10% CHAPS and separated on a 

10% Bis–Tris SurePAGE™ (Genscript) using MES running buffer and transferred to a FL 

membrane. Puromycin was revealed with the 12D10 Anti-Puromycin antibody (EMD 

Milipore) and FL secondary antibodies were used for band visualization. 

For the detection of uBH2B and H2B, extracted histones were separated on a 10% Bis–Tris 

SurePAGE™ (Genscript) using MOPS running buffer and transferred to a FL membrane 

using the thermos transfer machine. uBH2B was revealed with 53H3 Histone H2B antibody 
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(cell Signaling) and H2B was revealed with K120 D11 XP(R) Ubiquityl-Histone H2B 

antibody (Cell signaling) and FL secondary antibodies were used for band visualization. 

Mitochondrial Respiration:  

The day before the cells were plated on Seahorse XFp Fluxpak miniplates to allow time for 

the cells to adhere. The cells were then treated in the presence of the inhibitors on the 

plate. Once the time points had been reached the culture media was replaced with XF RPMI 

media supplemented with 1mM pyruvate, 2mM glutamine, and 10nM glucose. Oligomycin, 

FCCP, and Rotenone plus antimycin A were loaded into the correct ports on the Seahorse 

XFp Fluxpak cartridges. The cartridges and plates were then loaded into the Seahorse XFp 

and a Mito Stress test was performed111.   

RNA sequencing:  

Cells were harvested and stored in RNA later solution. RNA sequencing and analysis was 

performed by Dr. Amit Mitra.  

  



47 
 

Chapter 3: MLL-AF4 ALL cell lines express high levels of immunoproteasome and are 

sensitive to pharmacologically relevant concentrations of IPIs 

Introduction  

Bortezomib has been approved for other hematological malignancies such as multiple 

myeloma and mantle cell lymphoma. As mentioned in Chapter 1.3, there have been a 

number of clinical trials that show BTZ has been effective against ALL, however, it was in 

combination with standard chemotherapy112–114. Liu et al. showed that the two best 

characterized cell lines (RS4;11 and SEM), which harbor the MLL-AF4 fusion protein, were 

much more sensitive to BTZ than cell lines REH and JM1, both of which do not harbor the 

MLL-AF4 fusion protein48. BTZ is also highly effective against cells that express MLL-AF4 

from relapsed or refractory patient’s ex vivo when co-cultured with stromal cells from the 

bone marrow115 and is also effective against MLL-AF4 PDX models116. One young adult 

patient was able to achieve complete remission for MLL-AF4 ALL when treated with BTZ as 

a single agent, however, BTZ treatment for this patient had to be discounted as they 

developed neuropathy which is a common side effect of BTZ48.  

While BTZ has shown effectiveness against MLL-AF4 ALL, its clinical effectiveness is 

limited, along with other FDA approved proteasome inhibitors, by toxicities associated with 

the inhibition of constitutive proteasomes. While neuropathy, the most common toxicity of 

BTZ, is most likely due to an off-target effect of BTZ, the gastrointestinal, cardiac, and renal 

toxicities associated with all FDA approved proteasome inhibitors is most likely due to the 

inhibition of constitutive proteasomes117–121. BTZ has also been shown to inhibit bone 

growth in young mice122 and cause long-term testicular damage68. These toxicities along 
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with cardiac toxicities can cause major issues for the patients as most MLL-AF4 ALL 

patients are pediatric patients, and these toxicities can be very harmful to their 

development. 

However, we believe that we can still take advantage of MLL-AF4 ALL’s sensitivity to 

proteasome inhibition by targeting the immunoproteasome which should greatly reduce or 

possibly eliminate the potential toxicities associated with constitutive proteasome 

inhibition. As discussed in Chapter 1.9, B-ALL primary patient cells have a ratio of β5i/β5c 

and β1i/β1c greater than ten, and pre-B ALL had a significantly higher β5i/β5c ratio than T-

ALL and AML. Immunoproteasomes have their own distinct active sites which allow for 

immunoproteasome specific inhibitors49. ONX-0914 is an immunoproteasome specific 

inhibitor that inhibits the β5i and β1i sites of the immunoproteasome123. ONX-0914 was 

developed as a research tool but has been shown to induce apoptosis in myeloma cells at 

pharmacologically relevant concentrations123. KZR-616, a derivative of ONX-0914, is in 

several clinical trials for the treatment of lupus. In a phase 1 clinical trial, KZR-616 showed 

reduced toxicities including the lack of hematological toxicities such as thrombocytopenia 

and neutropenia even though platelets and lymphocytes express immunoproteasomes124–

126.  M3258, a highly specific β5i inhibitor, entered clinical trials for MM but the trial was 

terminated due to difficulties recruiting participants. However, M3258 showed no evidence 

of cardiac, lung, or kidney toxicities in rats and dogs and there was also no evidence of 

neuropathy87.  
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While BTZ has been shown to be effective in MLL-AF4 ALL, we have not found a study that 

has demonstrated the effects of immunoproteasome inhibitors in MLL-AF4 ALL and we 

believe the use of IPIs will be as effective as BTZ in these models. 

The goal of this chapter is to show that immunoproteasome inhibitors are an effective 

treatment option for MLL-AF4 ALL. 

Results 

3.1. MLL-AF4 cell lines and patient cells express high levels of immunoproteasomes  

RS4;11 and SEM cell lines are the commonly used ALL cell lines that harbor the MLL-AF4 

fusion protein and the two cell lines used throughout this project. As stated before, B-ALL 

patient samples contained high levels of immunoproteasomes, therefore, we first 

determined the level of immunoproteasomes in the RS4;11 and SEM cell lines. To 

determine this expression, we used fluorescently labeled activity-based probes. These 

activity-based probes irreversibly bind to the active sites of both types of proteasomes and 

can be resolved on a SDS gel to detect the expression of β5i/β5c, β2i/β2c, and β1i/β1c by 

fluorescent imaging of the gels104,105. We used extracts from the cell lines RS4;11, SEM, REH, 

and NALM-6. REH, the same cell line as in Liu et al., and NALM-6 are ALL cell lines that do 

not harbor the MLL-AF4 translocation. The bands representing immunoproteasome active 

sites can be clearly seen in all cell lines with the intensity of the β5c band being noticeably 

weaker in RS4;11 and SEM cells (Figure 3.1A). It also can be seen that the β1i band is 

brighter than the β1c band, however, the bands of β2i and β2c are shown to have similar 

intensity suggesting the presence of hybrid proteasomes. Hybrid proteasomes contain β5i 

subunits, β2c subunits, and either β1i or β1c subunits127. To confirm the high expression of 
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immunoproteasomes in RS4;11 and SEM cells, we next determined the percentage of total 

proteasomal activity that immunoproteasomes are responsible for by studying the effects 

of highly β5i specific immunoproteasome inhibitor LU-015i, which is more specific to β5i 

than ONX-0914, on the cleavage of the peptide substrate Suc-LLVY-AMC. This commonly 

used substrate is cleaved by β5i and β5c at approximately equal rates and once cleaved, 

fluorescent AMC molecules are released which can be easily detected128. Measuring AMC 

increase over time can be used to determine the rate of cleavage. LU-015i is used to 

completely inhibit β5i activity88 and the amount of activity remaining is from β5c, therefore, 

the amount of activity inhibited correlates to β5i activity. LU-015i was able to inhibit about 

90% of proteasomal activity in RS4;11 cells and 75% in SEM, which confirms most of the 

proteasomal activity in these cell lines is due to immunoproteasomes (Figure 3.1B). MM1.S, 

a multiple myeloma cell line, was used as a comparison model. It has been previously 

determined that MM1.S cells have relatively equal amounts of immuno to constitutive 

proteasomes and HeLa cells were used as a negative control as they express very little to no 

immunoproteasomes123. Thus, MLL-AF4 cell lines express high levels of 

immunoproteasomes. 

We obtained 10 t(4:11)-bearing ALL patient-derived xenograft (PDX) samples from Dr. 

Richard Lock from Australian Children’s Cancer Institute and the Pediatric Pre-clinical 

Testing Program. We analyzed 9 of the samples, with the use of LU-015i, to determine the 

contribution of β5i to the cleavage of Suc-LLVY-AMC. We found that all PDX samples 

expressed high levels of β5i activity that was comparable to RS4;11 and SEM cell lines and 

even a few that showed higher β5i activity (Figure 3.1C). Thus, MLL-AF4 ALL patient 

samples express high levels of immunoproteasomes.   
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Figure 3.1: MLL-AF4 cell lines and patient samples express high levels of 

immunoproteasomes. 

A. Active proteasome subunits were labeled with proteasome site specific activity-

based probes were resolved on SDS-Page and measured with fluorescent imaging. B. 

To determine the contribution of β5i to total proteasomal activity of β5 sites, cell 

extracts were treated with highly specific β5i inhibitor LU-015i (5µM) and cleavage 

of Suc-LLVY-AMC was measured. C. To determine the contribution of β5i to total 

proteasomal activity of β5 sites in MLL-AF4 PDX samples ex vivo, cell extracts were 

treated with highly specific β5i inhibitor LU-015i (5μM) and cleavage of Suc-LLVY-

AMC was measured and compared to MLL-AF4 cell lines SEM and RS4;11. Figures A 

and B adapted from Jenkins et al.  

A. 

C. 

B. 
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3.2. MLL-AF4 cells are sensitive to pharmacologically relevant concentrations of 

immunoproteasomes inhibitors M3258 and ONX-0914 

Once we established that MLL-AF4 cell lines and patient samples expressed high levels of 

immunoproteasomes, we wanted to test their sensitivity to immunoproteasome inhibition. 

We first determined the effect of M3258 and ONX-0914 on the viability of RS4;11 and SEM 

cells. In these experiments we pulse treated the cells with ONX-0914 for 1hr and then 

removed the drug for 47hrs before measuring viability. The 1hr pulse treatment better 

mimics the clinical scenario than the continuous exposure usually used for in vitro 

experiments, because the concentration of inhibitors in the patients’ blood peaks within an 

hour after the bolus treatment and then declines rapidly55,93,124. M3258 treatments were 

continuous since M3258 was developed to be given daily and persists in the blood until the 

next dose is given129. We found that after exposure to M3258 and ONX-0914 there was a 

concentration-dependent loss of viability for both RS4;11 and SEM cells (Figure 3.2B).  As 

stated before, Lui et al. showed that the REH cell line was less sensitive to BTZ, and we 

wanted to test if that held true for immunoproteasome inhibitors48. We treated REH with 

ONX-0914 and M3258 and found that REH was also less sensitive to immunoproteasome 

inhibition (Figure 3.2B) despite expressing a similar ratio of β5i/β5c (Figure 3.1A). We also 

treated NALM-6, which has been shown to be as sensitive to CFZ as RS4;11130, with ONX-

0914 and found that NALM-6 cells were also less sensitive to immunoproteasome 

inhibitors than RS4;11 and SEM (Figure 3.2B left panel). We treated PBMC, peripheral 

blood mononuclear cells, with M3258 to determine if there was any loss of viability in other 

cells within the blood. PMBC, which are known to express high levels of 

immunoproteasomes131, were much less sensitive to M3258 than RS4;11 and SEM cells 
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(Figure 3.2B right panel). Thus, cell lines that harbor the MLL-AF4 fusion protein are more 

sensitive to pharmacologically relevant concentrations of IPIs than cell lines that do not 

harbor this fusion protein. 

Pharmacologically relevant concentrations refer to the concentrations that coincide with 

the max achievable inhibition of the β5i site in vivo. At maximally tolerated doses in mice, 

ONX-0914 inhibits > 95% of β5i and 60–80% of β1i activity131. To determine which 

concentrations of ONX-0914 cause this pharmacologically relevant inhibition, we measured 

the inhibition of individual active sites immediately after 1hr incubation of RS4;11 cells 

with ONX-0914 and found that ~ 0.8 μM ONX-0914 causes near-complete inhibition of β5i 

sites and 60–80% inhibition of β1i sites (Figure 3.2C). Therefore, we considered 

concentrations of ONX-0914 below 0.8 μM pharmacologically relevant.  

M3258 was developed as a highly specific β5i inhibitor. We used MM1.S cells to confirm the 

specificity as these cells express relatively equal amounts of constitutive and immuno- 

proteasomes (Figure 3.2D). MM1.S extracts were treated with M3258 for 30 min before 

measuring activity of each active site with fluorescently labeled substrates. We observed 

that M3258 inhibited β5i with an IC50 of ~10nM while only inhibiting other active sites at 

higher concentrations (Figure 3.2D). This also clearly shows that M3258 has a much higher 

specificity for β5i than ONX-0914 as ONX-0914 begins to inhibit other active sites at 0.8µM 

(Figure 3.2C).  

Sanderson et al. showed that M3258 administered to mice, rats and dogs at a well-tolerated 

10mg/kg dose was able to maintain complete inhibition of β5i activity in blood for 24hrs129. 

We then sought out which concentration of M3258 demonstrated the same inhibitory effect 
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in vitro. We continuously treated RS4;11 cells with 300nM, 75nM, and 19nM M3258. We 

found that there was no recovery of the activity at 300nM M3258 which is comparable to 

what Sanderson et al. observed in vivo (Figure 3.2E). Therefore, we considered 

concentrations below 300nM M3258 to be pharmacologically relevant.  

We next wanted to determine if pharmacologically relevant concentrations of IPIs induced 

apoptosis. To measure the percentage of apoptotic cells, we used a caspase 3/7-specific 

fluorescent activity-based probe and a cell-impermeable DNA binding fluorophore cell stain 

which we analyzed using flow cytometry. We treated cells with either ONX-0914 for 1hr and 

then removed the drug for 18hr, or with M3258 continuously for 12hr before measuring the 

percentage of apoptotic cells. We found that both ONX-0914 and M3258 induced apoptosis 

in both cell lines at pharmacologically relevant concentrations (Figure 3.2F). In this 

experiment, we also tested whether the presence of stromal cells affects the sensitivity of 

MLL-AF4 cells to ONX-0914. We cultured RS4;11 in the presence of HS-5 human stromal 

cells for 48hrs, then treated them for 1hr without the HS-5 cells, then replated them on HS-

5 cells for 18hrs. We then measured apoptosis via flow cytometry. We found that HS-5 cells 

don’t affect the sensitivity of RS4;11 cells to ONX-0914 (Figure 3.2F). 

 We then compared BTZ, ONX-0914, and M3258 to determine when the induction of 

apoptosis occurs for each PI. For simplification of the experiment, we continuously treated 

cells with each inhibitor for the times indicated. We used the APO-ONE reagent that 

produces a fluorescent signaling in response to the cleavage of (Z-DEVD)2-R110 by active 

caspase 3/7 to measure apoptosis. Apoptosis was first detected in SEM cells treated with 

20nM BTZ and 800nM ONX-0914 around the 6hr mark while apoptosis didn’t occur until 
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the 12hr time point in M3258-treated cells (Figure 3.2G left panel). However, in RS4;11 

cells, we detected apoptosis from 10nM BTZ, 100nM ONX-0914, and 300nM M3258 around 

the 6-8hr timepoint (Figure 3.2G middle panel). We then performed a time course with 

M3258 for 8, 12, and 24hr, to observe when the maximum percentage of apoptotic cells 

occurs. The previous experiment only provided the time of apoptosis induction but not 

percentage of apoptotic cells. For this experiment, we used two cytotoxic concentrations of 

M3258, 300nM and 75nM, to treat RS4;11 cells. Using flow cytometry, we found that at 8hrs 

there was only 30% and 20% of apoptotic cells for 300nM and 75nM respectively. 

Additionally at 12 and 24hr, the percentage of apoptotic cells was about equal for 300nM 

M3258 at 80% apoptotic cells, however, at 75nM M3258 there was a slightly higher 

percentage of apoptotic cells at 24hr than 12hrs, 70% vs 55% Figure (3.2G right panel). 

This showed that M3258 at higher concentrations causes apoptosis to plateau at 12hrs. 

Thus, BTZ, ONX-0914, and M3258 all induce apoptosis in MLL-AF4 cell lines at 

pharmacologically relevant concentrations, however, BTZ and ONX-0914 induced apoptosis 

sooner than M3258.  

MLL-AF4 ALL PDX samples, that can be cultured ex vivo, were also analyzed to observe if 

they were sensitive to proteasome inhibitors ex vivo. For this experiment, we treated the 

PDX samples continuously with BTZ, ONX-0914, and M3258 for 24hrs. The continuous 

treatments of 24hrs for BTZ and ONX-0914, instead of the pulse treatment, was used to 

avoid the potential damage to cells when spun down to remove the inhibitor. We also 

observed a loss of viability in the PDX cells when being cultured for 48hrs. Therefore, to 

avoid any errors associated with the loss of viability when treated, we selected the 24hr 

time point. We found that all PDX cell lines were sensitive to BTZ and ONX-0914 while they 
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appeared to be slightly less sensitive to M3258 (Figure 3.3). Thus, MLL-AF4 ALL PDXs are 

sensitive to proteasome inhibitors ex vivo.  
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Figure 3.2: MLL-AF4 cell lines are sensitive to pharmacologically relevant concentrations of IPIs.  

A. Set-up of the experiments. B. Cells were treated with ONX-0914 for 1hr and then cultured for 47hrs in drug 

free media or treated with M3258 for 48hr before measuring viability via Alamar blue. C. RS4;11 cells were 

treated with ONX-0914 for 1hr before measuring activity via site-specific substrates D. MM1.S extracts were 

treated with M3258 for 30min before activity was measured with different site-specific substrates. E. RS4;11 

cells were treated for times indicated with M3258 before activity was measured via Proteasome Glo. F. Cells 

were treated as in B except that apoptosis was measured via flow cytometry using a caspase 3/7 probe 18hrs 

after ONX-0914 removal (left) or after 12hr M3258 treatment. Where indicated RS4;11 cells were cultured in 

the presence of HS-5 stromal cells before and immediately after treatment. G. SEM (left) and RS4;11 (middle) 

cells were treated with either M3258, ONX-0914, or BTZ continuously for times indicated and caspase-3/7 

activity was measured with APO-ONE. RS4;11 Cells were treated with M3258 for times indicated and 

apoptosis was measured as in F (right). ONX-0914 data was adapted from Jenkins et al.  
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Figure 3.3: MLL-AF4 PDX samples are sensitive to PIs ex vivo.  

MLL-AF4 PDX cells were treated with either BTZ, ONX-0914, or M3258 for 24hrs before viability 

was measured with Cell Titer Glo.  
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3.3. Inhibition of multiple active sites increases the anti-neoplastic activity of 

proteasome inhibitors  

It has been shown that β2 and β1 site inhibitors sensitize cells to pulse-treatment of β5c 

and β5i inhibitors104,106,108,123,132,133. Similar to these observations, we found that LU-102134, 

an inhibitor of β2c and β2i, synergizes with ONX-0914 in RS4;11 and SEM cell lines (Figure 

3.4A). The most synergy was found at pharmacologically relevant concentrations of ONX-

0914, around 100-200nM, which caused β5i specific inhibition.  

RS4;11 cells were sensitive to LU-102 as a single agent while SEM cells weren’t quite as 

sensitive (Figure 3.4B top and middle panels). However, the effect was enhanced when 

RS4;11 was continuously treated with LU-102 where it also inhibited β5i (Figure 3.4B 

bottom panel).  

We also found that LU-102 and NC-021108, a β1i/β1c inhibitor, synergized with M3258 in 

MLL-AF4 PDX samples. Two PDX lines were treated with M3258 and either 1µM LU-102 or 

4 µM NC-021 for 24hrs. We found that co-inhibition with these inhibitors sensitized cells to 

M3258 (Figure 3.4C).  

Another method of increasing the inhibition of β2i/β2c and β1i sites is to increase the 

duration of treatment with ONX-0914. We found that longer treatment with ONX-0914 led 

to an increase in inhibition of β2i/β2c and β1i sites (Figure 3.5A). Consistent with the 

increased inhibition, RS4;11 was more sensitive to longer exposure of ONX-0914 as we 

observed decreased viability with 4 and 8hr treatments of ONX-0914 compared to 1hr 

(Figure 3.5B). There was not a significant difference between 4 and 8hr treatments possibly 

due to apoptosis already occurring at 4hrs after incubation (Figure 3.5C). This shows that 

multi-site inhibition is synergistic and that β2 and β1 sites are targets in MLL-AF4 ALL. 
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A. B. 

C. 

Figure 3.4: β2 and β1 sites are co-targets for the treatment of MLL-AF4.  

A. Cells were co-treated with ONX-0914 and LU-102 for 1hr or ONX-0914 for 1hr followed by LU-102 

for 47hr before viability was measured using Alamar blue. CI values are listed below. CI < 1 is 

considered synergistic, equal to 1 is additive, and >1 is antagonistic. B. Cell were treated for times 

indicated with LU-102 alone (top) or for 48hrs (middle) before viability was measured with Alamar 

blue. Inhibition of active sites were measured using fluorogenic substrates in cell extracts that had 

been continuously treated with LU-102 for times indicated (bottom). C. PDX samples were treated 

with M3258 for 24hrs or a combination of M3258 and either LU-102 or NC-021 for 24hrs before 

viability was measured using Cell Titer Glo. Figures in A and B were adapted from Jenkins et al. 
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Figure 3.5: Longer exposure to ONX-0914 increases proteasome inhibition and 

cytotoxicity.  

A. RS4;11 cells were treated with either 100nM or 400nM ONX-0914 for times indicated. 

Inhibition of active sites with either substrates (combined β5 activity on the left panel or β5i 

(LMP7) and β1i (LMP2) activity on the right panel) or mixture of BODIPY(FL)-NC-001 and 

BODIPY(TMR)-NC-005 activity-based probes (all others) B. RS4;11 was treated with ONX-

0914 for times indicated before viability was measured with Alamar Blue. C. Caspase 3,7 

activity was measured in extracts of RS4;11 cells continuously treated with 100nM ONX-

0914 for times indicated. Figures adapted Jenkins et al.  
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3.4. FDA approved proteasome inhibitors are synergistic with IPIs  

Downey-Kopyscinski et al. has shown that FDA approved inhibitors BTZ, CFZ, and IXA were 

synergistic with ONX-0914 in multiple MM cell lines and that a combination of BTZ and 

ONX-0914 was synergistic in vivo123. The rationale for potentially combining FDA approved 

proteasome inhibitors with IPIs is ultimately to increase proteasome inhibition without 

introducing or exacerbating the toxicities that are associated with constitutive proteasome 

inhibitors. If we are able to increase proteasome inhibition, it could lead to a more efficient 

targeted therapy that could potentially help treat the diseases more effectively. This could 

help to reduce the exposure of patients to BTZ and potentially prevent some of the toxicities 

that are induced from long exposure to FDA approved inhibitors.    

For this experiment, we used continuous treatments for each inhibitor, BTZ, ONX-0914, and 

M3258, for simplicity. We began by testing each inhibitor individually to find the IC50 for 

each one. We then took the ratio of the IPIs IC50 vs BTZ IC50 to find the starting 

concentration for each IPI while the BTZ concentrations started at 12.5nM. We found that 

BTZ was synergistic with each IPI. M3258 showed to be slightly more synergistic than ONX-

0914 as the combination index, or CI, was below one for almost each combination, a CI 

below one indicates synergy (Figure 3.6). Thus, FDA approved inhibitors and IPIs are 

synergistic in vitro. 

 

 

 



63 
 

   

Figure 3.6: FDA approved inhibitors are synergistic with IPIs.  

SEM and RS4;11 cells were treated with either ONX or M3258 in combination with BTZ for 

48hrs before viability was determined using Alamar Blue. CI values are listed on the graph. 

CI < 1 is considered synergistic, equal to 1 is additive, and >1 is antagonistic. The starting 

concentrations were calculated based on the ratio of the IC50s of each drug.  

M3258 (nM) 
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3.5. T-ALL cells are sensitive to immunoproteasome inhibitors  

We wanted to explore the possibility that other subtypes of ALL may also be sensitive to 

immunoproteasome inhibitors and chose to focus on T-ALL. There have been several 

studies that have shown that T-ALL cells are just as sensitive to BTZ as MLL-AF4 ALL, and 

actually more sensitive than other B-ALL subtypes that do not harbor the MLL-AF4 

fusion115,116. We chose to use two T-ALL cell lines, LOUCY and ALL-SIL, for this experiment. 

We found that both cell lines express high levels of immunoproteasome (Figure 3.7A) and 

were actually more sensitive to pharmacologically relevant concentrations of ONX-0914 

than BTZ and CFZ (Figure 3.7B). We found that LOUCY cells were also sensitive to M3258 

while ALL-SIL appeared to be less sensitive. (Figure 3.7C). Similar to MLL-AF4 ALL cells, T-

ALL were sensitized to ONX-0914 by sub-toxic concentrations of LU-102 (Figure 3.7D.) 

Thus, immunoproteasomes are also targets in T-ALL.  
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Figure 3.7: T-ALL cells are sensitive to immunoproteasome inhibitors.  

A. Contribution of β5i to overall proteasome activity was measured through the cleavage of Suc-

LLVY-AMC using LU-015i as on Fig. 3.1. B. Cells were treated for 1hr with either ONX-0914, BTZ, 

or CFZ then cultured for 47 drug free before measuring viability using Alamar Blue. Dashed 

lines indicate pharmacologically relevant concentrations. C. Cells were treated continuously for 

48hrs with M3258 before measuring viability with Alamar Blue. D. Cells were treated with ONX-

0914 for 1hr followed by 47hrs with LU-102 or drug free before measuring viability with 

Alamar blue.  Figures in A, B, and D adapted from Jenkins et al. 
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3.6. MLL-AF4 ALL and T-ALL cells recover immunoproteasome activity after 

treatment with sub-toxic concentrations of ONX-0914 and M3258  

After treatment with FDA approved inhibitors, cells have been known to up-regulate the 

expression of constitutive proteasomes but not immunoproteasomes135–137. PBMCs and MM 

cells have been shown to upregulate constitutive proteasomes even when treated with 

immunoproteasome inhibitors123,138. Replacement of immunoproteasomes with 

constitutive proteasomes could cause resistance to immuno-specific inhibitors. Therefore, 

we wanted to determine if this phenomenon occurred in MLL-AF4 ALL cells. We began by 

observing the effects on total β5 activity after a 1hr treatment with sub-toxic 

concentrations of ONX-0914. We found that the total β5 activity (β5c+β5i) did indeed 

recover in cells pulse treated with 100nM ONX-0914 for 1hr. There was a mild 10-20% 

recovery in activity observed at 12hrs after treatment and about 60% activity recovered at 

24hr after treatment (Figure 3.8A, left panel). Recovery occurred in cells treated with 

several concentrations of ONX-0914, and only cells that were treated with concentrations 

that led to a significant loss of viability and activity showed no recovery of activity (Figure 

3.8A, right panel). 

To determine whether β5c or β5i is responsible for the recovery in ONX-0914 treated cells, 

we used LU-015i similar to prior experiments mentioned above. We found that the β5i 

activity was lower in treated cells than in mock cells, however, it still accounted for about 

60% of the recovered β5 activity in ONX-0914 treated cells (Figure 3.8B). We also made the 

same observation in T-ALL cell lines LOUCY and ALL-SIL (Figure 3.8C). Thus, unlike PBMC 

and MM cells, MLL-AF4 ALL and T-ALL cells are capable of recovering immunoproteasome 

activity after being treated with immunoproteasome inhibitors. 
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If cells upregulated 5c in response to continuous M3258, then an increase in total β5 

activity would be detected as M3258 is highly β5i specific (Figure 3.2D). However, as 

mentioned above in section 3.2, only a very small increase in total β5 was observed (Figure 

3.2E). In RS4;11 cells treated with a subtoxic concentration of M3258, 19nM, we observed 

only a modest 30% recovery after 24hrs and even less in cells treated with 75nM M3258 at 

about 20% recovery. In RS4;11 cells treated with 300nM M3258, which leads to about 90% 

loss of viability, we observed no recovery (Figure 3.2E).  This helps to confirm that MLL-

AF4 cells mostly upregulate immunoproteasomes.  
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Figure 3.8: MLL-AF4 and T-ALL cells recover immunoproteasome activity after of sub-

toxic concentrations of ONX-0914 and M3258.  

A. The combined activity of β5i and ß5c sites was measured with Suc-LLVY-AMC in extracts of 

ONX-0914-treated cells harvested immediately after 1 h treatment or after subsequent 

culturing in drug-free media. B. Contribution of β5i to overall proteasome activity was 

measured through the cleavage of Suc-LLVY-AMC using LU-015i. C. The combined activity of 

β5i and ß5c sites was measured with Suc-LLVY-AMC in extracts of ONX-0914-treated cells 

harvested immediately after 1 h treatment or after subsequent culturing in drug-free media 

for times indicated (left) or Contribution of β5i to overall proteasome activity in T-ALL cells 

treated with ONX-0914 for 1hr and then drug free for 24hr was measured through the 

cleavage of Suc-LLVY-AMC using LU-015i (right). Figures in A, B, and C adapted from Jenkins 

et al.  

A. B. 

C. 
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3.7: Proteasome inhibitors are effective in vivo against orthotopic xenografts of MLL-

AF4 cell lines 

3.7.1: Proteasome inhibitors are effective in treating MLL-AF4 as a single agent 

therapy in vivo  

To test the efficacy of ONX-0914 and BTZ in vivo, we intravenously injected luciferase 

expressing SEM cells into NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, e.g. Nod/Scid/IL-2 

receptor γ-chain knockout, Jackson Laboratory) mice which resulted in tumors forming 

predominantly in the spleen and bone marrow. Once tumors formed, the mice were either 

treated with 15 mg/kg ONX-0914, which is well within the range of doses used in murine 

autoimmune disease models (6-20mg/kg), or 0.5mg/kg BTZ, the murine equivalent of the 

human MTD, or maximal tolerated dose78,82,131. ONX-0914 significantly delayed tumor 

growth that was comparable to BTZ the first 3 weeks, however, the tumors in ONX-0914 

mice grew out faster than in BTZ treated mice (Figure 3.9A).  

In a separate study, we again intravenously injected luciferase expressing SEM cells into 

NSG mice. For this study, we treated the mice with 10mg/kg M3258 via oral gavage. This 

dosage of M3258 allows for almost complete inhibition of the β5i site for 24hrs and M3258 

was still present in mouse plasma after 24hrs129. This regimen allows for a continuous 

suppression of β5i activity as M3258 was developed as a daily oral drug. M3258 was able to 

significantly delay tumor growth and significantly increase the survival rate of the mice 

(Figure 3.9B). Thus, immunoproteasome inhibition reduces proliferation of MLL-AF4-

driven leukemia in mice.  
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Figure 3.9: ONX-0914 and M3258 are active in vivo.  

A. Male NSG mice were injected with SEM-GFP cells 10 days prior to the start of treatment 

with 0.5mg/kg BTZ (subcutaneous injection), 15mg/kg ONX-0914 (subcutaneous injection) 

or Vehicle (10mM sodium citrate, pH 6.0, 10% Captizol). A representative image of the 

animals on D21 (right) Experiment was conducted at the Norris Cotton Cancer Center at 

Dartmouth. B. Female NSG mice were injected with SEM-GFP cells 10 days prior to the start 

of treatment with 10mg/kg M3258 (oral gavage). *, 0.01<p<0.05; **, 0.001<p<0.01; ***, 

0.0001<p<0.001; ****, p<0.0001, ONX-0914 or M3258 vs. vehicle, unpaired t-test. Figure A 

was adapted from Jenkins et al. 

A. 

B. 
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3.7.2: Proteasome inhibitors are synergistic when combined with standard induction 

chemotherapy in vivo 

To study the efficacy of a combination of PIs and IPIs and a combination of PIs with 

standard induction chemotherapy in vivo, we intravenously injected SEM luciferase 

expressing cells into female NRG (NOD.Rag1null Il2rgnull, NOD RAG gamma, NOD-RG, 

Jackson Lab stock number 007799) mice. NRG mice were used instead of NSG mice because 

of the high toxicity of daunorubicin to NSG mice139. In this study we had 6 separate groups: 

vehicle group, M3258 only, BTZ only, M3258 plus BTZ, chemotherapy only, M3258 plus 

chemotherapy, and BTZ plus chemotherapy. For this study, the chemotherapy regimen we 

used was L-asparaginase, dexamethasone, vincristine, and daunorubicin140.  M3258 was 

given at the same concentration, 10mg/kg, daily via gavage with the M3258 only group and 

M3258 plus chemotherapy group. However, for the M3258 plus BTZ group, M3258 was 

given at 10mg/kg 5 days a week or on days when BTZ was not given. BTZ was given at 

0.5mg/kg via subcutaneous injection twice a week across all groups given BTZ. The 

treatments began 10 days after tumor cells were injected, when tumor luminescence was 

first detected. Treatments then lasted for 4 weeks. The full dosing schedule can be found in 

Figure 3.10A.  

Both M3258 and BTZ, as a single agent treatment, were able to significantly delay tumor 

growth and increase the survival rate of the mice compared to the vehicle group. As 

mentioned above, ONX-0914 wasn’t quite as effective in delaying tumor growth as BTZ, but 

in this study we found that M3258 delayed tumor growth and increased the survival as 

effectively as BTZ (Figure 3.10B and C). Next, we found that the combination of M3258 and 
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BTZ was significantly better than each single agent PI therapy in delaying tumor growth 

and increasing survival of the mice (Figure 3.10B and C). The combination of chemotherapy 

and PIs was the most effective. In both cases, M3258 plus chemotherapy and BTZ plus 

chemotherapy, there was a significant reduction of tumor signature, and the tumor 

signature was almost undetectable in some mice (Figure 3.10D). The tumors in these 

groups did not grow out until after the end of treatments and the combination of 

chemotherapy and PIs significantly increased the survival of the mice (Figure 3.10B and C). 

This provides a strong rationale that adding PIs to the standard chemotherapy regimen 

could be a credible and viable option for treating MLL-AF4 ALL. We were also able to show 

that M3258 is as effective in treating MLL-AF4 ALL in vivo as BTZ which provides evidence 

to replace FDA approved PIs with IPIs for the treatment of MLL-AF4 ALL.  
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Figure 3.10: PIs are synergistic when combined with standard chemotherapy in vivo.  

NRG mice were injected with SEM-GFP cells 10 days prior to the start of treatment. Mice were 

treated with vehicle (sterile PBS + 30% (2-Hydroxypropyl)-β-cyclodextrin)), 10mg/kg M3258 

(oral gavage), 0.5mg/kg BTZ (subcutaneous injection), Standard induction chemotherapy 

regimen of VCR (IP, 0.15mg/kg), Dexamethasone (IP, 5mg/kg), L-asparaginase (IP, 1000iU/kg), 

and Daunorubicin (IV, 2.5mg/kg), or a combination of M3258 and Chemotherapy, or BTZ and 

Chemotherapy. A. Dosing schedule. B. Luminescent signature was measured to track tumor 

progression. Significance between groups on D14 (unpaired t-test) in table (right). C. Each group 

contained 8 mice but the BTZ + Chemo group lost one animal due to an unrelated cause. 

Significance between groups (Log-Rank test) in table (right). D. A representative image of the 

animals on D14. 

A. 

B. 

C. 

Control Chemo 

only 

M3258 

only 

BTZ 

only 
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Discussion  

Targeting immunoproteasomes is an experimental strategy for targeting autoimmune 

disease and MM, and in this chapter, we were able to show that targeting 

immunoproteasome in MLL-AF4 ALL could be a viable treatment option. Our data also 

suggests that immunoproteasome inhibitors can be effective in T-ALL. This study provides 

insight into the properties of the immunoproteasome inhibitors that are important for their 

anti-neoplastic activity.  

We show that MLL-AF4 cell lines and PDX samples expressed high levels of 

immunoproteasome which is consistent with what is found in literature for B-ALL104,105. 

MLL-AF4 cell lines were sensitive to pharmacologically relevant concentrations of IPIs and 

this sensitivity correlated to the induction of apoptosis. MLL-AF4 expressing PDX models 

were also sensitive to PIs ex vivo.  

We confirm earlier findings in other immunoproteasome expressing tumor types that co-

inhibition of either β1 or β2 sites dramatically improves cytotoxicity of β5i inhibitors123. We 

were able to achieve this through the use of β2 and β1 site specific inhibitors, extending the 

duration of exposure to ONX-0914 which also inhibits other active sites, or by combining 

IPIs with BTZ to allow for multi-site inhibition.  

This cytotoxicity of PIs also translated to in vivo studies. M3258 and BTZ showed similar 

efficacy as single agent therapies, while ONX-0914 also showed some efficacy but to a lesser 

degree. The dosage concentration and daily dosing of M3258 allowed for the activity of the 

proteasome to be continually inhibited which could explain the greater effectiveness over 

ONX-0914. However, the combination of BTZ and M3258 showed synergistic effects 
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compared to the single agent treatments of M3258 and BTZ. This suggests that multi-site 

inhibition could increase the efficacy of PIs and provides rationale for the need for new site-

specific inhibitors that can inhibit β2i or β1i without inhibiting β5c to avoid the toxicities 

associated with β5c inhibition. ONX-0914 is suboptimal for this as it inhibits β5c and β1i at 

similar concentrations, however, KZR-616 could be a good alternative as it more selectively 

inhibits β5i and β1i over β5c141. This data also provides rationale for a highly β2i or β1i 

specific inhibitor, similar to M3258’s high specificity to β5i, to be developed. 

We also confirmed earlier findings that PIs are synergistic in combination with 

chemotherapy38,39,112–114,142. BTZ and M3258 decreased the tumor signature when 

combined with the standard chemotherapy regimen, and M3258 was just as effective as 

BTZ in this combination. This provides a rationale for the addition of PIs to the standard 

chemotherapy regimen and rationale to replace BTZ with M3258 or KZR-616 thus reducing 

the toxicity associated with BTZ while still effectively treating the disease.  

Previous data in the literature showing that PBMC and myeloma cells respond to the 

treatment of immunoproteasomes inhibitors by replacing immunoproteasomes with 

constitutive proteasomes raised concern as this can lead to the development of resistance 

to highly specific β5i inhibitors123,138. Surprisingly, we found that immunoproteasomes are 

responsible for the bulk of activity recovered in ONX-0914 treated cells expressing the 

MLL–AF4 fusion protein and in T-ALL cells. However, with continuous treatment of M3258 

we observed little to no recovery of activity, which further increases the need and value 

immunoproteasome specific inhibitors to further reduce or eliminate the recovery 

completely.  This unique ability of ALL cells to recover immunoproteasome activity can 
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potentially spare normal immunoproteasome expressing cells from on-target toxicity and 

therefore increase the therapeutic window of immunoproteasome inhibitors in ALL. 

In summary, with this data we have provided a strong rationale for the use of PIs and 

specifically IPIs in the treatment of MLL-AF4 -driven ALL.  
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Chapter 4: Proteasome inhibitors induce proteotoxic stress in MLL-AF4 cells 

Introduction 

We confirmed that MLL-AF4 ALL was sensitive to PIs in vitro and in vivo, and that MLL-AF4 

cell lines were more sensitive to FDA approved PIs and IPIs than ALL cell lines that do not 

harbor this translocation. However, very little is known about the mechanisms that make 

MLL-AF4 expressing cells so sensitive to proteasome inhibition.  

Lui et al. has suggested that PI induced cell cycle arrest is attributed to the accumulation of 

p27, a protein that inhibits CDK complexes and halts cell cycle progression, which they 

suggest is a consequence of the interactions between the MLL-AF4 fusion and B-cell 

transcription factor PAX548. However, they performed several of these experiments in the 

presence of apoptosis inhibitors, or via overexpression of BCL-2 and BCL-XL, which could 

suggest the cell cycle blockage occurs even in the absence of apoptosis. Onset of apoptosis 

also occurs at 5 and 6 hours after the start of treatment88 (Figure 3.2G), which would make 

it highly unlikely to be triggered by cell cycle arrest48.  

It has been suggested that up-regulation of MLL-AF4 upon treatment with PIs is sufficient 

to turn it into a pro-apoptotic protein48, but other studies have shown that overexpression 

of this protein causes growth arrest but not apoptosis143.  

High mutational burden can also sensitize cells to PIs because mutations often produce 

abnormal proteins that must be degraded by the proteasome50, but the mutational burden 

in MLL-AF4-driven ALL is low47. 
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Kamens et al. suggested another mechanism for the PI sensitivity of MLL-AF4 ALL. Upon 

BTZ treatment they observed the depletion of monoubiquitinated histone H2B (Ub-H2B.) 

When H2B is ubiquitinated it facilitates increased methylation of Lys-79 on histone H3 

(H3K79me2) including by DOT1L histone methylase, which can lead to increased 

transcription144. Upon the depletion of UB-H2B they showed that H3K79me2 was also 

depleted leading to a downregulation of the MLL-AF4 fusion target genes145. Ge et al. also 

analyzed the effects of BTZ on UB-H2B. They also observed the depletion of UB-H2B in SEM 

and RS4;11 cells after treatment of BTZ. However, they suggest that the depletion of UB-

H2B causes resistance to BTZ instead of a mechanism of sensitivity. They were able to show 

that UB-H2B was much lower in BTZ resistant cells than parental cells146. These two papers 

suggest different involvements of UB-H2B and will be further discussed in the following 

chapter. The depletion of UB-H2B is also not specific to MLL-AF4 ALL cells as Prenzel et al. 

showed that BTZ depletes UB-H2B in human breast cancer cells147. 

Therefore, the focus of this chapter is to elucidate the molecular mechanism by which MLL-

AF4 sensitizes cells to PIs.  
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Results  

4.1: Proteasome Inhibitors upregulated common PI induced stress pathways in MLL-

AF4 ALL 

We first began our search for the mechanism of sensitivity by looking at changes in gene 

expression upon treatment with proteasome inhibitors. We also used this experiment to 

determine if there were any difference between constitutive and immunoproteasome 

inhibitors. To perform this experiment, we treated SEM cells with 20nM BTZ, 800nM ONX, 

and 1µM M3258 (each concentration results in >90% loss of viability) continuously and 

harvested each about 1 hour before apoptosis occurred. With the help of Dr. Amit Mitra, we 

performed RNA sequencing to observe any changes in gene expression. We analyzed the 

data by Ingenuity Pathway Analysis. Several of the top pathways that were significantly 

upregulated included unfolded protein response, ER stress, and BAG2 signaling (Figure 

4.1A), and each contained either proteasome subunits, molecular chaperones, or unfolded 

protein response (UPR) genes. BAG2 is a co-factor of the Hsp70 family of molecular 

chaperones, and three major Hsp70 genes HSPA6, HSPA1A, and HSPA1B were upregulated 

greater than 10-fold by each inhibitor (Figure 4.1B). Heat shock proteins reduce 

proteotoxic stress by helping fold misfolded proteins to reduce the need for protein 

degradation148. These pathways are common PI-induced proteotoxic stress pathways that 

were also found to be upregulated in MM cells when treated with proteasome inhibitors149–

151.  

We also performed a similar analysis of the RNA sequencing data from Kamens et al. We 

found that BTZ treatment altered the same pathways in primary cells that we found altered 
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in SEM cells (Figure 4.1C). We also analyzed the proteomics data from that study of Btz-

treated SEM cells for 20nM for 6 and 12hrs. We found that several proteins involved in the 

proteotoxic stress response were upregulated after BTZ treatments. ATF4, which is 

upregulated at the transcriptional level upon proteotoxic stress152, was the most 

upregulated and NOXA, a BH3-only protein that mediates PI-induced stress153 , was the 

second most upregulated. Many other stress response proteins were upregulated alongside 

several short-lived proteins such as c-myc, PIMs, and ornithine decarboxylase (ODC) 

(Figure 4.1D).  

After the analysis of RNA sequencing data, we hypothesize that the MLL-AF4 fusion 

protein sensitizes ALL to proteasome inhibitors by increasing the rate of protein 

synthesis leading to proteotoxic stress through an increased load on the proteasome.  
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Figure 4.1: PIs upregulate stress response pathways. 

A. Cell were treated with 50 nM and 1 μM M3258, 0.8 μM ONX-0914, or 20 nM Btz, and harvested ~1hr 

before the onset of apoptosis (Fig 3.2C). Gene expression analysis was conducted by mRNA sequencing, 

following by Ingenuity pathway analysis. The cut-off was -logP>3.7, and -2.0<Z>2.0 in at least one of the 

samples. B. Data from experiment in A from SEM cells treated with either M3258, BTZ, or ONX-0914. 

HSPAs encode molecular chaperones. C. Data from experiment on Fig. 4.1A is compared with mRNA 

sequencing data from five patients’ primary cells treated with 20nM Btz for 24hr ex vivo (see Table S4 

in [Kamens et al.]) which was also analyzed by Ingenuity Pathway Analysis. Top 9 pathways in SEM 

cells and top 8 in primary cells are shown. D. Analysis of published [Kamens et al.] quantitative 

proteomic data from SEM cells treated with Btz (20nM) for 6 and 12h. Numbers are fold-increase over 

untreated cells. *, UPR and other stress protein are marked; *, short-lived proteins. 
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4.2: Proteasome Inhibitors cause an accumulation of ubiquitinated proteins  

If inhibition of proteolysis of misfolded proteins is the major mechanism by which 

proteasome inhibitors kill tumor cells, treatment with cytotoxic concentrations of 

proteasome inhibitors should cause accumulation of ubiquitin conjugates. To determine 

whether this is the case, we treated SEM cells continuously with PIs and used western 

blotting to detect the accumulation of ubiquitinated proteins with the K48-Ub antibody. 

This antibody specifically recognizes only ubiquitin chains that target proteins for 

degradation, in which ubiquitin are connected to each other through Lys-48 residues. In 

SEM cells, ubiquitinated proteins appeared at the 4hr time point with both BTZ and M3258 

and further increased at the later time points (Figure 4.2A). We found that this 

accumulation of ubiquitinated proteins preceded the induction of cleaved PARP (Figure 

4.2A). Cleaved PARP is a marker of apoptosis, and this suggests that accumulation of 

ubiquitinated proteins plays a role in inducing apoptosis. We saw the presence of cleaved 

PARP at 6hr for BTZ and 9hr for M3258 showing that BTZ induces apoptosis slightly faster 

than M3258 which is what we saw in the other apoptosis experiments (refer to Figure 

3.2G). We also see the induction of NOXA at 4hr when we began to detect the accumulation 

of ubiquitinated proteins (Fig. 4.2A). From this experiment, we were able to show that PIs 

do cause an accumulation of ubiquitinated proteins in MLL-AF4 ALL cells inducing 

proteotoxic stress and ultimately apoptosis.  

Most proteasome substrates are newly sensitized proteins154. To verify that this is the case 

in MLL-AF4 expressing cells, we treated RS4;11 cells continuously with BTZ alone and in 

the presence of 100µg/mL cycloheximide, CHX, and observed the effects on the 
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accumulation of ubiquitinated proteins. Cycloheximide is an inhibitor of protein synthesis 

and works by blocking translational elongation155,156. We saw that upon treatment with BTZ 

in the presence of CHX, there was a reduction in the accumulation of ubiquitinated proteins 

(Figure 4.2B). This confirms that a majority of the substrates for the proteasome in MLL-

AF4 cells are newly synthesized proteins.  

Since we showed that CHX does reduce the accumulation of proteins, we wanted to 

determine if this reduction affected the sensitivity of cells to PIs. By inhibiting protein 

synthesis with CHX, the load on the proteasome should be reduced leading to a decrease in 

cellular stress and ultimately apoptotic cells in response to proteasome inhibition. To 

perform this experiment, we treated the cells with M3258 +/- CHX (at a subtoxic 

concentration of 100ng/mL) for 12hrs and then determined the percentage of apoptotic 

cells by flow-cytometry. We found that when the cells were treated with M3258 in the 

presence of CHX, CHX completely eliminated the ability of M3258 to induce apoptosis for 

both RS4;11 and SEM cells (Figure 4.2C). We confirmed that 100ng/mL CHX does reduce 

protein synthesis by measuring the incorporation of puromycin (Figure 4.2D). Puromycin is 

a chain terminator which gets incorporated by actively translating ribosomes into a nascent 

polypeptide chain and the incorporated puromycin can then serve as a readout of protein 

synthesis.  Thus, the sensitivity of MLL-AF4 cells to M3258 can be attributed to the 

accumulation of newly synthesized proteins caused by proteasome inhibition which 

exacerbates the load on the proteasome.    
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B. A. SEM 

Figure 4.2: PIs increase the load on the proteasome. 

A. Extracts of cells treated for times indicated were analyzed by westerns. Thin vertical lines 

were added to visually separate time points. They do not indicate cutout lanes or different gels. 

Btz-treated cell lines were not analyzed at 9hr because apoptosis starts at 6hr. B. RS4;11 cells 

were treated with 10 nM Btz and 100 μg/ml CHX for 3hr and analyzed by western. C. Cells were 

treated with M3258 with or without 100ng/mL CHX for 12hrs and then collected and analyzed 

by flow-cytometry for the % of apoptotic cells. D. RS4;11 cells were treated with 100ng/mL CHX 

for times indicated and anti-puromycin was measured on a western blot.  

C. D. 

RS4;11 
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4.3: BTZ and ONX-0914 reduce UB-H2B while M3258 does not 

As mentioned in the introduction, Kamens et al. suggest that the sensitivity of MLL-AF4 

cells to BTZ is due to the depletion of UB-H2B, which in turn leads to a reduction of histone 

methylation and a downregulation of MLL-AF4 target genes145. Kamens et al. only tested 

this hypothesis with BTZ, and we wanted to know whether this phenomenon was also 

present with immunoproteasome inhibition. For this experiment, we treated RS4;11 and 

SEM cells continuously with BTZ, ONX-0914, and M3258 for the times indicated. We then 

isolated histones and measured UB-H2B via western blotting. In SEM cells we observed the 

same downregulation of UB-H2B upon BTZ treatments at 6 and 8hr and with ONX-0914 as 

well at the 8hr timepoint. However, we saw no apparent downregulation of UB-H2B in SEM 

cells with M3258 treatments (Figure 4.3 top panel), and no downregulation of UB-H2B with 

any of the PIs in RS4;11 cells (Figure 4.3 bottom panel). Kamens et al. only tested this 

downregulation in SEM cells, therefore, the lack of downregulation of UB-H2B in RS4;11 

needs to be further analyzed. We believe that the downregulation observed from ONX-0914 

treatments in SEM cells could be associated with multi-site inhibition or inhibition of both 

constitutive and immunoproteasomes. This conclusion is due to the fact that at the time 

points that the downregulation of UB-H2B occurs with ONX-0914, ONX-0914 does inhibit 

multiple active sites and active sites of the constitutive proteasome (Figure 3.5A). Moreover, 

M3258 is highly β5i specific and there is no downregulation of UB-H2B with M3258. 

Therefore, this data shows that cells are sensitive to PI inhibition even when there is no 

depletion of UB-H2B, as seen with M3258. More analysis is needed to fully understand the 

differences between BTZ, ONX-0914 and M3258 and why no depletion of UB-H2B is 

observed in RS4;11 cells.  
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Figure 4.3: BTZ and ONX-0914 decrease UB-H2B in SEM but not RS4:11 while M3258 has 

no effect on UB-H2B. 

Cells were treated continuously with either BTZ, ONX-0914, or M3258 for times indicated. 

Histones were extracted and then analyzed via western for UbH2B. H2B was used as a loading 

control.  
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4.4: Immunoproteasome inhibitors downregulate oxidative phosphorylation  

We observed from the RNA sequencing data that the Oxidative Phosphorylation pathway 

was significantly downregulated with immunoproteasome inhibitors but only slightly 

downregulated upon being treated with BTZ. This observation led us to explore the effects 

of PIs on mitochondrial respiration. We performed this experiment by using a Seahorse XFp 

and running a mitochondrial stress test. This allows us to measure the oxygen consumption 

rate, OCR, which reflects the oxidative phosphorylation capabilities of the mitochondria111. 

Three compounds are used to measure the OCR. The first compound injected is oligomycin 

that inhibits the ATP synthase or complex V which results in the reduction in OCR and is 

linked to the production of ATP. FCCP, Carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone, is then injected. FCCP is an uncoupling agent that 

disrupts the proton gradient and the mitochondrial membrane potential which allows the 

measurement of maximal OCR. Next is a mix of rotenone and antimycin A, which inhibit 

complex I and III respectively. These compounds completely inhibit mitochondrial 

respiration to allow the detection of nonmitochondrial respiration (Figure 4.4A left 

panel)111. The use of these compounds allows a complete measurement of oxidative 

phosphorylation at each step (Figure 4.4A right panel)111. Prior to running the 

mitochondrial stress test, we treated the cells continuously with each PI separately. We 

observed that with ONX-0914 and M3258 there was a large reduction in the basal 

respiration and the maximal respiration, however, this was not the case for BTZ which only 

produced a slight reduction in basal respiration but no reduction in maximal respiration 

(Figure 4.4B). Therefore, the downregulation of the oxidative phosphorylation pathway 

translates to the reduction of mitochondrial respiration in cells.  
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Decrease in OCR can be caused by accumulation of misfolded proteins in the mitochondria, 

and indeed M3258, which exerts larger changes in OCR than ONX-0914 or BTZ, slightly 

upregulated transcription factor ATF5, a master regulator of mitochondrial unfolded 

protein response (мUPR)157–159, in a time- and concentration-dependent fashion (Figure 

4.4C) 

Further exploration of this phenomenon is needed to determine the significance of the 

difference between immunoproteasomes and constitutive proteasomes inhibitors in regard 

to mechanism of action and the effects on the mitochondria.  
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A. 

B. 

Figure 4.4: IPIs induce mitochondrial dysfunction. 

A. Explanation of the model for how mitochondrial respiration is measured via a mitochondrial 

stress test. Adapted from (112) B. SEM cells were continuously treated with either 1µM M3258, 

800nM ONX-0914, or 20nM BTZ for times indicated and then a mitochondrial stress test was 

performed using the Seahorse XFp. C. SEM cells were treated with either M3258, ONX-0914, or BTZ 

for times indicated and ATF5 was measured by western.  

C. 
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4.5: M3258 resistant cells decrease the load on the proteasome  

The development of resistance is always a major concern for cancer therapies; therefore, 

we wanted to study the possible resistance mechanism to IPIs and determine if they 

provide any insight into the mechanism of sensitivity of MLL-AF4 ALL to proteasome 

inhibition. We were able to develop RS4;11 and SEM cells that were resistant to M3258. To 

develop the resistance, we incubated the cells continuously with M3258 beginning with 

0.6µM for RS4;11 and 1.25µM for SEM. Once the cells reached >90% viability, we doubled 

the concentration and repeated the process until 10µM M3258 was reached. We tested the 

effect of M3258 on the viability of the cells at each step using Alamar blue to determine 

how resistant the cells became after each concentration of M3258. We observed that each 

new subline became increasingly resistant to M3258 with SEM being slightly more resistant 

(Figure 4.5A).   

To gain insights into the mechanisms of resistance, we performed gene expression analysis 

by mRNA sequencing, followed by Ingenuity pathway analysis, with the help of Dr. Amit 

Mitra. We had two separate resistant sublines that were sequenced separately but pooled 

together for analysis. One subline, R10 DF, was a RS4;11M10 line that was cultured without 

M3258 for several months after reaching full resistance upon exposure to 10μM M3258. 

The second subline, R10 5.21, was a RS4;11 M10 subline harvested immediately after 

completion of 10μM M3258. Similarly, SEM DF, is a SEM M10 cell line harvested after 

several months of culturing in drug free media, while SEM 5.21, is a SEM M10 subline that 

was harvested immediately after end of exposure to 10M M3258. Unless otherwise stated 

the following experiments were performed with the DF sublines of both RS4;11 and SEM 

and are labeled R10 or S10 to differentiate from parental cells. We observed that the 
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sublines, of both RS4;11 and SEM, cultured in the absence of M3258 maintained their 

resistance (Figure 4.5B). PCA, or Principal components analysis, of the RNA sequencing 

data showed that the two separate RS4;11 resistant sublines were clustered together 

suggesting they were similar in expression data unlike SEM cells where each subline 

appeared quite different from the other (Figure 4.5C). To simplify the analysis, we focused 

on RS4;11 cells. The top enriched pathways identified by Ingenuity Pathway analysis can be 

found in Figure 4.5D, with BAG2 signaling, Proteasome Ubiquitination Pathway, Autophagy, 

and Oxidative Phosphorylation being among these top pathways. Several of these pathways 

contain proteasomal and chaperone genes. We also looked at the changes in individual 

genes. We found that proteasome subunits were only slightly upregulated with most 

showing less than a 2-fold change. The β5 subunit was not listed indicating its gene 

expression changes were not significant (Figure 4.5E left). We also observed that heat 

shock proteins and genes involved in protein synthesis were downregulated indicating that 

the cells have potentially decreased proteotoxic stress (Figure 4.5E left and right).  
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RS4;11 

Parental  

Figure 4.5: MLL-AF4 cells resistant to M3258. 

A. Resistant cells were developed by continually incubating cells with M3258. Viability for each 

subline was tracked by treating cells with M3258 for 48hrs before measuring with Alamar blue. 

The legend M# indicates the concentration of M3258 that the cells were incubated with in µM. B. 

Cells maintain resistance after M3258 withdrawal. C. Principal component analysis of the two 

sublines and parental cells (SEM parental, SEM DF (M10 Resistant cells free of M3258), SEM 5.21 

(M10 Resistant cells harvested at 10μM M3258); (RS4;11 parental, RS4;11 DF (M10 Resistant cells 

free of M3258), RS4;11 5.21 (M10 resistant cells harvested at 10μM M3258) D. Gene expression 

analysis was done by mRNA sequencing, following by Ingenuity pathway analysis. E. Individual 

gene expression changes was measured for mRNA sequencing data. 

A. 

C. D. 

E. 

B. 

RS4;11 DF 

RS4;11 5.21  
SEM 5.21 

SEM DF 

SEM 

Parental  
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With this observation we began to question if the resistant cells had found a way to reduce 

the load on the proteasome. We next analyzed whether there was still a high accumulation 

of ubiquitinated proteins upon proteasome inhibition in resistant cells, to observe if the 

cells have developed the ability to reduce the load on the proteasome. As mentioned before, 

PIs inhibit the capacity of the proteasome to breakdown ubiquitinated proteins. The 

ubiquitinated proteins then accumulate in the cell waiting to be degraded by the 

proteasome and exacerbate the load on the proteasome. Therefore, the accumulation of 

ubiquitinated proteins can serve as a readout of the load on the proteasome. To perform 

this experiment, we continuously treated RS4;11 and SEM resistant and parental cells with 

M3258 and BTZ. We then analyzed the accumulation of ubiquitinated proteins and 

observed that there was a large reduction in the ubiquitinated proteins in resistant cells 

after treatment with PIs compared to the parental for both BTZ and M3258 (Figure 4.6A). 

There was also a reduction in the accumulation of ubiquitinated protein in the untreated 

resistant cells compared to the parental cells. This suggests that the resistant cells have 

discovered a mechanism to reduce the accumulation of ubiquitinated proteins and the load 

on the proteasome, therefore, making them resistant to proteasome inhibition.   

Next, we analyzed the cells for increased proteasomal activity. Increasing proteasomal 

activity would increase the cells capacity to break down proteins and help reduce the load 

on the proteasome which could help explain the resistance to proteasome inhibition. We 

observed that the total basal β5 activity in RS4;11 resistant cells was actually lower than in 

parental cells (Figure 4.6B). With the observed reduction in basal proteasomal activity, we 

tested to determine if the cells decreased protein synthesis which could explain the 

reduced accumulation of proteins. If protein synthesis is reduced, then there are fewer 
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proteins that are tagged for degradation hence the lack of ubiquitinated proteins upon 

proteasome inhibition. We treated cells with puromycin to measure basal protein synthesis 

and observed that the RS4;11 resistant cells had a similar readout of puromycin 

incorporation as the parental cells suggesting the cells don’t reduce protein synthesis 

(Figure 4.6C). Thus, the cells have developed a mechanism to reduce the load on the 

proteasome outside of increasing proteasomal activity or reducing protein synthesis and 

further analysis will be needed to fully determine the mechanism.  

Another resistance mechanism that is a cause for concern is the upregulation of 

constitutive proteasomes. If the resistant cells upregulated the expression of constitutive 

proteasomes, it could cause M3258 to lose its effectiveness. We therefore determined the 

expression of immuno and constitutive proteasomes using activity-based probes. We 

analyzed the same two separate resistant sublines of RS4;11 and SEM cells that we 

analyzed in the RNA sequencing experiment. We saw that RS4;11 and SEM resistant cells 

slightly upregulated the expression of constitutive proteasomes (Figure 4.7A). Although the 

resistant cells do slightly upregulate the expression of constitutive proteasome, the cells 

should still be sensitive to BTZ. Therefore, we tested the effect of BTZ on the viability of the 

resistant cells. We observed that cells resistant to M3258 were also resistant to BTZ (Figure 

4.7B). Thus, resistance to M3258 is not caused by increased expression of constitutive 

proteasomes. 

Finally, mutations of 5 sites that reduce BTZ affinity to this site is a well-characterized 

mechanism of resistance in the majority of MM cells that were generated by exposure to 

BTZ in vitro160–165. This led us to measure BTZ ability to inhibit proteasome activity to 
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determine if the cells had developed mutations in the β5 sites which would lead to less 

inhibition of activity by BTZ. However, we found that the overall β5 activity in RS4;11 and 

SEM resistant cells was inhibited by BTZ to the same degree as the parental cells (Figure 

4.7C).  Thus, unlike the majority of PI-resistant MM cells, MLL-AF4 ALL resistant cells 

appear to not have a mutation in the 5 sites but this conclusion must be verified by direct 

sequencing of PSMB8 (5i) and PSMB5 (5c) genes. 
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A. 

B. C. 

Figure 4.6: MLL-AF4 cells resistant to M3258 reduce the accumulation of ubiquitinated 

proteins.  

A. RS4;11 and SEM resistant and parental cells were continuously treated with either M3258 or 

BTZ for times indicated and the extracts were analyzed via western for K48 ubiquitin chains. B. 

Total basal β5 activity in the RS4;11 (DF) cells was measured with Proteasome Glo. C. RS4;11 

(DF) cells were treated with puromycin for 30 min before basal puromycin was measured with 

western blotting. 

Control 1µM M3258 20nM BTZ 
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B. 

C. 

Figure 4.7: MLL-AF4 cells resistant to M3258 are also resistant to BTZ. 

A. Active proteasome subunits were labeled with proteasome site specific activity-based 

probes were resolved on SDS-Page and measured with fluorescent imaging B. RS4;11 (DF) 

and SEM (DF) cells were treated with BTZ for 1 hr and then 47hr in drug free media before 

viability was measured with Alamar blue. C. RS4;11 (DF) and SEM (DF) cells were treated 

with BTZ for 1hr and the total β5 activity was measured by Proteasome Glo.  

A. 
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Discussion  

While we were able to show that MLL-AF4 ALL was sensitive to PIs, the exact mechanism 

by which they are sensitive is not known. There have been several published studies that 

attempted to solve this question. As mentioned, Liu et al. proposed that cell cycle arrest was 

the cause for the sensitivity. However, they observed the cell cycle dysregulation at the 

same time that apoptosis was observed and also saw that the dysregulation occurred when 

apoptosis was inhibited48. This suggests that the cell cycle dysregulation or arrest was not 

the cause of apoptosis in the cells. Kamens et al. proposed that the sensitivity of MLL-AF4 to 

PIs was due to the depletion of UB-H2B, however, Ge et al. proposed the opposite in that the 

depletion of UB-H2B caused resistance to BTZ145,146. We did confirm that BTZ does cause a 

deubiquitination of UB-H2B in SEM cells, however, we observed the deubiquitination at 

much later timepoints and after the accumulation of ubiquitin conjugates. We observed the 

deubiquitination at the 6-8hr time point for BTZ and ONX-0914 in SEM cells which is the 

timepoint that apoptosis occurs. While we observed the deubiquitination with BTZ and 

ONX-0914, we did not observe any deubiquitination with M3258 even at 12hrs when 

apoptosis was first detected. While we saw this deubiquitination in SEM cells, we didn’t 

observe any deubiquitination with any of the PIs in RS4;11 cells. This indicates that the 

deubiquitination of UbH2B may not be the mechanism for the sensitivity of MLL-AF4 ALL to 

PIs. 

Our search for the mechanism of sensitivity began with RNA sequencing of SEM cells 

treated with BTZ, ONX-0914, and M3258. We have shown that stress response pathways 

were upregulated in response to PIs which was also seen in MM150,151,166. After analysis of 
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the sequencing data, we developed the hypothesis that the MLL-AF4 fusion protein 

sensitizes MLL-AF4 ALL to proteasome inhibitors by increasing the rate of protein 

synthesis leading to proteotoxic stress through an increased load on the proteasome. In 

support of our hypothesis, we observed that proteasome inhibition led to an increase in the 

accumulation of ubiquitinated proteins indicating an increased load on the proteasome. We 

also determined that many of the substrates for the proteasome were newly synthesized 

proteins. The accumulation of ubiquitinated proteins preceded the induction of apoptosis 

which suggests this accumulation created proteotoxic stress that the cells were unable to 

circumvent. CHX, which blocks protein synthesis and therefore reduces the load on the 

proteasome, eliminated the ability of M3258 to induce apoptosis. This showed that the cells 

lose sensitivity to proteasome inhibition when protein synthesis is reduced leading to a 

decreased load on the proteasome.  

The analysis of resistant cells also provided additional support for our hypothesis. RS4;11 

and SEM cells were continuously incubated with M3258 to develop sublines that are 

resistant to M3258. We then performed RNA sequencing on the RS4;11 sublines to observe 

any changes in gene expression vs the parental cell line. Several of the top enriched 

pathways included FAT10 Signaling, BAG2 Signaling, Protein Ubiquitination pathway, 

Mitochondrial Dysfunction, and Oxidative Phosphorylation and several of these pathways 

contain proteasome and chaperone genes. These pathways were also among the top 

enriched pathways in MM cells that were resistant to either BTZ or CFZ167. Individual gene 

analysis revealed that heat shock genes and genes involved in protein synthesis were 

downregulated suggesting the cells have developed a mechanism to reduce proteotoxic 

stress.  
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We also analyzed the expression of each active site to determine if the resistant cells 

upregulate the expression of constitutive proteasomes. We observed that the cells had a 

slight upregulation of constitutive proteasome subunits. With this observation, we analyzed 

whether cells were still sensitive to BTZ, however, the cells were also resistant to BTZ but to 

a lesser degree. With this observation of resistance to BTZ, we then analyzed whether the 

cells had developed an active site mutation which would decrease the affinity of BTZ. We 

observed that BTZ was able to inhibit proteasome activity in resistant cells to a similar 

degree as in the parental cells. This was also observed by Downey-Kopyscinski et al., who 

found that BTZ was able to inhibit the activity of the resistant cells to a similar degree as the 

parental cells168. However, other studies showed that MM and leukemia cell lines did 

develop an active site mutation which could limit BTZ ability to bind and inhibit the active 

site163–165,169. Our analysis of the accumulation of proteins in resistant cells, after treatment 

with PIs, showed a large reduction in ubiquitinated proteins compared to the parental cells 

when treated with BTZ and M3258. The resistant cells have developed a mechanism to 

reduce the load on the proteasome by decreasing the accumulation of ubiquitinated 

proteins. Downey-Kopyscinski et al. made this same observation in MM BTZ resistant cell 

lines and Oerlemans et al. also observed this in BTZ resistant TPH1, human leukemia 

monocytic cell line, cells168,169. We then tested whether the resistant cells decreased protein 

synthesis or increased proteasome activity to reduce the load on the proteasome. Unlike 

Downey-Kopyscinski et al., we did not observe a decrease in protein synthesis and saw a 

reduction in proteasome activity, therefore, the resistant cells had developed another 

mechanism for reducing the load on the proteasome168. This data provides strong evidence 

that the mechanism of sensitivity is indeed due to a high load on the proteasome which is 
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exacerbated upon proteasome inhibition leading to proteotoxic stress and ultimately 

apoptosis.   

We also observed a large decrease in mitochondrial respiration in cells treated with ONX-

0914 and M3258. There is also a decrease in mitochondrial respiration in response to BTZ 

treatments but to a lesser degree than observed from IPIs. This correlates with the larger 

downregulation of the oxidative phosphorylation pathway from treatment with IPIs vs BTZ. 

This decrease in mitochondrial respiration has been observed in MM cells that have been 

treated with BTZ. However, the degree of decrease varied between myeloma cells lines as 

RMPI 8266 showed a larger decrease in mitochondrial respiration compared to U266 that 

only showed a minimal reduction170–172. Further analysis is needed to fully understand the 

differences between the decrease in mitochondrial respiration between BTZ and IPIs in 

MLL-AF4 ALL and the importance of this decrease in the sensitivity of MLL-AF4 ALL to PIs.  

In summary, we were able to provide insight into the mechanism of sensitivity of MLL-AF4 

ALL to proteasome inhibitors, which induce proteotoxic stress ultimately leading to cell 

death. 
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Chapter 5: Future Directions 

This study raises several questions that need to be analyzed in future experiments.  

The PDX models need to be analyzed in vivo to test the efficacy of IPIs with patient samples. 

MLL-86 will be tested first as it was the most sensitive to PIs compared to the other PDXs. 

The other PDX samples will need to be analyzed after MLL-86. This study will be used to 

test the efficacy of BTZ and M3258 as single agents and in combination with standard 

induction chemotherapy to determine if the synergy observed in SEM xenografts carries 

over to PDX models. If the same synergy and efficacy of PIs is observed in PDXs, it will 

provide strong support to move forward to clinical trials with PIs in MLL-AF4 ALL. If 

possible, the efficacy of KZR-616 in treating MLL-AF4 will need to be analyzed as it appears 

to be closer to being FDA approved than M3258. However, as it is being marketed as a 

treatment for autoimmune diseases, we have been unable to obtain KZR-616 to test its 

efficacy. Hopefully with the data we present in this study, we can persuade Kezar Life 

Sciences to allow us to test it as a therapy option for MLL-AF4 ALL. 

Several questions still need to be investigated to fully understand the sensitivity of MLL-

AF4 ALL to PIs. One question that needs to be answered is to what extent the MLL-AF4 

fusion protein is involved in protein synthesis and sensitivity to proteasome inhibition. Liu 

et al. observed that the MLL-AF4 fusion protein accumulated upon proteasome inhibition48. 

We saw the same accumulation in cells treated with BTZ, ONX-0914, and M3258. We 

treated RS4;11 cells with BTZ, ONX-0914, and M3258 for 4 hours and isolated the nuclear 

fraction. We observed that proteasome inhibition from each inhibitor led to a >10-fold 

increase in the MLL-AF4 fusion protein (Figure 5.1A). It has been said previously that the 
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MLL-AF4 fusion protein is involved in transcriptional elongation and DNA methylation 

which should lead to an increase in protein synthesis3. We next tested whether the MLL-

AF4 fusion protein is involved in protein synthesis. To perform this experiment, we used 

puromycin to measure protein synthesis. To determine the effects of the MLL-AF4 fusion 

protein on protein synthesis, we needed a method to block the transcriptional activity of 

MLL-AF4. We therefore targeted the interaction between Menin and MLL-AF4. As 

mentioned earlier, Menin is an important cofactor of MLL-AF4, and Menin inhibitors have 

been shown to block the transcriptional activity of MLL-AF4 as several MLL-AF4 target 

genes are downregulated upon Menin inhibition17,18. We treated RS4;11 cells with 0.6µM 

MI-503, a Menin inhibitor, for 24 and 48 hrs. This concentration showed no decrease in 

viability at 48hrs (Figure 5.1B). After treatment with MI-503, we treated the cells with 2.5 

ug/ml of puromycin for 30 min and ran the samples on a western blot to observe any 

changes in puromycin incorporation. We observed a decrease in puromycin incorporation 

in MI-503 treated cells compared to the untreated cells after 24 and 48hrs (Figure 5.1C). 

This suggests that the MLL-AF4 fusion protein is involved in protein synthesis, but the 

extent of its involvement is unknown and must be analyzed.   

While we were able to show that the MLL-AF4 fusion is involved in protein synthesis, 

further analysis is needed to test our hypothesis that the MLL-AF4 fusion protein increases 

protein synthesis and ultimately the load on the proteasome leading to increased sensitivity 

to proteasome inhibition. We attempted to answer this question by knocking down MLL-

AF4 with the breakpoint specific shRNA which is identical to the shRNA that was used to 

demonstrate that expression of this fusion protein sensitizes ALL cells to BTZ48. We created 

SEM and RS4;11 sub-lines that stably express doxycycline inducible shRNA targeting the 
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MLL-AF4 break point but only achieved a partial knockdown of the fusion protein. 

Therefore, the use of the Menin inhibitor, MI-503, will be used in place of the knockdown of 

the fusion protein. MI-503 will be used as a “knockdown” of the transcriptional activity of 

the MLL-AF4 ALL. Cells will be incubated with MI-503 for 2-3 days at a subtoxic 

concentration and puromycin incorporation will be analyzed to confirm inhibition of 

transcriptional activity. The sensitivity to PIs can then be tested to determine if the 

inhibition of the transcriptional activity of the fusion protein desensitizes the cells to PIs. If 

MI-503 does desensitize MLL-AF4 cells to PIs, the accumulation of ubiquitinated proteins 

can be measured to determine if there is a reduction in the accumulation of ubiquitinated 

proteins. This is similar to the CHX experiment in Figure 4.2C, however, MI-503 should only 

affect the activity of the fusion protein and not inhibit all protein synthesis processes like 

CHX, which should provide some insight into the extent to which the MLL-AF4 fusion is 

involved in protein synthesis. 

Another future experiment that is needed to further confirm our hypothesis that the MLL-

AF4 fusion protein is the cause of the sensitivity of MLL-AF4 ALL to proteasome inhibition, 

is to overexpress the fusion protein in other ALL cell lines to determine if it increases the 

sensitivity to PIs. One such cell line would be REH because REH does not express any fusion 

protein. Lui et al. showed that the overexpression of MLL-AF4 in REH sensitized them to 

BTZ but didn’t test this with immunoproteasome inhibitors48. REH cells do express 

immunoproteasomes which would allow us to still test the efficacy of IPIs88. We can analyze 

the effects from the overexpression of the MLL-AF4 fusion protein on the accumulation of 

ubiquitinated proteins and perform RNA sequencing to observe if the same changes in gene 

expression occur that we observed in MLL-AF4 ALL after proteasome inhibition.  



105 
 

The significance of the accumulation of the MLL-AF4 fusion upon treatment with PIs still 

needs to be further investigated. Sucrose gradients can be used to determine the effects of 

the treatments on the polysome content of the cells because higher polysome levels 

indicate a faster translation rate. This experiment can be used to determine if the 

accumulation of the fusion protein upon PI treatments increases protein synthesis and to 

analyze the REH cells adapted to overexpress the MLL-AF4 fusion to observe changes in 

protein synthesis.  

Further analysis of resistant mechanisms is also needed. We have shown that the cells are 

able to reduce the accumulation of ubiquitinated proteins without increasing proteasome 

activity (Figure 4.6). Therefore, we need to determine by what mechanisms the cells are 

reducing the accumulation of ubiquitinated proteins. Autophagy was among the top 

enriched pathways; therefore, autophagy markers need to be analyzed to determine if they 

are upregulated in the resistant cells. While we observed that the total β5 activity 

decreased in resistant RS4;11 cells, this was at the basal level and proteasome activity will 

need to be measured upon treatments with PIs. The activity of each active site will need to 

be measured after treatment with M3258 and BTZ. Kubicki et al. observed that the activity 

of all three active sites was increased in resistant cells upon PI treatments, compared to the 

control, with the β2 site showing the largest increase in activity167. If MLL-AF4 resistant 

cells upregulate the activity of other active sites, then site specific inhibitors of those sites 

could help combat the resistance to PIs as LU-102 has been shown to overcome BTZ 

resistance in myeloma cells132,173,174. 
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XBP1 will also need to be studied. XBP1 is a transcription factor and is a key component of 

the UPR which is activated by splicing in response to ER stress. The ratio between activated 

(spliced, s) and inactive (un-spliced, u) forms of XBP1, can serve as a marker of elevated 

proteotoxic stress175. This ratio correlates with ex vivo BTZ sensitivity in BCP-ALL176 and 

MM cells that develop resistance to BTZ through a decrease in protein synthesis, have a 

lower s:uXBP1 ratio177,178. We observed a downregulation of spliced and un-spliced XBP1 in 

RS4;11 M3258 resistant cells (Figure 5.2). Thus, if MLL-AF4 fusion is responsible for 

increasing proteotoxic stress then the inhibition of the MLL-AF4 fusion should reduce the 

ratio of s:uXBP1. This ratio will need to be analyzed in REH cells and compared to REH cells 

overexpressing MLL-AF4 to observe differences in the ratio of s:uXBP1 between the two. 

Again, if the MLL-AF4 fusion increases proteotoxic stress then the ratio of s:uXBP1 should 

be higher in REH cells overexpressing MLL-AF4. This ratio will be determined by a PCR 

assay that we have already developed. If XBP1 activation is required to maintain 

proteostasis in MLL-AF4 expressing cells, it can potentially be targeted by IRE1α inhibitors 

that block XBP1 splicing179,180. However, these inhibitors have not yet reached clinical trials. 

Other branches of the UPR still need to be analyzed to determine if they are upregulated in 

resistant cells. Kubicki et al. showed that all the branches of the UPR are upregulated in BTZ 

and CFZ resistant cells upon treatment with PIs167. Increase in UPR activity could help the 

cells reduce proteotoxic stress caused by PIs. For example, when PERK is activated, it 

causes the phosphorylation of EIF2α which inhibits protein synthesis181. We did observe 

that proteins synthesis is similar between resistant and parental cells, however, that was at 

basal levels (Figure 4.6C). Therefore, if PERK is activated and protein synthesis is inhibited 

upon treatment with PIs this could help explain the lack of ubiquitinated proteins 
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accumulating in resistant cells. Therefore, changes in the UPR in resistant cells after PI 

treatments need to be analyzed. The UPR will also need to be analyzed in the CHX+PI 

experiment. This is to ensure that the UPR is still activated upon PI treatments and that the 

ability of CHX to inhibit M3258 induced apoptosis is due to reduced protein synthesis and 

not the inhibition of the synthesis of pro-apoptotic proteins such as NOXA.  

PDI, or protein disulfide isomerase, upregulation also needs to be analyzed in the M3258 

resistant cells. PDI is an enzyme in the ER that assists in protein folding and has been 

shown to be upregulated in BTZ resistant MM cells178. Upregulation of this enzyme could 

suggest that the cells have become more efficient in protein folding reducing the levels of 

misfolded proteins that need to be degraded by the proteasome, therefore, reducing the 

levels of ubiquitinated proteins.  

Changes in oxidative phosphorylation in resistant cells will need to be analyzed. In parental 

cells we observed that the oxidative phosphorylation pathway and OCR was downregulated 

after treatment with PIs. However, in resistant cells we observed that the oxidative 

phosphorylation pathway was upregulated and other studies have shown an increase in 

OCR in MM cells resistant to either BTZ or CFZ178,182,183. If the resistant cells upregulate 

OCR, then the use of compounds that decrease mitochondrial respiration could be effective 

in combatting PI resistance. ABT-199, a BCL-2 inhibitor clinical known as Venetoclax , and 

IACS-010759, a mitochondrial complex 1 inhibitor, have both shown the ability to inhibit 

OCR. When combined they have a greater effect in decreasing OCR and have shown synergy 

in treating AML184–187. IACS-010759 is in clinical trials for treating relapsed or refractory 

AML (NCT02882321). 
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Answering these future questions will provide significant insight into the mechanisms of 

sensitivity of MLL-AF4 ALL to proteasome inhibition and provide a strong rationale for 

using IPIs for the treatment of MLL-AF4 ALL.  
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Figure 5.1: PIs led to the accumulation of the MLL-AF4 fusion protein. 

A. Nuclear extracts of cells treated with indicated concentrations of inhibitors for 

4h were analyzed by westerns. B. Cells were continuously treated with MI-503 

for times indicated before measuring viability with Alamar Blue C. RS4;11 cells 

were treated with 0.6μM MI-503, a Menin inhibitor, for times indicated, spiked 

with puromycin, and analyzed by western with puromycin antibodies, and 
quantified using Image Studio lite. All samples were run on the same gel.  

B. 
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Figure 5.2: XBP1 is downregulated in resistant cells.  

Analysis of the data from RNA sequencing experiment shown on Fig. 4.5. 

DF signifies the cells have been incubated without M3258. 5.21 signifies 

the time when the cells were harvested and plated fresh before 

measurements. Fold change compared parental cells. 
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Chapter 6: Summary 

In conclusion, this project focused on testing the efficacy of immunoproteasome inhibitors 

for the treatment of MLL-AF4 expressing ALL and to elucidate the mechanism of sensitivity 

of MLL-AF4 ALL to proteasome inhibition. We began by showing that MLL-AF4 cell lines, 

RS4;11 and SEM, and patient samples express high levels of immunoproteasomes. We were 

able to show that RS4;11 and SEM cells were sensitive to pharmacologically relevant 

concentrations of immunoproteasome inhibitors and that MLL-AF4 ALL PDX samples were 

sensitive to PIs ex vivo. We also observed that multi-site inhibition increased the effects of 

β5i inhibitors. This sensitivity to immunoproteasome inhibitors translated into in vivo 

studies where IPIs were able to significantly delay tumor growth and increase survival. We 

also observed that M3258 was as effective as BTZ and both were synergistic with standard 

chemotherapy. In a parallel study, we were able to provide insight into the mechanism of 

sensitivity. Upon treatment with PIs, we observed the upregulation of several stress 

pathways similar to what was found in MM. We also observed that PIs lead to a high 

accumulation of ubiquitinated proteins which exacerbated the load on the proteasome 

causing an increase in cell stress and ultimately apoptosis. This PI induced accumulation of 

ubiquitinated proteins was largely reduced in PI resistant cells suggesting the cells have 

developed a mechanism to decrease the load on the proteasome that was observed in 

parental cells. Overall, we were able to show that IPIs can be an effective treatment option 

for MLL-AF4 and provided insight into the mechanism of high sensitivity of MLL-AF4 

expressing ALL to proteasome inhibition.  
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