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ABSTRACT 

The internal ribosome entry site (IRES) is considered one of the 

mechanisms in which colorectal cancer cells can utilize to survive the 

stresses of the tumor microenvironment and to escape cell death. The proto-

oncogene MYC is upregulated in 70% of human neoplasia and is considered 

a key driver of colorectal cancer (CRC). An IRES sequence was discovered 

in its 5’ UTR, presenting the possibility of tumoral cells utilizing this 

mechanism to sustain cell growth under stressful conditions. However, 

controversy exists surrounding the technical approaches used to validate this 

sequence.  We investigated the involvement of the MYC IRES in a diverse 

range of cellular stresses using a CRIPS-Cas9 approach to excise the 

sequence from CRC cell lines. Our results demonstrate that the MYC IRES 

does not facilitate cap-independent translation. Rather, it appears to function 

as transcriptional enhancer responsive to PI3K signaling mediated through 

the MAP-kinase pathway. CRC cells adapt to PI3K inhibition by increasing 

the autophagic flux, however, those cells lacking the IRES fail to do so, and 

demonstrate antiproliferative sensitivity. This sensitivity is also found in Burkitt 

Lymphoma (BL) cells that exhibit a MYC translocation dissociating the IRES 

from the coding sequence. In conclusion, we find that the MYC IRES 

functions not to facilitate internal ribosome entry, but to enhance MYC 
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transcription in response to PI3K inhibition in order to promote cancer cell 

survival though increased autophagic flux. 
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INTRODUCTION 

 

Colorectal cancer 

 

Colorectal cancer (CRC) is a leading health care burden worldwide. In 

the United States of America alone, CRC has the second most expensive 

treatment cost of all cancer at $24.3 billion, representing 12.6% of the cost of 

all cancer treatments in 20201. According to the World Health Organization, it 

compromises roughly 10% of the 19.3 million global cancer cases in 20202. In 

the context of patient mortality, it ranks as the second most deadly, claiming 

every year over a million lives2.  

CRC was originally modeled by Fearon and Vogelstein as a multi-step 

accumulation of genetic activations in oncogenes and mutational inactivation 

of onco-suppressor genes, and that mutational activation of at least four to 

five genes were required for the formation of a malignant tumor3. In recent 

years, through the efforts accumulating far reaching genetic data such as The 

Cancer Genome Atlas, much information regarding the dysregulation of major 

signaling pathways and accumulation of mutations has been obtained4,5. The 

shared reporting of gene-expression data among researchers has allowed for 

the discovery of extensive molecular characterization of the disease. CRC is 
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highly heterogeneous with regards to genetic signature, and has been 

classified into different consensus molecular subtypes (CMS)6 based on their 

defining genetic signatures: CMS1, microsatellite instability immune; CMS2, 

canonical with WNT and MYC signaling activations; CMS3, epithelial and 

metabolic dysregulation; and CMS4, mesenchymal and high transforming 

growth factor-b activation; samples with mixed signatures are suggested to 

represent a transitional phenotype of heterogeneity within the tumor itself6.  

These classifications have assisted in the treatment and prognosis of 

CRC. High microsatellite instability/mismatch repair deficient tumors (MSI-H), 

for example, fall into CMS1. These tumors have been found to be highly 

susceptible to immunotherapy, and the Food and Drug Administration (FDA) 

of the United States of America has approved antibody-based PD-L1 

(programmed cell death-ligand 1) therapies, such as pembrolizumab7 and 

nivolumab8, and other immune checkpoint inhibitors blocking therapy that 

functions by preventing cells from escaping immune surveillance in patients 

exhibiting high MSI-H9. This therapy has had a significant degree of success 

thus far and is highly promising. However, the MSI-H phenotype only 

represents a small proportion of individuals with CRC at 15%10, indicating a 

dire need to address the other subtypes. Chromosomal instability (CIN) is a 

mechanism of genetic dysregulation, categorizing as CMS2, and represents 

the largest proportion of patients with CRC from 60 to 85%11, and with a 
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worse prognosis12 compared to MSI. Genomic instability caused by CIN 

results in aneuploidy and loss of heterozygosity, as well as a high prevalence 

of mutations in genes that coordinate signals for cell proliferation, survival, 

and cell cycle regulation13.  

 

Genes implicit in the CIN phenotype of colorectal cancer 

 

Despite the high heterogeneity of CIN, in most cases, the proto-

oncogene MYC is overexpressed14. The reason for this can be due to many 

of the aberrantly regulated signaling pathways in CIN converging on MYC. 

For example, mutations of APC occur early in the tumor-progression 

process3, resulting in stability of b-catenin and its translocation into the 

nucleus, which then activates the Wnt signaling pathway15. Commonly 

followed by APC mutations is KRAS13; these two mutations together can 

promote tumor progression in vivo16, a pathway utilizing MEK and converging 

onto MYC expression and stabalization17. Other mutations occur in inhibiting 

the tumor suppressor genes TP53 or PTEN or activating the oncogenes 

KRAS and PIK3CA13.  

The gravity of MYC in the development of intestinal tumors is well 

demonstrated in APCMIN/+ mice18. These mice, which overexpress MYC, 

reliably develop 30-50 intestinal tumors by the end of their life cycle. In vivo 
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knock out of MYC in APCMIN/+ mice have abrogated tumor development 

entirely19.  

 

The proto-oncogene MYC 

 

The proto-oncogene MYC is a master transcriptional regulator of 

numerous cellular processes, in particular of cellular metabolism, as well as 

cell proliferation, cell growth20, and apoptosis. A basic helix-loop-helix leucine 

zipper, MYC functions by first forming a heterodimer with MAX21 and 

subsequently binding to regions of the DNA known as E-Box sites; its 

canonical target sequencing being 5’-CACGTG-3’22,23. MYC can control both 

transcriptional activation and repression depending on its target gene, and 

both processes are heavily dependent on epigenetic modifications of the 

immediate chromatin24–26 to allow for MYC binding and modulatory activity. 

The frequency of E-Box sequences is high throughout the human genome, 

allowing for MYC to regulate roughly 15% of all genes27. MYC was first 

discovered to contain oncogenic potential in the context of Burkitt Lymphoma, 

where its translocation under the control of the IG enhancer elements28,29 

resulted in constitutive activation and oncogenesis.  
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The MYC promoter 

 

  The MYC locus contains a highly complex and transcribed promoter 

that facilitates its regulation by a number of converging signaling pathways, 

including JAK/STAT and MAPK signaling in addition to the aforementioned 

WNT. MYC contains four different promoters termed P0, P1, P2, and P330–32. 

P0 is the furthest upstream in the MYC locus. P1 and P2 are the proximal 

promoter sequences located 161 bases apart from each other, and roughly 

500 bases upstream the MYC coding sequence (CDS), and compromise of 

10-25/75-90% of MYC mRNA content, respectively. Promoter site P3 resides 

within intron 1 of MYC. P2 activity dominates and is attributed to its optimal 

TATA-box33–35. The P1/P2 TATA-box promoter regions also are the subject of 

the converging signal regulation. While P1/P2 code for ~95% of MYC mRNA 

content together, P0/P3 code for 0-5% under typical conditions, particularly 

due to their lack of TATA boxes and lack of other promoter elements36. 

The MYC locus and organization of the promoter regions. Wierstra, Inken (2008). [Advances in Cancer 
Research] Volume 99 || The c-myc Promoter: Still MysterY and Challenge, 113–333. doi:10.1016/S0065-
230X(07)99004-1    
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Challenges drugging MYC 

 

Under homeostatic conditions, expression of MYC is tightly regulated37–

39. However, MYC shows extensive dysregulation and/or upregulated in 

~70% of human neoplasia39,40 and is a major cause of human mortality41. 

Aberrantly activated MYC confers a selective growth advantage to cancer 

cells by rewiring both transcriptional programs and signaling modules. For its 

involvement in multiple cancers and mortality, MYC is a desirable target for 

cancer therapy. Much effort, both clinical and preclinical, have been 

dedicated towards strategies at limit its dysregulated expression. However, to 

this day there exists no approved pharmacological inhibitor of MYC. There 

exist two main reasons for this: one due to the structure of MYC. MYC is a 

helix-loop-helix protein, and therefore possess a flat structure and 

consequently lacks druggable pockets and clefts. As MYC mechanically 

dimerizes with either MAX or MYC for its biological function, attention has 

been drawn towards preventing this purpose. Second, the side effects of 

MYC inhibition are expected to be systemic and severe. MYC is expressed 

throughout the human body42,43; any non-specific inhibition towards cancer 

cells can result in dangerous and intolerable systemic side-effects. 
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Due to these difficulties, other strategies are also being investigated 

towards alleviating the aberrant intracellular levels of MYC. Downstream 

targets of MYC, such as polyamine biosynthesis44, represent some of these 

efforts45. Other approaches target the different stages of MYC biosynthesis, 

such as its transcription, or translation46,47. Drugs targeting MYC protein 

synthesis have been tested both preclinically and in humans, providing 

promising results48.  

 

Canonical translation 

 

The initiation of canonical eukaryotic translation is a complex 

coordination of at least a dozen known translation factors49 that begins when 

7-methyl-guanosine (m7GpppN, cap) is recognized and bound by the subunit 

eIF4E of the eIF4F translation initiation complex50. eIF4E then guides the pre-

initiation complex to the mRNA, which then scans and begins translation at 

typically the first AUG codon it encounters.  

 The binding of eIF4E is regulated tightly by the eIF4E binding protein, 

4E-BP. 4E-BP has high affinity for eIF4E and upon binding, it prevents eIF4E 

from binding to the 5’ cap of mRNA. When 4E-BP is phosphorylated, it is 

unable to bind eIF4E, which permits eIF4E to bind mRNA and begin the 
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initiation of translation. 4E-BP phosphorylation occurs by a number of 

kinases, and the mechanistic target of rapamycin (mTOR) in particular51. 

 

 

Canonical initiation of translation. Image created in BioRender. 

 

Non-canonical translation 

 

The ability for cells to initiate translation canonically is compromised in 

various conditions. Not all of these conditions result from stress, mitosis being 

one example. Other conditions are much more stressful or critical for survival 

at an organismal level, such as infection, and others, such as oxidative stress 

and nutritional depletion. However, in these conditions, specific transcripts 
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can still be translated and produce normal, functionally active proteins52. In 

some of these transcripts there exists a highly structured region known as an 

internal ribosome entry site (IRES), which can facilitate ribosomal entry and 

translation independently of some or all of the translation initiation factors. 

The internal ribosome entry site is suggested to be a mechanism that can 

overcome the difficult conditions in which a tumor can face53–57, and are most 

commonly observed in both viral and eukaryotic genomes. 

 

Non-canonical initiation of translation. The ribosomes initiate translation without the binding of eIF4E. Image 
created in BioRender. 

Internal-ribosome entry site (IRES) 

 

IRES elements were first discovered in the context of picornaviruses 

and encephalomyocarditis viruses58–60, which could begin translation of their 
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own genome when their host cell inhibited translation due to the presence of 

its own infection. Some viral RNA genomes, such as the poliovirus, do not 

contain a 5’ cap, which naturally demands an alternative method to initiate 

translation of its genome61. The IRES is a region in the mRNA, typically on its 

5’ end, that is able to bind directly to the ribosome and initiate translation. 

Even when the RNA circularized in vitro, viral IRES elements are also able to 

bind ribosomes, and can be translated62. 

The viral IRES is diverse across different viral genomes, yet exhibits 

some similarities63,64, and can be broadly defined as able to initiate translation 

without needing eIF4E to bind the mRNA. To varying degrees, viral IRES 

elements rely on host factors to assist in the initiation of translation. However, 

this degree varies greatly, and in the most extreme of cases, there is no 

requirement for any host factors at all65. In addition to host translation factor 

requirements, viral IRES elements can be categorized based on their 

secondary structure, the ability to directly bind the 40S ribosomal subunit, and 

ITAF (IRES trans-acting factor) recruitment, which are proteins required to 

start translation but are not part of the initiation machinery66. These details 

allow for the classification of viral IRES elements into four different groups67.  

The mechanism in which viral IRES elements function is well 

understood. Group 1 viral IRES elements initiate translation from a non-AUG 

start codon, and this occurs from the ribosome’s A-site rather than the P-
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site68. Group 1 viral IRES elements require no host initiation factors (a feature 

hypothesized due to the group’s IRES secondary structure61), and are 

generally close to the downstream open reading frame of the viral genome69. 

Group 2 viral IRES elements are much more complex with regards to 

secondary structure, and contain overall more nucleotides than group 170. 

They also do not require ITAFs, however, they have critical requirement of 

eIF2 and eIF3 to initiate translation. Groups 3 and 4, increasingly complex in 

their secondary structures, both require ITAFs to bind the 60S ribosome 

(group 4 has an AUG-scanning mechanism) and have an extended 

requirement in general for initiation actors. Overall, viral IRES elements are 

able to robustly facilitate translation of proteins including cases where the 

viral mRNA is not capped71, proving a highly reliable mechanism to force 

translation of its mRNA under conditions in which a cell’s defense would 

otherwise try to prevent this.  

 

The cellular IRES 

 

The existence and function of cellular IRES elements is controversial 

and heavily debated. Cellular IRES elements lack the sequence and 

structural homology that identifies their viral counterparts, making their 

identification challenging67. Similarly, even for the cellular IRES elements that 
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have had sizable evidence in favor of their existence, they do not translate 

proteins nearly as robustly as their viral counterparts72. Originally, cellular 

IRES elements were discovered with a technique known as the dicistronic 

reporter assay. In this assay, exogenous DNA with two luciferase genes (for 

example Renilla and Firefly luciferase), separated by the DNA region of 

interest, is transfected into a cell. This DNA region of interest would be a 

putative IRES. In this reporter construct, translation coming from the 5’ 

luciferase gene would occur via a cap-dependent initiation mechanism. 

Hypothetically, as the ribosome dissociates form the monocistronic mRNA 

due to encountering a stop codon at the end of the first cistron, and therefore, 

any observable signal originating from the 3’ luciferase gene downstream 

would have to be due to internal ribosome entry at the putative IRES 

sequence. However, this technique has been shown to have pitfalls. The 

popular pRF plasmid used to conduct these assays was found to have a 

cryptic promoter73, producing an alternative 3’ cistron transcript not in a cap-

independent manner, and rendering the results of such dicistronic 

experiments unreliable. Many experiments utilizing these constructs did not 

include sufficient analyses to conclude the vectors used did not produce 

unintended mRNA72. In many cases, follow-up experiments frequently find 

splicing and other cryptic promoter activity72,74–77. 
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Adding to the unreliability of the dicistronic reporter assay for validating 

IRES elements, it has been found that the ability to demonstrate internal 

ribosome initiation depends highly on the choice of surrounding genes, even 

with viral IRES elements78. Another problem with reporting IRES activity is the 

masking of true efficiency using relative results72. Many IRES elements have 

been found to produce activity as low as 3-6% of control “empty vector” 

levels, or even viral IRES sequences used as control79–81. The sequences 

found as IRES elements are by-and-large highly inefficient at translating 

proteins, and any luciferase signal reporting a 3-fold represents still a very 

minor fraction of total protein content. A problem persists in addressing any 

physiological role for this minor amount of product, or whether it simply 

remains experimental background. Considering the viral IRES functions 

sufficiently for their purpose72, this evidence suggests the cellular IRES 

element might not functionally provide for cellular demands under times of 

stress.  

 

The MYC IRES 

 

MYC was shown to have an IRES in the late 1990s and early 2000s82–

84, and suggested to play a role in chemoresistance85. This region, found 

within exon 1, has been defined to reside from the nucleotide positions -363 
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to -94 upstream from the first start codon in exon 1 of MYC. Coincidentally, 

this overlaps with the exact nucleotides starting the P2 promoter element of 

MYC83. However, the evidence for the MYC IRES originates from using pRF 

plasmids and dicistronic RNA constructs, calling into question the validity of 

these claims. Adding to the controversy, when the MYC IRES was tested in 

response to various stresses in a different vector than the pRF plasmid – a 

bgal/CAT vector - there was a significant reduction in activity compared to 

controls, a result inconsistent with it functioning as an IRES86. Furthermore, 

another research group evidence presented suggested the region is not an 

IRES through the use of circularized mRNA. If the MYC IRES could facilitate 

cap-independent translation, it would be able to do so in a circularized 

mRNA, which naturally have no 5’ or 3’ ends–it failed to do so, whereas the 

HSP70 IRES succeeded87.   

  

Hypothesis 

 

In this thesis, I address the involvement of the MYC IRES in response 

to various stresses, and whether it facilitates internal ribosome entry and 

translation of MYC protein independently of the cap-binding mechanism. In 

order to probe whether the MYC IRES could facilitate protein expression 

under various stresses, we utilized the CRISPR/Cas9 method to excise the 
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IRES from colorectal cancer cells. To functionally demonstrate IRES activity 

in vitro, we utilized monocistronic mRNA-based luciferase reporter constructs 

to avoid the pitfalls of DNA-based transfection of dicistronic reporters and to 

avoid cryptic splicing events that can occur to dicistronic mRNA reporter 

constructs. We found and delineated a role for the IRES sequence in a 

genomic context, functioning as a key regulatory element enhancing MYC 

transcription in response to PI3K inhibition. The enhancement of MYC 

transcription resulted in an increase of MYC protein content in a cap-

dependent fashion that then led to an autophagic adaptation, a mechanism 

which CRC cells utilize to survive class I PI3K inhibition. We also found that 

cancer cells lacking the MYC IRES are unable to induce this autophagic 

adaptation - particularly relevant in Burkitt Lymphoma, where some patient-

specific cases lose the transcriptional regulatory elements in the translocated 

MYC gene, including the IRES. These results overall suggest a role for the 

IRES in a genomic context as a functional responsive element to class I PI3K 

inhibition. 

 

 

MATERIAL AND METHODS 
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Cell culture and drug treatments 

 HCT116 and SW620 colorectal cancer cells were cultured in Dulbecco’s 

Modified Eagles Medium (DMEM; Sigma-Aldrich #D6546) with a 

supplementation of 10% fetal bovine serum, 1% penicillin-streptomycin (100 

U/mL each), and 1% L-glutamine. Raji and DG75 cells were a gift from 

Professor Pankaj Trivedi at Sapienza University of Rome. Raji and DG75 

cells were cultured in RPMI-1640 (Sigma #R0883) supplemented with 10% 

fetal bovine serum, 1% penicillin-streptomycin (100 U/mL each), and 1% L-

glutamine. All cell lines were cultured in a cell incubator at 37°C and 5% CO2. 

All cell lines used were confirmed mycoplasma-free via PCR using a 

Mycoplasma PCR detection Kit (Applied Biological Materials, Inc. #G238). 

 Drug treatments were performed using thapsigargin (Sigma Aldrich 

#T9033), doxorubicin (Sigma Aldrich #D1515), 5-fluorouracil (Sigma Aldrich 

#F6627), 2-deoxy-2-glucose (2DG; Sigma #D8375), H2O2 (Santa Cruz 

Biotechnology #7722-84-1), BEZ235 (Cayman Chemicals #10565), BKM120 

(MedChemExpress #HY-70063), cycloheximide (Sigma Aldrich #C4859), 

actinomycin D (Sigma Aldrich #A4262), U0126 (Promega #V1121) at the 

indicated concentrations in the text. Cells were incubated with cycloheximide 

for 1 hour. Drugs were suspended in dimethyl sulfoxide (DMSO) unless 

otherwise stated. All cell treatments with the listed drugs were 24 hours long, 
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unless indicated otherwise in the text. Treatments for proliferation assays 

were for the entire length of the assay and refreshed every 48 hours. 

 

Proliferation Assays 

Cells were seeded in a Multi-Well 12 (Corning 3513) at a density of 

20,000/cm2. The next day, cells were treated with the drugs indicated in the 

text. Cells were counted daily via tryphan blue staining. Lymphoma cells for 

7-day proliferation counts were seeded in a Multi-Well 12 at a density of 

1,000/cm2. The drugs and media were refreshed every 3 days. 

 

Mice Experiments 
 

All animals were housed following the Italian Ministry of Health Directive 

2010/637EU guidelines. Female NU/NU CD1 mice (28-34 days old) (Charles 

River Laboratories #086NU/NUCD) were housed in standard conditions of 

12h light/12h dark cycle, at a constant temperature of 19-22°C, 45% humidity, 

and with availability of food and water ad libitium. HCT116 SCR and DIRES 

cells were cultured 2.0x106 cells were prepared in a 50 µL solution of 50% 

Matrigel (Corning #354248) and 50% PBS which was injected 

subcutaneously into each posterior flank of the nude mice. Animal health and 

xenografted cells were monitored daily. Once the tumors were palpable, 
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animals were administered BKM120 (30 mg/kg) or vehicle (90% corn oil/10% 

DMSO) via oral gavage daily for 15 days. Every 3 days, the dimensions of 

each tumor were recorded. Volume was calculated as V = (L X W2)/2 as 

previously described88. At 15 days, animals were sacrificed via cervical 

dislocation, and the tumor masses were excised, weighed, photographed, 

and collected for molecular analyses.  

 

Immunohistochemistry 

Freshly excised xenografted tumors were fixated in 4% 

paraformaldehyde for 24 hours at 4°C and transferred to 1X PBS the 

following day. Samples were embedded in paraffin wax after dehydration in 

increasing ethanol concentrations and washed with xylenes. 5 µm-think cross 

sections were prepared using a RM2245 microtome (Leica Biosystems). The 

deparaffinized and rehydrated sections had antigens retrieved using 1X Tris-

EDTA, pH 9.0 solution, pH 9.0 (Himedia #ML087) for 30 minutes at 95°-98°C 

on a hot plate. Sections were stained using the Mouse-to-Mouse Kit by 

ScyTek Laboratories (#MTM001): First, samples were blocked with Super 

Block for five minutes and then with mouse-to-mouse block for 30 minutes. 

Sections were then incubated with primary antibodies as listed in Table 1 in a 

solution of 1X PBS with 1% bovine serum albumin. The next day, sections 

were quenched with 3% hydrogen peroxide in methanol for 20 minutes. 
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Afterwards, a biotinylated goat anti-polyvalent peroxidase was applied for 30 

minutes at room temperature, followed by streptavidin-conjugated 

horseradish peroxidase. The chromogenic reaction was developed using 3,3’-

diaminobenzidine tetrahydrochloride (DAB) solution. Nuclei were 

counterstained with Mayer’s hematoxylin (Sigma-Aldrich #MHS16). Eosin 

(Histo-Line Laboratories #DV002153) was used following standard protocols. 

Representative images of each sample/stain were captured at 20x original 

magnification by a Zeiss Axiocam 208 color on a Zeiss Axiolab 5 light 

microscope. 

 

Confocal Microscopy 

Cells were seeded in an µ-Slide 8 Well ibiTreat cell culture dish (ibidi 

#80826) at 50,000/cm2. LysoTracker red was used following manufacturer’s 

instructions. 62x normal magnification confocal images were acquired using a 

LSM 980 with Airyscan 2 (Zeiss) laser-scanning confocal microscope.  

 

Plasmids and antibodies 

 Lentiviral plasmids for RNA interference and CRISPR/Cas-9-mediated 

gene excisions were generated in pLKO.1 (AddGene #8453) and 

pLentiCRISPR-v2 (AddGene #52961), respectively. The shRNA and sgRNA 

sequences used are listed in Table 2. Complementary oligonucleotides were 
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phosphorylated using PNK (Takara Bio #2021B) and annealed by 

submerging in boiling water and then allowing the temperature to reach 25°C 

over 4 hours. Annealed oligonucleotides were ligated using Takara T4 DNA 

Ligase (Takara Bio #6021) in the corresponding digested vectors.  

For in vitro transcription, the Firefly luciferase coding region was PCR 

amplified from pGL3 basic (Promega #E1751) and cloned in pSP64-polyA 

(Promega #P1241) using XbaI (ThermoFisher #ER0681) and BamHI 

(ThermoFisher #ER0051) restriction sites. MYC 5’ UTR (IRES) was PCR 

amplified from HCT116 cDNA and cloned in pSP64-Poly A (Promega 

#P1241) using HindIII (ThermoFisher #ER0502) and XbaI restriction sites. To 

insert the hairpin sequence in the vector upstream the MYC 5’ UTR, HindIII 

was used. Complementary oligonucleotides were phosphorylated, annealed, 

and ligated in the digested vectors with and without the MYC 5’ UTR (IRES). 

All constructs were validated by sequencing. 

For the HBM-IRES-Luciferase construct, the MYC IRES was PCR 

amplified from HCT116 cDNA and cloned into HBM-Luciferase (AddGene 

#35155) using NotI (ThermoFisher #ER0591) restriction sites. 

All antibodies used for immunoblotting are listed in Table 1. 
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In Vitro transcription 

pSP64-Poly A derived plasmids were in vitro transcribed using HiScribe 

SP6 RNA Synthesis Kit (NEB #E2070S). Plasmids were linearized by 

digestion with EcoRI and after purified via Phenol:Chloroform extraction. The 

synthesis reaction was prepared according to the manufacturer’s protocol 

and cap (m7G(5’)ppp(5’)G RNA Cap Structure Analog (NEB #S1404S) or 

AP3G (ApppG, Jena Bioscience #72655) were added to a final concentration 

of 4 mM and incubated at 37°C in a PCR thermocycler for 30 minutes. 

Transcripts were treated with DNAse I, purified by LiCl precipitation, and 

quantified using a NanoPhotometer (Implen #NP80). 

 

Luciferase assays 

 HCT116 cells were seeded at a density of 5.0*104 cells/cm2 in a Multi-

Well 24 dish (Corning #) in triplicate. The following day, cells were treated 

with BKM120 [1 µM] or an equal volume of dimethyl sulfoxide (DMSO) for 24 

hours. The next day, 400 ng per well of in vitro transcribed RNA were 

transfected using DreamFect transfection reagent (OZ Biosciences 

#DF41000) according to the manufacturer’s protocol. After 6 hours, cells 

were collected and washed with 0.1 M PBS with Mg2+ and Ca2+. Cell extracts 

were then prepared with passive lysis buffer (Biotium, #99912) according to 

the manufacturer’s protocol; D-luciferin (Biotium #10101) was diluted in the 
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noncommercial stock luciferase assay buffer as previously described89 with a 

final concentration of 40 mg/mL. Luminescence was read with a Glomax 

Explorer Multimode Microplate Reader (Promega #GM3500). Luciferase units 

were normalized to the efficiency of transfection as monitored by RT-qPCR. 

 

CRISPR/Cas-9-mediated deletion of the MYC IRES 

 The MYC IRES was excised using small guide RNA (sgRNA) targeting 

the region -363 to -94 base-pairs upstream the non-canonical CTG start 

codon82,83. The sequences are described in Table 2. For transient expression 

of Cas9 and sgRNAs, HCT116 and SW620 cells were transfected with the 

constructs and selected with puromycin (Enzo Life Sciences #ALX-380-028) 

for 72 hours, then diluted into 96-well plates to allow monoclonal growth, 

collected, and screened via PCR using the screening primers described in 

Table 2. The clones identified as homozygous DIRES were then subjected to 

Sanger sequencing (Bio-Fab Research). 

 

Polysomal fractionation 

HCT116 and SW620 cells were processed and MYC mRNA distribution 

in the differing polysomal fractions were analyzed as described45,90. Briefly, 

cells were treated with 100 μg/ml cycloheximide (CHX) for 5 minutes, washed 

twice with 1X PBS, and subsequently lysed with 450 µl of TNM lysis buffer 
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(10 mM Tris-HCl pH 7.4 or 7.5, 10 mM NaCl, 10 mM MgCl2, 1% Triton X-100) 

supplemented with 10 mM dithiothreitol, 100 µg/ml CHX, 1× PIC 

(#1187358001 complete, EDTA free, Roche, Mannheim Germany), and 

RiboLock RNase inhibitor (#EO0382 Thermo Fisher Scientific, Burlington, 

ON, Canada). Lysates were incubated on ice for 10 min and then centrifuged. 

Supernatants were collected, loaded onto a 15–50% sucrose gradient, and 

ultracentrifugation was performed at 37,000 RPM for 120 min with a SW41 

rotor (Beckman Coulter, Brea, CA). Fractions collection was performed using 

Biorad-BioLogic LP/2110 (Hercules, California,USA), according to the 

manufacturer’s protocol. Synthetic RNA was used as a normalization control 

for RT-qPCR. 1 ng was added to the pooled fractions immediately before 

RNA extraction. The oligos used for quantitative PCR are listed in Table 2. 

The synthetic RNA was transcribed in vitro, and the sequence is as follows: 5’ 

GAAATTAATACGACTCACTATAGGATCGAGGTCTAGCTATAGGATTAGGA

TCGTCGTAGTTAGAAAGTATGGAGAAAGGAAGCGCTTCTCTGAAGGCTG

GGGCTTTATGATTGCTGCTAAGTTTGCTGAAAGGGATGGAAAGTGATGC

TAGCTGAGTGAGTGATCGAGCTAGGTA 3’. 

 

Western blot 

 Cells were lysed in the denaturing buffer SDS-urea (50 mM Tris HCl, 

pH 7.8, 2% sodium dodecyl sulfate (SDS), 10% glycerol, 10 mM Na4P2O7, 
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100 mM NaF, 6 M urea, 10 mM Ethylenediaminetetraacetic acid (EDTA)). 

Protein extracts were then sonicated, quantified, and resolved via SDS-PAGE 

before transfer toa nitrocellulose membrane (Perkin Elmer, 

#NBA085C001EA). Membranes were blocked with 5% milk powder in 0.1 M 

tris buffered saline with 0.1% Tween-20 (TBS-T) and incubated in the same 

buffer with primary antibodies overnight. The following day, membranes were 

washed in TBS-T and subsequently incubated with secondary antibodies for 

1 hour. Detection of the horseradish peroxidase signal was performed using 

WesternBright ECL (Advansta, #K-12045-D50). 

 

RNA extraction, reverse transcription, and quantitative PCR (RT-qPCR) 

Total mRNA was isolated from cells using Trizol reagent (ThermoFisher 

#15596026) according to the manufacturer’s instructions. 1 µg of total RNA 

was reverse-transcribed with SensiFASTTM cDNA Synthesis Kit (Meridian 

Bioscience #BIO-65053). Real-time PCR was performed using SensiFast 

Sybr Lo-Rox Mix (Meridian Bioscience #BIO-94020) and transcript levels 

were quantified with a ViiA 7 Real-Time PCR System 36 instrument (Applied 

Biosystems). The primers used are listed in Table 2. 
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Lentivirus-mediated shRNA knockdown and overexpression 

The production of lentiviruses was performed as described91. 

Subconfluent HEK-293T cells were co-transfected, by calcium phosphate 

precipitation92, with 20 μg of different pLKO.1 vectors together with 15 µg of 

pCMV-R 8.74 (AddGeme #22036), and 10 µg of pMD.G2 (AddGeme #12259) 

to produce lentiviruses. After 24 hours, the medium was changed. 

Supernatant containing recombinant lentiviruses was collected 72h after 

transfection.  

To perform lentiviral transduction, cells were seeded at a density of 2.0 

* 104 cells/cm2 and transduced with lentiviruses the next day with polybrene 

(5 mg/mL, Sigma-Aldrich #H9268). Knockdown efficiency was monitored by 

RT-qPCR. Cells were infected for 72 hours and then were selected via 

puromycin for 72 hours. 

 

Statistical Analysis 

Statistical analyses were performed using GraphPad Prism 10. Results 

are expressed as mean ± standard deviation from at least three independent 

experiments. Statistical differences were analyzed by Student’s unpaired t-

test and One-way ANOVA followed by post-hoc Tukey’s test, when 

appropriate. p<0.05 was considered statistically significant. 
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ANTIBODY SUPPLIER CATALOG # DILUTION APPLICATION 
C-Myc Cell Signaling 9402 1:1000 (WB) 

1:100 (IHC) 
WB, IHC 

Actin Sigma Aldrich A5441 1:10000 WB 
Vinculin Santa Cruz 

Biotechnology 
sc-73614 1:10000 WB 

P62 Cell Signaling 5114 1:1000 WB 
Ki67 Pierce MA5-14520 1:100 IHC 
ERK Cell Signaling 9101 1:1000 WB 
phospho-ERK Cell Signaling 9102 1:1000 WB 
GAPDH Santa Cruz 

Biotechnology 
sc-32233 1:10000 WB 

Goat anti-Mouse 
HRP Conjugate 

Bethyl A90-116P 1:10000 WB 

Donkey anti-Rabbit 
HRP Conjugate 

Bethyl A120-108P 1:10000 WB 

Table 1. Antibodies, dilutions, and applications used. WB: Western Blot; IHC: Immunohistochemistry. 
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Name Sequence 5’ to 3’ Application 
ACTIN_FW CACCATTGGCAATGAGCGGTTC qPCR 
ACTIN_RV AGGTCTTTGCGGATGTCCACGT qPCR 
LAMP1_FW AGTGGCCCTAAGAACATGACC qPCR 
LAMP1_RV AGTGTATGTCCTCTTCCAAAAGC qPCR 
TFE3_FW GATCATCAGCCTGGAGTCCAGT qPCR 
TFE3_RV AGCAGATTCCCTGACACAGGCA qPCR 
P62_FW TGCCCAGACTACGACTTGTG qPCR 
P62_RV AGTGTCCGTGTTTCACCTTCC qPCR 
EIF4G1_FW TTGTGGATGATGGTGGCT qPCR 
EIF4G1_RV TTATCTGTGCTTTCTGTGGGT qPCR 
EIF4A1_FW CAACTATGACCTTCCC qPCR 
EIF4A1_RV TGAGGTCAGCAACATTGAGG qPCR 
EIF4E1_FW ACGGAATCTAATCAGGAG qPCR 
EIF4E1_RV CCCACATAGGCTCAATAC qPCR 
PIK3CA_FW GAAGCACCTGAATAGGCAAGTCG qPCR 
PIK3CA_RV GAGCATCCATGAAATCTGGTCGC qPCR 
SPIKE_FW GGATTAGGATCGTCGTAGTTAG qPCR 
SPIKE_RV TAGCAGCAATCATAAAGCCC qPCR 
MYC_FW CACCACCAGCAGGCACTC qPCR 
MYC_RV TTCCACAGAAACAACATC qPCR 
mTOR_FW TTCCGACCTTCTGCCTTCAC qPCR 
mTOR_RV CCACAGAAAGTAGCCCCAGG qPCR 
EIF4G1 GCAGATAGTATCCAACACGTT shRNA 
EIF4A1 GCCGTAAAGGTGTGGCTATTA shRNA 
EIF4E1 CGGCTGATCTCCAAGTTTGAT shRNA 
mTOR GCTGTGCTACACTACAAACCAT shRNA 
PIK3CA GAATTGGAGATCGTCACAATA shRNA 
MYC CCTGAGACAGATCAGCAACAA shRNA 
IRES_SG_UPSTREAM AGTATAAAAGCCGGTTTTCG sgRNA 
IRES_SG_DOWNSTREAM GCGACTCTCCCGACGCGGGG sgRNA 
SCR_SG GCACTACCAGAGCTAACTCA sgRNA 
IRES_FW CCCACCCTCCCCATAAGCG PCR Screening 
IRES_RV GGAATGGGAGAAAAGACACCCT PCR Screening 

Table 2. DNA oligonucleotides used and their applications. All oligonucleotides were obtained from Bio-Fab 
Research. FW: Forward; RVL Reverse; qPCR: Quantitative PCR; sg: short guide RNA; shRNA: small hairpin 
RNA. 
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RESULTS 

 

Chapter 1. Removal of the MYC IRES in does not affect MYC content in 

colon cancer . 

 

We began our investigation into the role of the MYC IRES by utilizing 

the CRISPR/Cas9 gene editing system93 to genetically remove this sequence 

from colorectal cancer cells. The MYC IRES spans from -94 to -363 bases 

upstream the noncanonical CUG start codon83. Primers for sgRNA are listed 

in Table 2. We validated the successful excision of this region of the MYC 5’ 

UTR via PCR and sequencing (Figure 1A).   

To determine if the removal of this region would affect basal levels of MYC 

protein content, we performed western blot in HCT116 and SW620 cells. With 

careful consideration that the MYC IRES is suggested to facilitate translation, 

we observed no difference in protein content between SCR (control) and 

DIRES (cells without the MYC IRES) cells in both cell lines (Figure 1B).  

The MYC IRES overlaps with the P2 proximal promoter of MYC in a genomic 

context83. We hypothesized that removing the promoter that contributes 

~75% of MYC mRNA content in cells36 would deleteriously affect the levels of 

MYC mRNA in our DIRES cells. Remarkably, there appeared to be no 
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significant change in total MYC mRNA (Figure 1C), possibly due to 

compensation from the P1 promoter, as previously suggested36. 

Continuing with the careful investigation into biological effect of 

removing the MYC IRES, we performed polysomal fractionation experiments 

on SCR and DIRES cells to observe if there was a decreased association 

between ribosomes and MYC mRNA. Our data were normalized to a 

synthetic RNA (1 ng) that was injected into the system immediately before 

RNA extraction. We observed no difference in association between MYC 

mRNA and the different polysomal distributions, corrected for total mRNA 

variability across samples (Figure 1D, Figure 1E).  

In summary, by removing the IRES region of CRC cells, we observe no 

change in MYC protein, mRNA, total mRNA, nor association to polysomes 

under basal cell culture conditions (for cell culture conditions, see Materials 

and Methods).  

 

Chapter 2. Translation in the context of cap-dependent translation 

interference. 

 

The next step in our investigation was to test the role of the MYC IRES 

through interfering the expression of critical components of the EIF4F cap-

initiation complex. This complex plays a fundamental role binding mRNA to 
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the 40S ribosomal subunits, and is comprised of three main components: 

eIF4E, eIF4G, and eIF4A. We hypothesized that if the MYC IRES facilitates 

cap-independent translation, these critical components of the cap-initiation 

complex would not be necessary to maintain MYC protein levels. By 

definition, cellular IRES elements do not require eIF4E to initiate translation. 

However, they have been shown to have varying requirements for different 

components of the cap-initiation complex67. In particular, eIF4A, a helicase 

that unwinds RNA94 has been suggested to be the critical cap-initiation factor 

for the MYC mRNA95. In addition to eIF4A and eIF4E, we interfered the 

expression eIF4G, a “scaffolding” protein that interacts with many 

components of the cap-initiation complex and is critical for creating the mRNA 

“loop” with the poly-A binding protein96.  

We first tested small-hairpin (sh)-mediated interference of eIF4E, the 

cap-binding protein. Validating successful interference via qPCR, we 

observed no rescue of the MYC protein content in SCR cells compared to 

DIRES cells in both HCT116 and SW620 cell lines (Figure 2A). Next, we 

investigated this response in cells interfered for eIF4G, the scaffolding 

protein. Upon validating successful small-hairpin interference via qPCR, we 

observed no rescue of MYC content in SCR cells compared to DIRES cells 

(Figure 2B). Testing last eIF4A, upon successful validation of small-hairpin 

interference, we again observed no rescue of the MYC protein in SCR cells 



 
 
 
 

 

 37 

compared to DIRES cells (Figure 2C). The results here suggest that the MYC 

IRES does not facilitate MYC protein expression in conditions in which the 

canonical cap-dependent translation proteins are significantly reduced in 

cells.  

Our next investigation was to test the activity of the MYC IRES using a 

luciferase assay technique that would bypass the issues that plague 

dicistronic DNA-based transfection experiments as well as dicistronic mRNA 

reporter experiments. To achieve this, we utilized in vitro transcription to 

transcribe monocistronic mRNA constructs, which then were to be 

transfected into cells. The design of the constructs is in Figure 2F. We 

designed four different constructs as follow: 

1) The first construct simply contains a canonical 5’ cap and luciferase 

mRNA. 

2) The second construct contains a canonical 5’ cap, followed by the 

MYC IRES, and followed by luciferase mRNA.  

3) The third construct contains a synthetic cap (AP3G) that cannot be 

bound by eIF4E97 followed directly by a luciferase mRNA.  

4) The fourth construct contains the synthetic cap (AP3G), followed by 

the MYC IRES, and then a luciferase mRNA.  

The hypothesis of this experiment is the following: if the MYC IRES 

facilitates internal ribosome entry, there would be a detectable expression of 
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the construct containing the synthetic cap, MYC IRES, and luciferase 

construct through the production of luciferase signal. A lack of signal could be 

due to either degradation of the mRNA or the IRES failing to initiate 

translation, therefore we performed quantitative PCR of the transfected 

construct to perform careful analysis. Cells were transfected as described 

(see Materials and Methods). After normalizing the luciferase results to the 

efficiency of their transfection, we observe no rescue of luciferase signal in 

the constructs containing the synthetic cap, MYC IRES, and Luciferase 

mRNA compared to our canonical 5’ cap construct (Figure 2D). 

We then finish our test of the MYC IRES in measuring proliferation in 

cells which contained interference for eIF4E. We hypothesized if MYC IRES 

facilitated cap-independent translation, there could be a rescue of cellular 

proliferation in cells that have interference for eIF4E. We however observed 

no such effect (Figure 2E), further suggesting the MYC IRES does not rescue 

cell proliferation when cap-dependent translation is inhibited. 

As a summary for Chapter 2, we observed no rescue of the MYC 

protein in cells that have interference for the eIF4F cap-initiation complex. We 

observed no luciferase signal in cells transfected with the in vitro transcribed 

mRNA monocistronic reporter constructs containing the synthetic cap, MYC 

IRES, and luciferase mRNA. Also, we observed no rescue of cellular 

proliferation in cells with interference with eIF4E. Taken together, these 
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results suggest that the MYC IRES region does not facilitate cap-independent 

translation when canonical, cap-dependent translation is inhibited. 

 

 

 

Chapter 3. Testing MYC content and cell viability in response to various cell 

stressors in colorectal cancer cells lacking the MYC IRES.  

 

Based on previous works, we hypothesized that the MYC IRES could 

play a fundamental role in facilitating resistance to various stressors. Our 

investigation began with endoplasmic reticulum (ER) stress, a stress that the 

MYC IRES has been identified to provide responses that enable MYC 

translation. In multiple myeloma cells98 MYC translation is enhanced in 

response to inducers ER stress, such as thapsigargin. Our results agree with 

some of their findings, as we observe a robust increase in MYC protein 

content upon treatment with 0.5 µM thapsigargin for 24 hours. However, our 

follow-up testing provides results that differ from their interpretation, as this 

induction is not IRES-dependent translation, as shown by the elevated MYC 

protein content observable in our DIRES cells (Figure 3A). We next wanted to 

determine which mechanism is responsible for this enhancement of MYC. By 

treating cells with both cycloheximide, an inhibitor of protein synthesis, 
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alongside thapsigargin, we could observe if this were due to increased 

stability or translation of the protein. As shown in Figure 3B, the enhancement 

of MYC in response to treatment with thapsigargin is completely ablated 

when co-treated with cycloheximide, a result that informed us the induction of 

MYC in response to the ER stressor was translational enhancement. This 

was an interesting phenomenon, considering multiple myeloma cells can 

resolve ER stress by inhibiting mTORC1 activity99, and such survival 

mechanisms were previously attributed to the MYC IRES itself. Our results 

are in contrast with this attribution, as the IRES appears to play a role in no 

response to ER stress. To further address this, we wished to observe what 

would happen when we removed eIF4E from cells and then treated them with 

thapsigargin. We hypothesize that MYC mRNA should continue to translate if 

the IRES does indeed function for internal ribosome entry. The results of this 

experiment are presented in Figure 3C. With small hairpin-mediated 

interference of eIF4E, the enhancement of MYC mediated by treatment with 

thapsigargin is abrogated. These results suggest that the enhancement of 

MYC is due to increased cap-dependent initiation of translation. 

We then wished to investigate if DIRES cells treated with thapsigargin 

would demonstrate reduced proliferation. As the MYC IRES was 

hypothesized to mediate cell survival in response to ER stress (referenced 

above), we would theoretically observe a rescue of cellular proliferation in 
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cells that contain the MYC IRES compared to those without it. As shown in 

Figure 3D, SCR and DIRES cells treated with thapsigargin showed a similar 

reduction in proliferation, with no statistical difference between the two.  

Taken together, our results indicate that the MYC IRES does not play a role 

in MYC translational enhancement in response to thapsigargin-mediated ER 

stress, nor does it play a role in facilitating cell survival to said stress. 

The next step in the investigation was into the effects of genotoxic 

stress on cell proliferation and MYC expression. It has been proposed that 

the MYC IRES mediates translation during periods of genotoxic stress to 

maintain MYC cellular content and maintain the viability of cancer cells100. To 

address these claims, we utilized doxorubicin and 5-fluorouracil (5-FU), 

therapeutics that damage DNA, interfere with DNA replication, and cause 

significant cellular stress101,102. As shown in Figure 3E and Figure 3F, 

treatment with both doxorubicin and 5-FU, respectively, reduced but did not 

result in a complete loss of MYC protein content in colorectal cancer cells. 

However, the presence of the IRES in SCR cells did not affect the cellular 

content of the protein in comparison to DIRES cells that do not contain the 

MYC IRES. 

We then investigated whether the IRES would promote cell survival in 

response to these compounds. Cellular proliferation was measured at 72 

hours, and the results are presented in Figure 3G and Figure 3H for 
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treatment with doxorubicin and 5-FU, respectively. At none of the doses 

tested for both doxorubicin and 5-FU was there a rescue of cellular 

proliferation in control cells compared to DIRES cells. 

Taken together, our results indicate that the MYC IRES neither facilitates 

translation of MYC, nor facilities cell survival during periods of genotoxic 

events. 

It has been hypothesized that the MYC IRES can both facilitate MYC 

expression and enhance tumoral growth despite the metabolic hostilities of 

the tumor microenvironment, characterized by poor vascularization and low 

availability of nutrients and/or increased ROS production due to increased 

energy demand and consequent enhancement of mitochondrial 

metabolism103. Therefore, the next stresses we chose to investigate were 

characteristics of the tumor microenvironment that colorectal cancer cells 

experience: nutrient and oxidative. 

To address nutrient stress, we utilized 2-deoxy-(2)-glucose (2DG), a 

glucose analogue that is not metabolizable and inhibits glycolysis, a key 

source of energy in most cancer cells104. As presented in Figure 3I, treatment 

with 2DG induces MYC protein expression. However, this occurs in both SCR 

and DIRES cells, suggesting the response is not an IRES-mediated 

mechanism. To further probe whether this response was indeed a cap-

dependent translational mechanism, we used small hairpin interference to 
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knock down the expression of eIF4E and subsequently treated cells with 

2DG. The ablation of eIF4E fully prevented the enhancement of MYC protein 

levels, further suggesting this response is indeed a cap-dependent 

mechanism (Figure 3J). Likewise, when we measured cellular proliferation in 

cells treated with 2DG, there was no rescue of SCR cells that contain the 

MYC IRES in comparison to DIRES cells that lack it, continuing to suggest 

the MYC IRES does not facilitate the MYC inductive-response to the 

metabolic stress caused by 2DG (Figure 3K). 

In order to test the effects of oxidative stress, we utilized hydrogen 

peroxide. Similarly to the effect of 2DG, the use of H2O2 induced MYC 

expression in both SCR and DIRES cells, suggesting the enhancement is not 

due to IRES-mediated translation (Figure 3L). When we attempted to confirm 

this effect was due to cap-dependent translation be interfering with the 

expression of eIF4E in HCT116 cells, we interestingly observed that the 

levels of MYC were still elevated, as shown in Figure 3M. It is known that 

MYC phosphorylation at S62, an effect caused by H2O2, prevents it from 

being recognized and engaged by the proteasome105. We therefore 

hypothesized that the enhancement we observe could be due to increased 

protein stability rather than increased protein translation. By treatment of cells 

with both H2O2 and cycloheximide, we continued to observe an enhancement 

of MYC in the dual-treatment condition (Figure 3O). This result suggests the 
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enhancement of MYC in response to oxidative stress is independent of 

changes in translation and is instead mediated by a mechanism of enhanced 

stability. Finally, we wanted to observe if the presence of the MYC IRES 

would allow for any enhancement of cell proliferation to oxidative stress. In 

line with our other results, the presence of the MYC IRES in control cells did 

not rescue their proliferation when compared to the proliferation of cells 

without the IRES (Figure 3N). 

Together, these data demonstrate that the MYC IRES does not 

facilitates survival mechanisms engaged by tumoral cells in the tumor 

microenvironment to survive stresses. 

 

Chapter 4. The MYC proximal promoter enhances transcription in response 

to PI3K inhibition. 

 

PI3K signaling is a critical intracellular pathway that regulates a variety 

of cellular processes including development, metabolism, growth, and 

motility106. A fundamental role for PI3K in colorectal cancer was found when 

mice knocked out the gamma catalytic subunit of PI3K developed 

carcinoma107. Likewise, publicly available datasets show PIK3CA mutations 

are one of the more commonly observed molecular changes in colorectal 
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cancer108,109; these data together present PI3K as an attractive target for 

cancer therapy.  

Promisingly, a direct role on MYC protein content has been established 

by PI3K activation via phosphorylating and increased proteolytic degradation 

of the MYC antagonist Mad1110, and is known to influence activity at the MYC 

promoter through a variety of pathways36. However, MYC overexpression has 

been linked to a number of cancer therapies with a critical role of mediating 

chemoresistance111–113. The complexities of the MYC promoter allow it to 

facilitate numerous cross-regulatory signals and at times allow the cells to 

cope with conflicting input. 

Efforts to inhibit PI3K has led to unexpected results. Contrary to 

expectations, the dual mTOR/Pi3K inhibitor BEZ235 was found to increase 

cellular MYC translation, an effect attributed to the presence of the IRES 

region46. We were curious if cells lacking the MYC IRES would demonstrate 

loss of translational enhancement in response to dual mTOR/PI3K inhibition. 

As shown in Figure 4A, our results of a 24-hour treatment with BEZ235 are in 

agreement with Wiegering et al. 201546, as our SCR control cells with the 

intact IRES demonstrated the dose-dependent induction of MYC protein 

content in response to BEZ235. However, this response was not observed in 

our DIRES cells. We then utilized knockdown of eIF4E to test if this 

enhancement was mediated by cap-independent initiation of translation, as 
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suggested by the authors. However, as shown in Figure 4B, the induction of 

MYC via BEZ235 treatment is completely abrogated with the interference of 

eIF4E, suggesting this response is a cap-dependent mechanism but still 

reliant on the IRES region of MYC. Intrigued by these results, we wished to 

specify whether the response of MYC induction via BEZ235 could be 

attributed to mTOR or PI3K alone. By utilizing small-hairpin mediated 

interference for both targets, knockdown of mTOR demonstrated no induction 

of MYC protein content in neither SCR nor DIRES cells (Figure 4C), while we 

found that interference with PIK3CA induced MYC expression in SCR cells 

but not DIRES cells (Figure 4D). Figure 4E and Figure 4F shows the 

knockdown efficiency of TOR and PIK3CA, respectively. We then attempted 

to repeat this response with the clinically tested, selective pan-acting class I 

Pi3K inhibitor, BKM120114. Figure 4G shows the representative results of 24-

hour treatments of BKM120 in SCR and DIRES cells. A dose-dependent 

induction was observed, and indicated the response MYC to these 

compounds is indeed due to PI3K inhibition.  

As we observed an enhancement of MYC protein content in SCR cells 

but not DIRES, we were curious if this enhancement via BKM120 was a cap-

dependent induction similar to that of BEZ235. To test this hypothesis, we 

utilized small hairpin mediated interference of eIF4E alongside treatment of 

BKM120. We observed that interference with eIF4E prevented the induction 
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of MYC protein (Figure 4H), suggesting this response is in fact a cap-

dependent mechanism, and because there is a complete abrogation of the 

induction, the results also show the induction of MYC is not due to increased 

stability of the protein. To both focus specifically on the mechanisms of PI3K 

inhibition on MYC induction, and to minimize off-target effects of BEZ235 in 

our study, we continued our investigation solely using BKM120 as opposed to 

BEZ235. 

Thus far, the results indicate the MYC induction in response to PI3K 

inhibition is a cap-dependent mechanism while still reliant on the MYC IRES, 

a mechanism we were curious to understand. Wiegering et al. 2015 

demonstrated that by using silvestrol, an inhibitor of eIF4A115, association of 

MYC mRNA to polysomes was inhibited by ~75%46. This response was 

reasoned to be due to the critical role of eIF4A functioning as a translational 

initiation factor for the MYC IRES95. We wondered if our DIRES cells would 

demonstrate this same reduction with PI3K inhibition. We performed 

polysomal fractionation experiments in SCR and DIRES cells treated with 

BKM120 [1 µM] for 24 hours and found a decrease in global translation in 

both SCR and DIRES cells (Figure 4I). One representative experiment is 

shown with a decrease of translation efficiency for SCR and DIRES cells to 

67.14% and 67.83%, respectively, when treated with BKM120. Interestingly, 

upon analysis of the association of MYC mRNA to polysomes, Two-way 
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ANOVA yielded no significant difference in the between treatments of DMSO 

vs. BKM120 in all fractions (Figure 4J, Figure 4K), suggesting that PI3K 

inhibition does not readily affect association of MYC mRNA to polysomes in 

colorectal cancer cells. Importantly, the MYC IRES was not critical for 

maintaining MYC translation in these conditions. We therefore could not 

attribute the enhancement of MYC protein content in SCR cells treated to an 

increased rate of translation - neither canonical nor cap-independently 

initiated mechanisms.  

From our results in this chapter thus far, we reasoned (1) the 

enhancement of MYC protein in response to PI3K inhibition cannot be 

attributed to internal ribosome entry into MYC mRNA, and (2) the results 

cannot be attributed to translational enhancement. Therefore, we 

hypothesized it must be due to an alteration of MYC mRNA content, either its 

biosynthesis or turnover. 

In order to investigate the hypothesis that BKM120 could be impacting 

the rate of MYC mRNA turnover, we treated our SCR (Figure 4L) and DIRES 

synthesis inhibitor actinomycin D [5 µg/mL] for the indicated time points. 

Analysis of MYC mRNA demonstrated no difference in its half-life between in 

both SCR and DIRES cells treated with BKM120 compared to controls. We 

then ruled out the possibility that PI3K inhibition is affecting the stability of 

MYC mRNA.  
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We then investigated if treatment with BKM120 would induce MYC 

mRNA expression. Interestingly, by quantitative RT-PCR, we observed that 

BKM120 caused a significant increase in MYC mRNA in SCR cells as 

opposed to DIRES cells (Figure 4N). Our results indicate that BKM120-

mediated PI3K inhibition results in a transcriptional increase of MYC 

expression that involves the IRES region of the MYC locus in a genomic 

context.  

A previous study suggested that the induction of MYC protein content 

from dual mTOR/PI3K inhibition could be attributed to increased activity at 

the MAP kinase pathway functioning on the joint E2F/ETS promoter element 

in MYC46. In order to test if this pathway was active in our model, we treated 

SCR and DIRES cells with the MEK inhibitor U0216116,117. We found that the 

enhancement of MYC in SCR cells via BKM120 was completely abrogated 

with co-treatment treatment of U0216 [0.5 µM] for 24 hours (Figure 4O), and 

we concluded that the inhibition of PI3K specifically is mediating an 

enhancement of MYC through MEK signaling, in further consistency with the 

previous results46. 

The MYC IRES exists at the terminal 5’ end of exon 1 in MYC. This 

coincides with P2 promoter, which starts on the same nucleotide. However, 

they do not share the same length, as the length of IRES is 269 bases, 

extending beyond the 3’ end of the P2 promoter. We were curious to test if 
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the rest of the IRES region could contribute to the observed transcriptional 

enhancement of MYC in response to PI3K inhibition. To this effort, we 

designed an HBM-IRES-Luciferase construct based on the published MYC 

promoter reporter construct HBM-Luciferase118. This construct contains the 

MYC promoter, originally cloned from the MYC locus at a HindIII restriction 

site 2052 bases upstream relative to the P2 promoter. In this construct, 

without introducing any extra nucleotides, we included the remainder of the 

IRES sequence to the 3’ terminal end of the P2 promoter. In this way, when 

treated with BKM120, we can detect if there is an enhancement of luciferase 

signal by comparison to the construct without the IRES 3’ extension as 

compared to just the P2 promoter itself. The reporter construct designs are 

visualized in Figure 4P (image created in BioRender). By transfecting these 

reporter constructs and treatment with either DMSO or BKM120 [1 µM] for 24 

hours, we observed a significant increase in luciferase activity of the HBM-

IRES-Luciferase construct compared to the HBM-Luciferase construct alone 

when treated with BKM120 (Figure 4Q). This result suggests the MYC IRES 

plays a critical role in the transcriptional responses to PI3K inhibition in 

addition to MEK signaling.  

Collectively, these results indicate that rather than functioning at the 

translational level, BKM120-mediated inhibition of PI3K affects the 
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transcription of MYC in a mechanism both relying on the IRES sequence in a 

genomic context, and MEK signaling. 

 

Chapter 5. The loss of the MYC IRES abrogates resistance to PI3K inhibitors 

in vitro and in mice. 

 

 After observing the MYC IRES playing a role in the upregulation of MYC 

in response to PI3K inhibition, we were curious to observe if this effect could 

be playing a role in the resistance of class I PI3K inhibitors in CRC cells119–

121. By treatment of SCR and DIRES cells with BKM120 [0.5 µM] for three 

days and measuring their proliferation, we observed an anti-proliferative 

sensitivity of DIRES cells to BKM120 compared to SCR control (Figure 5A). 

This result suggests that the IRES region of MYC could play a role in the 

sensitivity of CRC cells to class I PI3K pharmacological inhibition.  

 We wanted to validate this pathophysiological finding in vivo. To 

achieve this, we measured the growth of grafted HCT116 SCR and DIRES 

cells in the flanks of nude mice (2.0 x 106 cells/flank). Once the tumors 

reached a volume of 100 mm3, mice were treated with BKM120 (30 mg/mL) 
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in a vehicle of 90% corn oil/10% DMSO1 daily via oral gavage for 15 days. 

Every 3 days the volume of each tumor was recorded. At 15 days, the mice 

were sacrificed, tumors were removed, weighed, and photographs as well as 

samples for molecular analyses were collected. Figure 5B shows 

representative images of the SCR tumors and Figure 5C the growth of their 

volume over the 15-day period as measured by calipers. In Figure 5D, the 

representative images of DIRES cells and in Figure 5E the growth of their 

tumor volume over the 15-day period. Consistent with previous observations, 

there was a significant difference in the volume of the tumors in between the 

DIRES cells treated with BKM120 or vehicle, but not SCR cells treated with 

BKM120 or vehicle. Likewise, there is a significant difference in the tumor 

weight between DIRES cells treated with BKM120 versus control, and not 

SCR (Figure 5F). Moreover, we did not observe a difference in the 

immunohistochemical staining for Ki67 between SCR treated with BKM120 

and vehicle but did for DIRES cells treated with BKM120 and vehicle, 

confirming the antiproliferative effect of BKM120 in DIRES cells occurs also in 

vivo (Figure 5G). We observed an increase in immunohistochemical staining 

for MYC in SCR xenografted cells treated with BKM120 compared to SCR 

 

1. DMSO in this formulation served as a solvent for BKM120. DMSO administered orally to mice presents low 

acute toxicity122 
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controls, and no increase in DIRES xenografted cells treated with BKM120. 

We found the upregulation of MYC via PI3K inhibition was validated in tumor 

samples collected by western blot for MYC protein (Figure 5H) both 

quantitative RT-PCR for MYC mRNA (Figure 5I). 

The results presented in this chapter suggest that the antiproliferative 

effects of BKM120 exhibited by DIRES cells also occurs in vivo, providing 

translational evidence where cellular conditions are significantly more 

heterogenous, as typical of a tumor microenvironment. This can involve 

differences in oxygen within the tumor, as well as pH, and nutrient availability.  

 

Chapter 6. The resistance of CRC cells to PI3K inhibition is linked to MYC-

mediated induction of autophagy. 

 

We next desired to understand the mechanism in which colorectal 

cancer cells were exhibiting resistance to PI3K inhibition. It has been 

previously demonstrated that MYC alone is capable of providing resistance to 

mTOR inhibition123, and that MYC activates resistance to conventional 

chemotherapy through activation of the oncogenic stress124. Pervious works 

specifically with PI3K inhibitors have unveiled their ability to induce 

autophagy125, and considering that MYC is an important driver of 
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autophagosome formation126, we wondered if the MYC IRES region could be 

modulating this effect. 

Our first experiment was to stain our HCT116 SCR and DIRES cells 

with LysoTracker Red (ThermoFisher #L7528), a dye that visualizes acidic 

compartments in living cells. After counterstaining with DAPI and confocal 

microscopy, we interestingly found there is an enhancement of the 

LysoTracker Red signal in the SCR cells, but not the DIRES cells treated with 

BKM120 [1 µM] for 24 hours (Figure 6A). The results suggest that PI3K 

inhibition is promoting the formation of acidic content. However, on its own, 

this result does not strictly dictate an increase in the autophagic flux. 

Therefore, to confirm a change in the formation of autolysosomes in response 

to PI3K inhibition, we utilizes the tandem reporter construct mCherry-GFP-

LC3B127 (AddGene #124974). This construct, containing the LC3B protein, 

visualizes itself as yellow when both GFP and mCherry fluorescence signals 

are detected and overlapping. The loss of the green GFP signal indicates 

exposure of the GFP to acidic content127. This occurs when LC3B is 

converted from I to II during autophagosome formation and its conjugation to 

phosphatidylethanolamine128; therefore when LC3 is integrated into 

autophagosomes, only the mCherry signal will be detected. We tested 

whether there would be a difference between red vs yellow signal in SCR and 

DIRES cells constitutively expressing the mCherry-GFP-LC3B reporter 
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treated with BKM120 [1 µM] for 24 hours (Figure 6B). We observed SCR cells 

demonstrate a strong transition to red signal after treatment with BKM120, 

indicating a transition towards producing autophagosomes. DIRES cells, 

contrary to SCR cells, exhibit little-to-no increase in the red signal. 

Bafilomycin A, an inhibitor of autophagy, was used as a control. These results 

strongly indicate that there is an increase in conversion of LC3B I to II, and 

that autophagosome formation is elevated as a response to BKM120 and 

PI3K inhibition, and that this response requires the MYC IRES. 

To confirm an increase in autophagic flux after autophagosome 

formation, we tested whether P62 degradation would be consistent with our 

results. P62, also known as sequestosome-1, is a component of the 

autophagosome and is degraded in an autophagic mechanism; it therefore is 

conveniently used to monitor changes in the autophagic flux129. We 

hypothesized that SCR cells, as they demonstrate an increase in LC3B II to I 

conversion in response to PI3K inhibition, would yield a decrease in P62 

signal, but not in the DIRES cells. Upon BKM120 treatment [1 µM] for 24 

hours, our hypothesis was confirmed, as we observed a consistent reduction 

in P62 protein in SCR cells compared to DIRES cells (Figure 6C). The results 

were quantified via densitometry, yielding a significant decrease in P62 

optical density in SCR cells treated with BKM120 compared to DIRES cells 

(Figure 6D). To confirm this response was not due to transcriptional changes 
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in P62 expression, we simultaneously performed quantitative RT-PCR and 

found treatment the BKM120 did not negatively affect the transcription of P62 

(Figure 6E). 

Mechanistically, MYC is known to be a critical component of 

autophagosome formation126. We found that two genes involved with 

lysosome biogenesis and induction of autophagy, LAMP1 and TFE3, 

respectively, were signficantly upregulated in SCR cells treated with BKM120, 

and not DIRES cells (Figure 6F, Figure 6G). To further validate this 

mechanism and a specific role for MYC, we interfered with the expression of 

MYC using small-hairpin RNA. Upon MYC knockdown followed by treatment 

with BKM120 for 24 hours, we found that the induction of acidic content was 

completely abrogated, as visualized by LysoTracker Red (Figure 6H). 

Furthermore, the reduction of P62 levels in response to BKM120 treatment 

was inhibited when MYC was knocked down (Figure 6I).  

We then investigated the combination effect of BKM120 and 

Bafilomycin A on the proliferation of SCR and DIRES cells. We hypothesized 

that if the MYC IRES were to play a role in facilitating the autophagic 

response, we could potentially observe a combination effect between PI3K 

inhibition and inhibition of the autophagic flux in our control SCR cells, but no 

combination effect in the DIRES cells. To test for this, we utilized a low dose 

of Bafilomycin A [2 nM] to minimize its specific effects on proliferation and 
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analyzed the relative proliferation via one-way ANOVA (n=4, p<0.05) followed 

by Tukey’s post hoc test. Significance asterisks in the figures represent the 

post-hoc test, relative to DMSO. Consistent with our previous experiments, 

upon treatment with BKM120 alone, we found no decrease in cellular 

proliferation in SCR cells treated with BKM120 [0.5 µM], and a significant 

reduction in DIRES cells (Figure 6J, Figure 6K). SCR cells treated with 

Bafilomycin A exhibited no reduction in cellular proliferation, whereas DIRES 

cells demonstrated a reduction, suggesting a sensitivity of these cells to 

inhibitors of autophagic inhibitors. Most interestingly, there was a significant 

reduction of proliferation in SCR cells treated with both BKM120 and 

Bafilomycin A, supporting the notion that the resistance to BKM120 and PI3K 

inhibition are indeed linked to induction of autophagy. Further, we found no 

combination effect with this dual treatment in our DIRES cells, solidifying the 

hypothesis that the MYC IRES plays a role in the induction of the autophagic 

flux as an adaptive response to PI3K inhibition.  

The results presented in this chapter suggest the MYC IRES plays a 

role in the autophagic response of colorectal cancer cells to PI3K inhibition. 

Specifically, the enhancement of MYC increases the amount of 

autophagosomes, which leads to an increased rate of the autophagic flux, a 

process that mediates the resistance to Pi3K inhibitors. 
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Chapter 7. Specific translocations of sporadic MYC in Burkitt Lymphoma cells 

demonstrate increased sensitivity to PI3K inhibtion. 

 

Burkitt Lymphoma (BL) is a non-Hodgkin B-cell lymphoma cytogenically 

characterized by a translocation of the MYC oncogene to an immunoglobulin 

promoter element. In particular, a MYC/IGH translocation t(8;14)(q24;q32) 

occurs in ~80% of cases130, placing MYC under the transcritpional regulation 

of the IGH promoter. The other two variants, t(2;8)(p12;q24) and 

t(8;22)(q24;q11) occur on the IGK and IGL loci, respectively, account for the 

remaining ~20% of cases131. This translocated MYC gene is highly expressed 

while the normal allele is either silent or expressed at low levels, a common 

finding among all Burkitt Lymphoma cells132,133.  

In many cases of BL, some or all of the regulatory elements of the MYC 

promoter are translocated in addition to the coding region, which could 

potentially subject dysregulate MYC signaling. Burkitt Lymphoma is clinically 

categorized into variants that correlate with the location of the MYC 

breakpoints: The first variant is known as endemic BL. Endemic BL is 

typically found in regions of Africa, and associated with malaria infection 

alongside Epstein-Barr Virus infection134. In endemic BL, the MYC oncogene 

is generally translocated 5’ outside the MYC locus, leaving the translocated 

gene and its regulatory elements intact135–137. The second variant is sporadic, 
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and is found within the rest of the world, typically in North America and 

Europe134. In cases of sporadic BL, the most common site of the MYC 

translocation is within the MYC locus, particuarly within intron 1 or exon 1138. 

The third variant is immunodeficient, and typically associated with HIV139, 

whose correlation with the translocation breakpoint of MYC is not well 

characterized. 

Interestingly, the nature of the translocation site in sporadic BL 

effectively dissociates either partially or all of exon 1 from the translocated 

portion of MYC, and by extension, the MYC IRES region. This translocated 

MYC could then fail to respond to upstream signaling pathways. We 

hypothesized that BL cells with this type of translocatin could exhibit a similar 

response as our DIRES cells to PI3K inhibition via BKM120 treatment. 

Specifically, we were interested if BL cells lacking the IRES with PI3K 

inhibited by BKM120 would demonstrate sensitivity, both by an 

antiproliferative response and a lack of autophagic induction, when compared 

to BL cells whose regulatory regions were translocated intact. To this goal, 

we utilized two BL cell lines – Raji, which contain a fully translocated gene140, 

and DG75, a cell line which contain the translocation dissociating the MYC 

IRES from the translocated portion of MYC141 (Figure 7A).  

To test if the IRES region would play a role in the induction of MYC also 

in these cells, Raji and DG75 cells treated with BKM120 [1 µM] for 24 hours. 
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Western blot analysis revelaled Raji cells had elevated MYC protein content 

when treated with BKM120, whereas DG75 cells did not (Figure 7B), 

confirming our hypothesis. Excited by these results, we were curious if the 

same in autophagic flux would be observed in a similar pattern as HCT116 

SCR/DIRES cells. Raji cells treated with BKM120 and subsequently stained 

with LysoTracker Red demonstrated a robust increase in acidic content while 

DG75 cells demonstrated no induction (Figure 7C). Confirming an increase in 

the autophagic flux, Raji cells yielded decreased P62 protein content after 

BKM120 treatment whereas whereas DG75 cells did not (Figure 7B). This 

effect was significantly quantified via densitometry (Figure 7D). Continuing in 

this investigation, we found by using our tandem reporter mCherry-GFP-

LC3B, there was a conversion of the yellow (lysosomal) to red 

(autophagosome) signal in the Raji cells treated with BKM120, but not the 

DG75 cells (Figure 7E). Similarly to the response in HCT116 SCR and DIRES 

cells, Raji cells demonstrated an increased transcriptional expression of 

LAMP1 and TFE3, respectively, when treated with BKM120, while DG75 cells 

failed to do so (Figure 7F, Figure 7G).  

These results taken all together suggest that the IRES portion of the MYC 

locus, absent in the translocated MYC in the Burkitt Lymphoma cell line 

DG75, is critical for the induction of the autophagic flux in response to 

BKM120 treatment not only in colorectal cancer cells but also Burkitt 
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Lymphoma cells. Confirmed a role for MYC, interference for MYC via shRNA 

yielded an ablation of the induction of acidic content in Raji cells when treated 

with BKM120 (Figure 7H). 

We then examined the effects of dual BKM120 and Bafilomycin A on 

cellular proliferation to observe a synergistic response between PI3K 

inhibition and inhibition of the autophagic flux. We hypothesized that, similarly 

to the mechanism delineated with HCT116 cells, that Raji cells would 

demonstrate a decreased sensitivity to BKM120 and a synergistic 

antiproliferative effect in the dual treatment of BKM120 and bafilomycin A. In 

addition, we hypothesized DG75 cells would be sensitive to BKM120 and not 

demonstrate a combination response. Cells were treated for 7 days with 

BKM120 [0.1 µM] and/or bafilomycin A [0.4 nM]. The results are presented in 

Figure 7I and Figure 7J. Significance asterisks refer to Tukey’s post-hoc test 

relative to DMSO, which was preceded by one-way ANOVA (n=3, p<0.01 in 

both cell lines). Raji cells demonstrated no significant antiproliferative 

sensitivity to BKM120 treatment, similarly to HCT116 SCR cells, whereas 

DG75 cells were found demonstrate significant antiproliferative effects. When 

treated together with bafilomycin A and BKM120, there was an 

antiproliferative response for Raji cells, but no stronger effect than BKM120 

alone was observed in DG75 cells, indicating that in the case of Burkitt 
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Lymphoma cells too, the IRES is critical for the induction of the autophagic 

flux to facilitate resistance to PI3K inhibitors.  

 

Collectively, the results in this chapter demonstrate the MYC IRES 

plays a fundamental role in the resistance of not only colorectal cancer cells 

to PI3K inhibition, but other cancers as well, as demonstrated here with 

Burkitt Lymphoma cells. Raji cells shown here have a translocated MYC 

IRES and are able to exhibit a form of resistance to PI3K inhibition by 

inducing MYC and then both increasing autophagosome formation and the 

autophagic flux. Likewise, DG75 cells that lack the MYC IRES on the 

translocated MYC locus exhibit antiproliferative sensitivity to PI3K inhibition, 

and neither induce MYC in response to the inhibition, nor induce the increase 

in autophagic flux when compared to the observations in cells that do have 

the IRES sequence intact on the translocated MYC locus. 
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DISCUSSION 

 

Protein translation is a highly regulated and energetically demanding 

process that contributes to several aspects of cell pathophysiology. Initiation 

of translation, its key regulated step, canonically requires a m7G cap-

structure at the terminal 5’ end of mRNA. A cell is periodically exposed to 

harmful conditions during its life that require the prompt activation of 

compensatory and retaliatory mechanisms, which in part can aim to save 

energy while simultaneously fixing or alleviating the damage induced by the 

conditions themselves. In these types of conditions, global cap-dependent 

translation is usually inhibited to save energy while a subset of mRNAs 

encoding stress response proteins escape this repression to restore cell 

homeostasis.  

The existence of the MYC IRES has been subject to a great deal of 

controversy for many years, and research regarding both its validity and 

absence have been published since the 1990s. In this thesis, a contribution to 

the body of evidence is presented using techniques incorporating the correct 

degree of sensitivity, as well as investigating more biologically relevant 

models in which cellular IRES elements are suggested to function. The 

results clearly indicate that the MYC IRES fails to facilitate the translation of 

MYC under a wide variety of cellular stresses. If the MYC IRES were to aid 
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translation in periods of cell stress, we would observe a maintainment of 

cellular MYC protein content or cellular proliferation rate, especially 

considering MYC facilitates the entry into the S-phase142. These hypotheses 

were not observed; on the contrary, all evidence consistently points towards 

the MYC IRES not facilitating any sort of response in any experiment probing 

IRES-mediated translational activity. We believe the types of techniques used 

to probe for cellular IRES activity should be highly controlled and the use of 

dicistronic reporter constructs avoided, for reasons previously presented72, 

namely the production of monocistronic products due to unforeseen splicing 

events and cryptic promoters. Our lab as a whole dose not disagree with the 

premise of cellular IRES elements, as we have previously demonstrated the 

presence and functionality of an IRES in ODC1 mRNA143 using similar 

methodology as presented in this thesis. 

PI3K signaling regulates many aspects of cell survival, metabolism, and 

proliferation among other processes, and in particular via AKT/mTOR 

signaling144. Due to its implication in the development of colorectal cancer 

(see subsection Genes Implicit in Colorectal Cancer), many therapeutic 

approaches have been developed and tested clinically to treat numerous 

cancers. The first inhibitor, idelalisib (also known as Zydelig), which targets 

P110d, was approved by the U.S. Food and Drug Administration (FDA) in 

July 2014 to treat chronic lymphocytic leukemia145. As of January 2024, there 
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are five other FDA-approved PI3K inhibitors: copanlisib146, alpelisib147, 

duvelisib148, and umbralisib149, though umbralisib approval was revoked for 

deleterious side effects. In any case, none of these PI3K inhibitors were 

approved for colorectal cancer therapy. Clinical trials of various stages using 

PI3K inhibitors alone and in combination for colorectal cancer have been 

completed or are ongoing (ClinicalTrials.gov identifiers: NCT01390818, 

NCT04495621, NCT01719380, NCT01068483). However, pan-acting PI3K-

targeted inhibitors as a whole have had limited success in the clinic due to 

resistance to the inhibition that can be partially attributed to the downstream 

feedback mechanisms following PI3K inhibition121. Considering MYC plays a 

role in the chemotherapy-resistant response of many cancers111–113, it is 

possible that MYC can contribute to the resistance of PI3K inhibitors, though 

research on this area is limited. Of note, we have found evidence that the 

MYC proximal promoter and IRES region in a genomic context play a pivotal 

role in the resistance to pan class I PI3K inhibition. Colorectal tumors that 

demonstrate genetic aberrations in the MYC locus, such as those undergoing 

CIN aneuploidy, could exhibit the DIRES phenotype that is susceptible to 

PI3K inhibition.  

PI3K inhibition should significantly alter the activity of the 

PI3K/AKT/mTOR pathway. PI3K activity leads to the phosphorylation and 

activation of AKT150. Inversely, the inhibition of AKT caused by PI3K inhibition 
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should result in the phosphorylation of MYC at T58 by a dephosphorylated 

and activated GSK3b151, and lead to the proteolytic degradation of MYC. 

Furthermore, mTORC1, which phosphorylates 4E-BP, is stimulated by PI3K 

activity152 and translation could be inhibited by buparlisib-mediated PI3K 

inhibition. Likewise, PS6, an important protein in regulating the initiation of 

translation153 translation too should decrease with mTORC1 inactivation154. 

Indeed, we observe a decrease in global translation during PI3K inhibition in 

both our SCR and DIRES cells. However, we observe an increase in MYC 

protein content in response to PI3K inhibition that cannot be attributed to 

increases in MYC stability, an observation in agreement with Wiegering et al., 

201546. These results, seemingly contradictory to the established pathway of 

PI3K/AKT/mTOR signaling, can be attributed both in part to the increase in 

MYC transcription mediated by FOXO3a and MAP kinase activity46, and our 

interesting result that the association of MYC mRNA to polysomes is not 

altered during PI3K inhibition. Importantly, this association is completely 

independent of the IRES in MYC mRNA, suggesting an alternative 

mechanism of preferential mRNA translation.  

As stated above, PI3K inhibition was shown rather to activate GSK3b 

and promote MYC degradation, it activates a FOXO3a-dependent activation 

of the MAP kinase pathway46 that increases transcription of MYC via the dual 

ETS/E2F sequence in the MYC promoter156. Indeed, our results suggest this 
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same result through the use of the MEK inhibitor U0126 alongside BKM120. 

However, our results add more understanding to this induction, which is an 

in-tact IRES region of MYC is a requirement. This sequence, rather than 

facilitating internal ribosome entry, plays a role in the induction of MYC 

transcription perhaps because it harbors many potential transcription factor 

binding sites, and is known to be loaded with RNA polymerase II paused in 

the elongation phase of transcription157,158 just ~30-300 bases downstream 

the P2 promoter157,159. RNA polymerase paused in the elongation phase 

allows for a rapid enhancement of MYC levels in response to particular 

stimuli160–163  that quickly release the transcriptional block. Interestingly, this 

phenomenon is particularly responsive to E2F signaling164. it is possible that 

the block of transcriptional elongation is alleviated in response to PI3K 

inhibition through E2F activity, which then allows for the rapid transcription of 

MYC observed in SCR cells compared to DIRES cells. Our results suggest 

that in addition to inhibitors of autophagy, MEK inhibitors, such the FDA-

approved trametinib165, could function effectively at alleviating MYC-induced 

resistance to PI3K inhibitors by preventing its transcriptional enhancement. 

Some proteins are preferentially translated during times of cell stress, 

and this could contribute to their role in chemoresistance, in particular, 

MYC124. Stress exposure to cells activates eIF2a via phosphorylation by it 

serving as a substrate for one of the four known protein kinases mediating its 
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activity167. eIF2a plays a key role in the initiation of eukaryotic translation by 

mediating the bind of the 40S ribosome subunit to a methionine-loaded tRNA. 

Phosphorylation of eIF2a leads to its inactivation (the PI3K inhibitor 

LY294002 has been shown to increase eIF2a phosphorylation in murine 

embryonic fibroblasts168). Paradoxically, when eIF2a is phosphorylated, 

specific mRNA are still translated, and some are translated at an even higher 

rate52. A common finding among these so-termed stress-response mRNA are 

they contain upstream open reading frames (uORFs)169 that facilitate 

ribosome translation through the CDS when phosphorylated eIF2a levels are 

high. MYC coincidentally contains a uORF as it codes for a N-terminally 

extended protein initiating from an upstream non-canonical CUG start codon. 

This provides a potential mechanism for the maintainment of MYC protein 

content during times of stress that is not dependent on an IRES. 

Another aspect of stress translation is mediated through transfer RNA 

(tRNA). During stress, transcription of tRNAs is generally inhibited, however, 

one class of tRNA genes do not change their expression profile52, resulting in 

codon-biased translation170–172. Furthermore, translational fidelity (accuracy of 

codon:anticodon pairing) decreases the rate in which cells can produce 

proteins and grow; in essence, the more accurate translation is, the slower 

the process52,173,174. Miscoding during stress is promoted by tRNAs via 

cleavage175,176, modification (such as methylation177) and the general 
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redundancy of codon pairing, allowing for sustained translation during stress, 

such as when eIF2a is phosphorylated. Mechanistically, these stress-related 

translational regulatory mechanisms can facilitate MYC translation when 

global protein translated is inhibited, in a cap-dependent manner, and without 

the need for internal ribosome entry. 

 Burkitt Lymphoma is considered the fastest growing human tumor134 

and accounts for 40% of the yearly diagnosed childhood non-Hodgkin’s 

lymphoma in the United States of America178. The disease is a highly 

treatable malignancy, with over 90% of patients being cured179 through 

multiagent chemotherapy, particularly in children. The sensitivity of Burkitt 

Lymphoma cells lacking the MYC IRES to PI3K inhibition in a genomic 

context is novel, and worth further investigation. Here, we have identified a 

sensitivity found in translocation-specific cases of Burkitt Lymphoma to PI3K 

inhibition. Mechanistically, we found that in instances the translocated MYC 

oncogene does not contain the regulatory MYC IRES, the cells cannot induce 

a MYC-dependent autophagic adaptation to the inhibition of PI3K, and 

subsequently suffer from a robust antiproliferative response. 

Despite BL being a highly treatable disease, one investigation found 

children diagnosed as clinically high-risk (risk groups R3 and R4) have 

relapse rates exceeding 15%, and survival at relapse a mere 20%180. In the 

referenced investigation, the researchers studied the correlation between 
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occurrence and location of the breakpoint relative to the MYC locus. They 

found, in clinically high-risk children enrolled approved NHL-BFM study 

groups from 01/2000 to 02/2017, 44% had translocations within intron 1 or 

exon 1 of MYC180. These data could suggest that a significant proportion of 

children with the highest relapse rate of BL and with the lowest survival rates 

at relapse could potentially benefit from PI3K-targeted chemotherapy. 

Although PI3K inhibitors have been tested in different experimental paradigm 

for BL pre-clinically181–183, as of January 2024, the use of PI3K inhibitors in a 

clinical trial of Burkitt Lymphoma has not been attempted. The results 

presented in this thesis suggest a potential applicability of PI3K inhibition in 

the treatment of Burkitt Lymphoma. 

 

CONCLUSION 

 

In conclusion, the results of this thesis demonstrate that the immediate 

5’ region of MYC mRNA to the non-canonical CUG start codon does not 

contain an internal ribosome entry site. The results also suggest this region, 

identified historically as an IRES, neither facilitates the expression of MYC in 

response to a number of cell stresses nor does not it facilitate the survival of 

colorectal cancer cells to said stresses. Colorectal cancer cells with the MYC 
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IRES demonstrate resistance to PI3K inhibition via an autophagic adaptation 

mediated, at least in part, by MYC transcriptional activation.  

Translation of MYC is maintained when global translation is reduced, 

mediated by a translational mechanism that does not require internal 

ribosome entry. Furthermore, colorectal cancer cells lacking the immediate 5’ 

region of MYC mRNA demonstrate an inability to induce both MYC 

transcriptionally, an inability to increase the autophagic flux, and demonstrate 

an anti-proliferative vulnerability in response to pan class I PI3K inhibition. 

The activation of MYC is mediated via a signaling cascade by FOXO3a, 

activating MAP kinase signaling, and promoting transcription of MYC 

dependent on its immediate 5’ region in a genomic context. The inability to 

induce MYC and its autophagic responses when treated with BKM120, 

resulting in the antiproliferative effect, is also observed in Burkitt Lymphoma 

cells whose translocated MYC oncogene does not contain MYC immediate 5’ 

region. Clinically, these results present a potential mechanism of resistance 

to PI3K inhibition via MYC expression and suggest a novel application for 

chemotherapy targeting PI3K in sporadic Burkitt Lymphoma. 
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FIGURES 

Figure 1. The deletion of the MYC IRES neither affects MYC protein nor 

mRNA content under basal conditions.   
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Figure 2. The MYC IRES does not facilitate cap-independent translation in 

colorectal cancer cells.   
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Figure 2 continued. The MYC IRES does not facilitate cap-independent 

translation in colorectal cancer cells.  
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Figure 3. The MYC IRES does not maintain nor facilitate MYC expression 

during cell stress. 
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Figure 3 continued. The MYC IRES does not maintain nor facilitate MYC 

expression during cell stress.   
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Figure 4. The MYC proximal promoter enhances transcription in response to 

PI3K inhibition.  
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Figure 4 continued. The MYC proximal promoter enhances transcription in 

response to PI3K inhibition. 
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Figure 4 continued. The MYC proximal promoter enhances transcription in 
response to PI3K inhibition. 
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Figure 4 continued. The MYC proximal promoter enhances transcription in 
response to PI3K inhibition. 
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Figure 5. The MYC 5’ upstream region provides resistance to PI3K inhibition 

in vitro and in vivo.  
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Figure 5 continued. The MYC 5’ upstream region provides resistance to PI3K 

inhibition in vitro and in vivo. 
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Figure 6. Resistance of colorectal cancer cells to PI3K inhibitors is linked to a 

MYC-mediated increase of the autophagic flux. 
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Figure 6 continued. Resistance of colorectal cancer cells to PI3K inhibitors is 

linked to a MYC-mediated increase of the autophagic flux.  
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Figure 7. Autophagic resistance to PI3K inhibition mediated by the MYC 5' 

upstream region is diminished in translocation-specific Burkitt Lymphoma 

cells. 
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Figure 7 continued. Autophagic resistance to PI3K inhibition mediated by the 

MYC 5' upstream region is diminished in translocation-specific Burkitt 

Lymphoma cells. 
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