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Abstract of Dissertation

Malignant growth depends on protein synthesis and is therefore reliant on the

production of ribosomes. Ribosome biogenesis starts in the nucleolus where RNA

Polymerase I (Pol I) synthesizes the precursor ribosomal RNA (pre-rRNA).

Perturbations in ribosome biogenesis activate p53 through the nucleolar surveillance

pathway. Mechanisms employed by tumor cells to escape p53 nucleolar surveillance

remain unidentified. Here, we show that nutrient deprived cells in solid tumors

accumulate pre-RNAs to suppress p53 during metabolic recovery. Nutrient deprived

cells accumulate pre-rRNAs by severely slowing pre-rRNA processing. Upon nutrient

restoration, metabolically recovering cells resume ribosome biogenesis and

accumulated pre-rRNAs are bound by the ribosomal proteins uL5 (formerly termed

RPL11) and uL18 (RPL5). Inhibiting pre-rRNA accumulation results in newly

synthesized uL5 and uL18 binding to MDM2 during metabolic recovery, leading to

nutrient-induced p53-mediated apoptosis. We identify glutamine as the key nutrient

that promotes the de novo protein synthesis of uL5 and uL18. Mechanistically,

glutamine activates Ras/Raf/MEK/ERK signalling, which promotes uL5/uL18

synthesis through stimulating mammalian target of rapamycin complex 1 (mTORC1)

and the eukaryotic elongation factor 2 (eEF2). Pharmacologically inhibiting

Raf/MEK/ERK inhibits the synthesis of uL5 and uL18 and abrogates the stabilization

of p53. Depriving cancer cells of glutamine blocks the p53 nucleolar surveillance

pathway, thus hampering the therapeutic response to Pol I inhibitors. Our data

reveals an adaptive mechanism that tumor cells exploit to suppress p53 during

fluctuations in environmental nutrient availability.
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Chapter One: Introduction

The Cancer Problem

Normal cells are transformed into cancerous cells through the sequential

accumulation of mutations to the genome. Damage that occurs to the genome can

occur from internal processes and external assaults (Bertram, 2000). Most of the

resulting mutations are patched by a collection of DNA repair processes, but

unrepaired mutations in crucial tumor suppressor or oncogenes can result in cell

transformation (Zheng et al., 2000). These crucial genes generally control cellular

mechanisms involved in cell proliferation and cell death (Chiarugi et al.). Malignant

cancers share six hallmarks: sustaining cell proliferation, escaping growth

suppression, activating invasion and metastatic processes, overcoming replicative

senescence, resisting cell death, and inducing angiogenesis (Hanahan and

Weinberg, 2011).

Treating Cancer

Cancer treatments mainly involve chemotherapy, surgery, radiotherapy, and

immunotherapy (i.e. oncolytic viruses). During World War I and II, it was observed

that soldiers that were exposed to mustard gas possessed lower levels of white

blood cells, and this led to nitrogen mustard being used as the first chemotherapeutic

agent against a variety of blood cancers (Hodgkin’s disease, lymphosarcoma,

leukemia) (Goodman and Wintrobe, 1946). In 1957, 5-fluorouracil was developed as

a treatment for solid tumors, which is currently being used today against colorectal,

head and neck cancers (Heidelberger et al., 1957).
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In the 1960s, surgery and radiotherapy was often the main choice for solid tumor

treatments. Surgery involves the removal of the primary solid tumor. Radiotherapy

involves the delivery of high-energy x-rays or electrons to the patient tumor by a

medical linear accelerator (LINAC), which is a device that is commonly used for

radiation treatment. Radiotherapy can be given before surgery to reduce the tumor

mass, or can be used as the main treatment method for hard-to-reach tumors. Tumor

cells that are subject to radiotherapy undergo DNA single- and double-strand breaks

that results in cell apoptosis. Despite the initial effectiveness of surgery and

radiotherapy, cure rates were strongly hindered by the inability to eliminate

micrometastases. Thus, surgery/radiotherapy treatment was followed by adjuvant

chemotherapy to eliminate remaining tumor cells (Arruebo et al., 2011).

Immunotherapy uses antibodies, cytokines, and dendritic cells to treat cancers.

Antibodies, which are produced by B-cells, can provide specificity and lower toxic

side effects when compared to surgery, chemotherapy, and radiotherapy. The first

use of antibodies as a cancer treatment was in 1982, where antibodies that bind to

the surface immunoglobulin of malignant B cells was successfully used against

B-cell lymphoma (Miller et al., 1982). To date, over 230 antibodies have entered

clinical trials for various diseases (Arruebo et al., 2011).

Colorectal cancer epidemiology and pathogenesis

Colorectal cancer is the third most commonly diagnosed cancer in men and second

most in women (Bray et al., 2018). Worldwide, it accounts for ~10% of diagnosed

cancer cases and cancer-related deaths (Yang et al., 2020). It is projected that

worldwide cases will increase to 2-5 million new cases per year by 2035 (Arnold et
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al., 2017; Bray et al., 2018). Disease screening programmes and the increased use

of colonoscopy has been attributed to the stabilization of new cases in developed

countries (Ait Ouakrim et al., 2015).

Most colorectal cancer cases begin from a precancerous lesion termed Aberrant

crypt foci (ACF) that evolves into a neoplastic precursor lesion (i.e. polyp), which

eventually progresses into colorectal cancer, and this transformation is estimated to

take 10-15 years (Kowalczyk et al., 2018). It is generally thought that colorectal

cancers develop from a stem cell or stem-cell like cell, and cancer stem cells are

located in the base of colonic crypts, and are critical for tumor initiation (Medema,

2013). There are two major tumor initiation pathways: the adenoma-carcinoma

pathway accounts for 70-90% of colorectal cancer cases, and the serrated neoplasia

pathway accounts for 10-20% of cases (Arnold et al., 2017; Bray et al., 2018). The

adenoma-carcinoma pathway typically develops from an APC mutation, and Ras and

TP53 mutations follow afterwards (Dekker et al., 2019). The serrated neoplasia

pathway is characterized by RAS/RAF mutations and epigenetic instability (Dekker

et al., 2019). Further, colorectal cancer can be left-sided (distal) or right-sided

(proximal), and left/right sidedness plays a key role in metastatic outcome and

response to drugs that target EGFR (Loree et al., 2018).

Induction of angiogenesis as a hallmark of cancer

The ability to induce angiogenesis is considered to be one of the six hallmarks of

cancer (Hanahan and Weinberg, 2011). Solid tumors outstrip their blood supply and

develop tissue microenvironments that are depleted of oxygen and nutrients

(El-Naggar et al., 2015; Leprivier et al., 2013). Such microenvironments are
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characterized by chronic hypoxia and are typically located more than 180 µm away

from blood vessels (Dewhirst, 2018; Thomlinson and Gray, 1955). The severity of

pathologic hypoxia varies between tumor types, but it is generally thought that

hypoxic tissue contains 1-2% O2. Indeed, as the distance between the blood vessel

and tumor cell increases, the oxygen levels decrease. Notably, the concentration of

oxygen in normal tissues ranges between ~9.5% O2 for the renal cortex and ~4.5%

O2for the brain, further, cell culture experiments are performed with atmospheric

levels of oxygen (21% O2), meaning that experimental conditions are performed in

‘hyperoxic’ conditions rather than physiological conditions (Muz et al., 2015). The

most well known adaptation to hypoxia is the induction of hypoxia-inducible factor 1α

(HIF1α), a heterodimeric transcription stabilized by low oxygen that transactivates

genes involved in glycolysis, angiogenesis, and metastasis (Semenza, 2003). Under

oxygen-rich conditions, HIF1α is constitutively degraded through the proteasomal

pathway, and this pathway is promoted by by von Hippel-Lindau tumor suppressor

(pVHL) protein, which is an E3 ubiquitin ligase that ubiquitinates HIF1α (Kamura et

al., 1999). In order for pVHL to recognize and bind to HIF1α, HIF1α must be

hydroxylated by prolyl hydroxylases (PHD), which uses oxygen as a co-substrate

(Ohh et al., 2000). Upon hypoxia, PHDs become inhibited, and HIF1α becomes

stabilized due to reduced hydroxylation (Ivan et al., 2001). HIF1α activates a

transcriptional program of >60 genes involved in angiogenesis (i.e. VEGF), cell

proliferation, cell survival, glucose metabolism, and iron metabolism (Semenza,

2003). The key role of HIF1α in tumor progression has attracted considerable

attention in targeting its transcriptional activity as a therapeutic. Another type of

hypoxia— known as ‘cycling hypoxia’ — arises from transient shutdown of immature
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vasculature (Harris, 2002; Kimura et al., 1996).

Nutrient deprivation in the solid tumor microenvironment

Along with hypoxia, unstable blood supply also causes substantial fluctuations in

nutrient availability in the tumor microenvironment (Jones and Thompson, 2009).

Nutrient deprivation severely inhibits tumor cell proliferation but selects for

aggressive cells that display increased angiogenic and metastatic ability (Osawa and

Shibuya, 2013; Pàez-Ribes et al., 2009). In order to preserve energy balance during

metabolic stress, tumor cells evolve adaptive mechanisms to attenuate ATP-costly

processes under nutrient deprivation (Silvera et al., 2010).

Molecular adaptations to nutrient deprivation involve the inhibition of protein

synthesis, which is the most energy consuming process in the cell (Buttgereit and

Brand, 1995). Further, most of these adaptive mechanisms focus on inhibiting the

initiation and elongation steps of translation. For instance, the eukaryotic elongation

factor 2 kinase (eEF2K) responds to nutrient restriction by inhibiting the eukaryotic

elongation factor 2 (eEF2) (Leprivier et al., 2013). eEF2 facilitates the

GTP-dependent translocation step of the nascent peptide from the A-site to the

P-site of the ribosome (Leprivier et al., 2013). Thus, eEF2K phosphorylates and

inactivates eEF2 to promote cell survival under nutrient depletion (Leprivier et al.,

2013). Metabolic stress inhibits mammalian target of rapamycin complex 1

(mTORC1) (Liu and Sabatini, 2020). This impairs mRNA translation initiation by

activation of the eIF4E-binding protein 1 (4E-BP1), which inhibits the cap-binding

translation initiation factor Eukaryotic translation initiation factor 4E (eIF4E) (Liu and

Sabatini, 2020). In addition to nutrient stress, the ISR is activated in response to
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diverse stress stimuli, such as hypoxia, viral infection, and endoplasmic reticulum

(ER) stress (Costa-Mattioli and Walter, 2020). Notably, the phosphorylation of eIF2α

by the ISR is controlled by four conserved kinases: PKR‐like ER kinase (PERK),

double‐stranded RNA‐dependent protein kinase (PKR), heme‐regulated eIF2α

kinase (HRI), and general control non‐derepressible 2 (GCN2) (Costa-Mattioli and

Walter, 2020). Another critical adaptation is the suppression of rRNA synthesis by

RNA Polymerase I (Pol I), which normally makes up 60% of total cellular

transcription (Hoppe et al., 2009; Mayer, 2004). mTORC1 and AMP-activated protein

kinase (AMPK) reciprocally regulate pre-rRNA biosynthesis by phosphorylating

transcription initiation factor IA (TIF-IA), the protein complex that anchors Pol I to the

rDNA promoter (Hoppe et al., 2009; Mayer, 2004). While oncogenic adaptations to

nutrient deprivation have been well characterized, it is unknown how starving tumor

cells resume proliferative capacities upon nutrient restoration.

The tumor suppressor p53

The p53 protein was first identified through its interaction with SV40 large T antigen

(May and May, 1999). In unstressed cells, wildtype p53 is constitutively degraded via

the proteasome, and this process is facilitated by murine double minute gene 2

(MDM2) (HDM2 in humans, henceforth denoted MDM2) (Levine, 2020). Upon DNA

damage, MDM2 becomes phosphorylated in an ATM-dependent manner and its E3

ligase activity towards p53 becomes inhibited, and this leads to p53 stabilization

(Lavin and Gueven, 2006). Upon the stabilization of the p53 protein, the N-terminus

of p53 becomes post-translationally modified (i.e. phosphorylation, acetylation,

methylation, ubiquitination, and sumoylation) (Lavin and Gueven, 2006). Further,
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other stresses such as hypoxia and replicative stress have been demonstrated to

activate p53 (Figure 1.1). Following activation, p53 activates genes involved in

apoptosis, growth arrest, senescence, and DNA repair (Figure 1.1). For instance,

p53 activates p21 to induce growth arrest, but can also transcriptionally activate

Puma to induce Puma-dependent apoptosis (Sperka et al., 2011).

Ribosome biogenesis and the nucleolar surveillance pathway

Ribosomes translate mRNAs into functional proteins and are one of the

fundamental molecular machines to life. Given the role of ribosomes in cellular

growth, it is not surprising that elevated ribosome biogenesis has been shown to play

critical roles in tumor initiation and growth (Pelletier et al., 2018). Ribosome

biogenesis starts in the nucleolus where Pol I synthesizes a long polycistronic

pre-rRNA that undergoes rapid folding, modification, and processing, and

associations with r-proteins (Figure 1.2) (Lafontaine, 2015). In the nucleolus, Pol I

transcribes several hundred ribosomal DNA (rDNA) (Lafontaine, 2015). Maturation of

the pre-rRNA produces the 18S, 5.8S, and 28S rRNAs (Lafontaine, 2015). By

contrast, the 5S rRNA (several hundred copies) gene is located outside the

nucleolus and is transcribed by RNA Polymerase III. Thus, ribosome biogenesis

requires the coordinated efforts of RNA Pol I, II, and III.

Inhibiting ribosome biogenesis potently destroys nucleolar integrity and leads to the

activation of p53. This observation was first reported by Pestov et al., where

inhibiting the nucleolar Bop1 protein could inhibit ribosome biogenesis and stabilize

p53 (Pestov et al., 2001). Since ribosome biogenesis mainly occurs in the nucleolus,

the activation of p53 by this regulatory loop is known as the ‘nucleolar surveillance
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pathway’. Actinomycin D, which potently inhibits global transcription, is the most

commonly used chemotherapeutic to induce nucleolar stress (Pestov et al., 2001).

However, the most specific way of inducing nucleolar stress is by specifically

targeting RNA polymerase I with first-in-class inhibitors such as CX-5461 and

BMH-21 (Figure 1.3) (Bywater et al., 2012; Peltonen et al., 2014). When ribosome

biogenesis is compromised, ribosomal components accumulate freely in cells,

including the r-proteins uL5 (formerly known as RPL11) and uL18 (RPL5), which,

together with the 5S rRNA, form a stable trimeric complex that binds and inhibits

MDM2, leading to p53 stabilization and subsequent p53-mediated cell cycle arrest or

apoptosis (Figure 1.4) (Donati et al., 2013; Nicolas et al., 2016; Sloan et al., 2013).

To note, p53 is canonically induced by DNA damage (genotoxic chemicals, IR

irradiation). The stabilization of p53 by DNA damage does not require uL5/uL18, and

uL5/uL18 is only required for the activation of p53 via the nucleolar surveillance

pathway. Distinct pathways that activate p53 require different-activating molecules.

For instance, genotoxic activation of p53 requires the ATM kinase (Banin, 1998), and

oncogene-mediated activation of p53 requires the tumor suppressor ARF(Sherr,

2006).

The importance of Nutrients to Cancer Growth

Cancer cells must rapidly uptake nutrients in order to rapidly divide. Glucose and

glutamine are the two key nutrients that support oncogenic growth. Glucose is

metabolized via glycolysis and the pentose phosphate pathway to produce pyruvate,

ATP, ribose 5-phosphate, and NADPH. Deprivation of glucose can cause cell death.

Increased glucose consumption was first described by Warburg (Warburg, 1956). In
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the 1950s, Warburg observed that cancer cells consume ten times more glucose

than non-dividing cells, and that consumed glucose was converted to lactate

(“Warburg effect”) (Warburg, 1956). The importance of glutamine was first described

by Eagle in 1955 (Eagle, 1955). Eagle observed that HeLa cells consumed 10-100

times more glutamine than other amino acids (Eagle, 1955). Glutamine is consumed

through the tricarboxylic acid (TCA) cycle to generate ATP and precursors for

nucleotides and lipids (Altman et al., 2016). The contribution of other amino acids

such as Asparagine (non-essential) and leucine (essential) has been studied in

cancer metabolism. For instance, asparagine is required to maintain the viability of

acute lymphoblastic leukemia cells (Clavell et al., 1986). Targeting asparaginase (the

enzyme which metabolizes asparagine) has been approved for treating acute

lymphoblastic leukemia. Similarly, leucine is required to maintain the viability of

melanoma cells due to defective autophagy (Sheen et al., 2011).

Aim

It is well known that tumor cells experience fluxes in nutrient availability in the solid

tumor microenvironment. Further, the synthesis of rRNAs and r-proteins is tightly

coordinated with nutrient availability, and perturbations in ribosomal assembly

activates the p53-dependent nucleolar surveillance pathway. However, it is not clear

how metabolically recovering cancer cells resume ribosome biogenesis, i.e. when

starving cells are subject to nutrient stress termination. In this study, we first aim

(Chapter 2) to understand how pre-rRNA synthesis and processing is affected by

nutrient deprivation. As outlined in chapter 3, we later studied the consequences of

perturbed pre-rRNA metabolism under nutrient deprivation, and its lethal effects
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during nutrient restoration. Finally, chapter 4 studies the effects of nutrient

deprivation, specifically glutamine deprivation, on the p53-dependent nucleolar

surveillance pathway.
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Figure 1.1: p53 is activated by a variety of stresses. Subsequent activation of p53

results in tumor suppression by activation of genes involved in cell cycle arrest,

senescence, and apoptosis.
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Figure 1.2 Pre-rRNA processing in human cells. 47S processing produces

intermediate precursors which mature to 18S, 28S, and 5.8S rRNAs. The primary

47S pre-rRNA contains two external transcribed spacers (5’ETS and 3’ETS) and two

internal transcriber spacers (ITS1 and ITS2). Processing at each external/internal

spacer occurs at specific cleavage sites. The 5’ETS contains three cleavage sites:

01 and A0 are located within the 5’ETS and site 1 is located at the 5’ end of the 18S

rRNA.

21



Figure 1.3: CX-5461 and BMH-21 inhibit rDNA transcription through different

mechanisms. (A) CX-5461 blocks SL1 from binding to Pol I, which prevents Pol I

from binding to rDNA. (B) BMH-21 is a DNA intercalator which binds to rDNA,

preventing Pol I transcription elongation.
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Figure 1.4: During nucleolar stress (such as CX-5461 or BMH-21 treatment),

ribosomal proteins freely accumulate in stressed cells. Further, accumulated uL5 and

uL18 form a trimeric complex with the 5S rRNA (not shown) to bind and inhibit

MDM2. Upon MDM2 inhibition, p53 becomes stabilized.
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Chapter Two: HCT116 cells accumulate pre-rRNAs under nutrient deprivation

by slowing pre-rRNA processing

Background and significance

Malignant growth depends on protein synthesis and is therefore reliant on the

production of ribosomes. A key mediator is RNA Polymerase I, which transcribes

ribosomal DNA in nucleoli to produce a polycistronic precursor rRNA (pre-rRNA)

that is processed to generate the 18S, 5.8S, and 28S rRNAs that form the ribosome

core (Pelletier et al., 2018). Cancer cells with high cell growth display elevated rDNA

transcription compared to nontransformed cells, and consequently, enlarged nucleoli

have been used as prognostic marker of aggressive malignancies (Derenzini et al.,

2009). Inactivating mutations in tumor suppressors that negatively regulate Pol I,

including p53, Rb, and ARF, further deregulate rRNA synthesis and promote cell

growth (Pelletier et al., 2018).

The first selective inhibitor of Pol I was discovered in 2009, named CX-3543, and

acts by disrupting G-quadruplex structures found in rDNA and thereby inhibiting Pol I

transcription (Drygin et al., 2009). Other Pol I inhibitors that were subsequently

discovered included CX-5461 and BMH-21, which are being investigated as

anticancer compounds (Fig 1.2) (Khot et al., 2019; Peltonen et al., 2014). CX-5461

targets the Pol I pre-initiation complex by interfering with SL1 recognition of the

ribosomal DNA promoter (Drygin et al., 2011). BMH-21 stops Pol I transcriptional

elongation by intercalating with ribosomal DNA, causing the proteasomal

degradation of the Pol I component RPA194 (Scull and Schneider, 2019). Pol I

inhibition by CX-5461 or BMH-21 subsequently activates p53 through the nucleolar
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stress response pathway (Holmberg Olausson et al., 2012; Sloan et al., 2013).

Reduction of pre-rRNA by CX-5461 or BMH-21 causes unassembled ribosomal

proteins (uL5 and uL18) to accumulate and bind to MDM2, inhibiting the E3 ubiquitin

ligase activity of MDM2 to p53 and stabilizing p53 (Bywater et al., 2012; Peltonen et

al., 2014). The ribosomal proteins uL5 and uL18 form a complex with 5.8S rRNA

before binding to MDM2 (Holmberg Olausson et al., 2012; Sloan et al., 2013).

Pre-rRNA processing is a highly orchestrated pathway that requires at least 300

factors and involves a strict sequence of nucleotide modifications, cleavages, and

associations with ribosomal proteins (RPs) (Mullineux and Lafontaine, 2012). It is

well known that cells suppress rDNA transcription by Pol I under nutrient stress to

conserve energy, but it is unknown how pre-rRNA processing is affected by nutrient

stress. Thus, initial experiments were performed to determine the effect of nutrient

deprivation on pre-rRNA processing.
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Methods

Cell lines and Reagents

HCT116, A375, A549, U2OS, and MKN45, cells were purchased from the American

Type Culture Collection (Manassas, VA, USA). HCT116 p53+/+ and p53−/− isogenic

human colon cancer cells were kindly provided by Bert Vogelstein (Johns Hopkins

University). HCT116, A375, A549, and U2OS cells were grown in Dulbecco’s

modified Eagle’s medium (DMEM) (Nacalai Tesque, Kyoto, Japan), supplemented

with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific). MKN45 cells were

maintained in RPMI (Nacalai Tesque, Kyoto, Japan), supplemented with 10% FBS.

Cells were maintained at 37C in a 5% CO2 atmosphere in a humidified incubator.

Nutrient deprivation medium was prepared to contain inorganic salts, i.e., 0.2 g/l

CaCl2 (anhydrous), 0.1 mg/l Fe(NO3)3/9H2O, 0.4 g/l KCl, 97.67 mg/l MgSO4

(anhyd.), 6.4 g/l NaCl, 3.7 g/l NaHCO3, 0.125 g/l NaH2PO4/H2O, and 15 mg/l

Phenol Red, according to the composition of DMEM.

5-Fluorouridine Metabolic Labelling and Microscopy

To measure pre-rRNA biosynthesis, cells were seeded at 50% confluence in 6-well

plates containing round cover glasses (12CIR-1D; Thermo Fisher Scientific). After

treatment, cells were incubated with 10 µM 5-Fluorouridine (5FU) (TCI chemicals) for

3 h, followed by fixation with methanol at -20°C for 30 min and blocking with milk (5%

in PBS). 5FU was visualized using primary BrdU antibody (1:500 Sigma Aldrich) and

the nucleolus was visualized by staining for nucleolin (1:1000 Cell signaling

technology). Detection of primary antibodies was performed with Alexa Fluor 488

Goat anti-Mouse IgG (1:2000 Thermo Fisher Scientific) and Alexa Fluor 594 Goat
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anti-Rabbit IgG (1:2000 Thermo Fisher Scientific). Slides were mounted with Prolong

Gold Antifade Mountant with DAPI (Thermo Fisher Scientific) and viewed using

BZ-X710 fluorescence microscope or LSM700 confocal microscope (CLSM, Carl

Zeiss, Jena, Germany). For 5FU fluorescence quantification, three images were

taken at random per treatment with a 100× objective lens and signal intensity was

quantified from using ImageJ software. 5FU intensity for each image was divided by

the number of cells and fold change was calculated by setting the control cells to

one.

RNA Isolation and quantitative RT-PCR

Total RNA was extracted from cells using the Isogen reagent (Nippon Gene,

Toyama, Japan), converted to cDNA by using the Prime Script reverse transcriptase

(Takara, Shiga, Japan) as per the manufacturer’s instructions, and used for

quantitative real-time PCR amplification using SYBR Green (Takara). Target RNA

expression was normalized to β2m mRNA.

The following primer sequences were used:

For pre-rRNA expression:

5′-CCGCGCTCTACCTTACCTACCT-3'(forward);

5′-GCATGGCTTAATCTTTGAGACAAG-3′(reverse).

For human β2m:

5′-AGATGAGTATGCCTGCCGTG-3′;

5′-CATCCAATCCAAATGCGGCA-3′.
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Cell line xenograft murine model

All animal care procedures were in accordance with institutional guidelines approved

by the University of Tokyo. HCT116 cells (5 × 106 in 100 μL PBS) were inoculated

subcutaneously in the right flank of nude mice. After treatments, animals were

euthanized, and tumors were harvested for further analysis.
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Results

Cancer cells accumulate pre-rRNAs under nutrient deprivation by slowing

pre-rRNA processing

We cultured a broad range of solid tumor cell lines (colorectal HCT116, melanoma

A375, lung adenocarcinoma A549, osteosarcoma U2OS, gastric MKN45) in nutrient

deprivation (ND) media for 24 h (-glucose, -amino acids, -FBS) and measured Pol I

transcriptional activity by labelling nascent pre-rRNAs with 5-fluorouridine (5FU). In

all cell lines tested, ND strongly suppressed Pol I, but, surprisingly, basal levels of

pre-rRNA synthesis persisted even after the prolonged withdrawal of all critical

nutrients (Fig 2.1). This suggested that pre-rRNA expression may be important to

ND, so we measured pre-rRNA levels in control and ND cells using qRT-PCR. We

used primers that recognize sequences flanking site 01 of the 5’-external transcribed

sequence (5’ETS) of the pre-rRNA, which measures the total abundance of the 47S,

45S, and 30S pre-rRNAs (Fig 2.2). Unexpectedly, despite lowered pre-rRNA

synthesis, ND strongly elevated pre-rRNA expression in HCT116, A549, U2OS, and

MKN45 cells (Fig 2.3). Thus, cancer cells upregulate pre-rRNA expression under

ND.

We hypothesized that HCT116 cells accumulate pre-rRNA by slowing pre-rRNA

processing under ND. To investigate this, we measured the RNA half-life of the

pre-rRNAs (47S, 45S, 30S) in control and ND HCT116 cells. Transcription was

halted with actinomycin D, a potent inhibitor of Pol I, and pre-rRNA turnover kinetics

were monitored over one hour. Pre-rRNA levels precipitously dropped after

transcriptional inhibition under control conditions while turnover was severely slowed

under ND (Fig 2.4). Consequently, the pre-rRNA half-life was greatly extended under
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ND: control λ = 28 min, ND λ = 78 min (Fig 2.4). In conclusion, mammalian cells

accumulate pre-rRNAs under ND by slowing pre-rRNA processing.

Solid tumors with abnormal vasculature contain microenvironments that are

strongly deprived of nutrients (Jones and Thompson, 2009), implying that in vivo ND

should similarly slow down tumor cell pre-rRNA processing. To investigate this,

HCT116 tumors were directly injected with actinomycin D and pre-rRNA turnover

kinetics were monitored. Since the cores of tumors are more severely depleted of

nutrients compared to the periphery (Pan et al., 2016), we reasoned that core tumor

cells would display higher pre-rRNA levels and slower pre-rRNA processing kinetics

than periphery cells. Thus, intratumoral injection of actinomycin D was followed by

dissection of tumors in peripheral vs. core tissues to differentiate tumor cells under

high or low nutrient conditions, respectively (Pan et al., 2016). In line with our in vitro

observations, core tissues had higher levels of pre-rRNAs than the periphery (Fig

2.5). Core tissues expressed higher HIF1α levels than peripheral tissues, consistent

with the notion that core regions are avascular (Fig 2.6). Further, peripheral

pre-rRNA exhibited a half-life of 120 minutes while core pre-rRNA displayed greater

stability, with no decrease in pre-rRNA abundance after 120 min of transcriptional

inhibition (Fig 2.7). Finally, 3T3-L1 MEFs also accumulated high levels of pre-rRNAs

under ND, showing that pre-rRNA accumulation is a phenomenon that is conserved

among mammalian cells (Fig 2.8). In conclusion, nutrient deprived cells in tumor

cores accumulate pre-rRNAs by slowing pre-rRNA processing.

Slowed pre-rRNA processing in solid tumors diminishes CX-5461 on-target

drug activity
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CX-5461 and BMH-21 are Pol I inhibitors that inhibit ribosome biogenesis by

blocking pre-rRNA synthesis (Bywater et al., 2012; Peltonen et al., 2014). The most

robust and quantitative method for measuring on-target drug activity against Pol I is

by monitoring pre-rRNA expression by qRT-PCR. Due to the short half-life of the

pre-rRNA (~30 min), Pol I inhibitors are capable of acutely decreasing pre-rRNA

expression within 1 h of treatment in vitro (Fig 2.9) (Bywater et al., 2012; Peltonen et

al., 2014). However, since we found that pre-rRNAs possess extended half-lives

under ND, this predicts that Pol I inhibitors would be less capable of acutely

decreasing the stabilized pre-rRNAs under ND (Fig 2.9). To demonstrate this, we

exposed control or ND HCT116 cells to CX-5461 (0, 1, 5, 10 µM) for 8 h. As

expected, under control conditions, CX-5461 (1 µM) strongly decreased pre-rRNA

expression by 50% (Fig 2.10).  However, under ND, the same concentration (1 µM)

failed to affect pre-rRNA expression (Fig 2.10). Furthermore, a higher concentration

of CX-5461 (10 µM) was needed to successfully inhibit pre-rRNA (Fig 2.10). Notably,

CX-5461 has been shown to induce DNA damage at this concentration (Xu et al.,

2017). We quantified this effect and found that CX-5461 inhibited pre-rRNA at an

IC50 of 1 µM under control conditions whereas the IC50 was 6.4 µM under ND (Fig

2.11). BMH-21, a second Pol I inhibitor, also failed to inhibit pre-rRNA expression

under ND when treated at 0.1 µM, indicating the need for a high dose to inhibit

pre-rRNA Expression under ND (Fig 2.12). These results show Pol I inhibitors

display reduced on-target drug activity against nutrient stressed cells that process

pre-rRNAs slowly. Next, since in vivo cells display severely slowed pre-rRNA

processing, we predicted that CX-5461 would fail to acutely deplete tumoral

pre-rRNA expression. Indeed, intraperitoneal (IP) injection of CX-5461 failed to
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inhibit pre-rRNA expression in HCT116 tumors (Fig 2.12). Together, these results

show that in vivo ND diminishes the on-target drug activity of Pol I inhibitors by

stabilizing the pre-rRNA molecule.
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Discussion

It is generally thought that mammalian cells inhibit energy consuming anabolic

processes under nutrient stress and divert energy towards catabolic processes that

maintain intracellular ATP homeostasis. For instance, it is known that human cells

inhibit global protein synthesis under nutrient depletion by activating eEF2K and

inhibiting mTORC1 and eIF2α (Leprivier et al., 2013). Despite this, we first observed

that a broad range of human cancer cell lines (colorectal HCT116, melanoma A375,

lung adenocarcinoma A549, osteosarcoma U2OS, gastric MKN45) preserve rDNA

transcription by Pol I under the prolonged ND (24 h). We subsequently found that

basal Pol I activity was part of a larger cellular effort to accumulate pre-rRNAs under

nutrient depletion. The second half of the effort involved stabilizing pre-rRNA by

slowing precursor processing. Slowed processing was similarly observed in animal

models, where in vivo tumor cells possess pre-rRNAs with longer half-lives than cells

in vitro (in vitro: 28 minutes, in vivo: 120 minutes). We conclude that tumor cell

populations have heterogeneous processing speeds, dependent on nutrient

availability. This situation poses a problem to Pol I inhibitors, which rely on fast

processing speeds to acutely decrease precursor levels. Indeed, under full nutrient

conditions, where the pre-rRNAs are unstable, Pol I inhibition by CX-5461 acutely

depletes endogenous pre-rRNA expression. However, under ND, CX-5461 failed to

inhibit pre-rRNA expression.  Accordingly, IP injection with CX-5461 failed to inhibit

pre-rRNA expression in HCT116 tumors, showing that Pol I inhibitors display

diminished drug activity in solid tumors due to in vivo ND. These results suggest that

application of Pol I inhibitors to solid tumors may be hindered by slowed pre-rRNA

processing in vivo. Together, these results show that cancer cells slow pre-rRNA
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processing to accumulate pre-rRNAs. Thus, the next chapter is dedicated to studying

why pre-rRNA accumulation is important to metabolic stress.
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Figure 2.1: Cancer cell lines preserve basal Pol I activity under long term ND

(24 h). Cancer cell lines were cultured under ND for 24 h, and pre-rRNA biosynthesis

was measured by 5FU metabolic labelling.
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Figure 2.2: Schematic of pre-rRNA processing. 47S processing produces

intermediate precursors which mature to 18S, 28S, and 5.8S rRNAs. The

primary 47S pre-rRNA contains two external transcribed spacers (5’ETS and 3’ETS)

and two internal transcriber spacers (ITS1 and ITS2). The red arrow shows the

binding site of the human pre-rRNA primers for qRT-PCR.
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Figure 2.3: ND (24 h) increases pre-rRNA expression (47S, 45S, 30S) in

HCT116, A549, U2OS, and MKN45 cells but not A375 as assessed using

qRT-PCR. Cells were cultured to ND for 24 h and RNA was isolated for pre-rRNA

expression analysis via qRT-PCR.
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.

Figure 2.4: ND slows the turnover of pre-rRNAs, as assessed using qRT-PCR.

HCT116 cells were pretreated to ND (24 h), transcription was stopped by

Actinomycin D (40 µM) treatment, and total RNA was collected from cell lysates at

the indicated time points. Half-life was approximated using linear regression. Control

pre-rRNA half-life was 28 minutes while ND pre-rRNA half-life was greater than 60

minutes.
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Figure 2.5: Pre-rRNA expression in the core and periphery of HCT116 tumors

as assessed by qRT-PCR. Tumors were dissected into core and periphery regions

(n = 8). Core pre-rRNA expression was normalized to periphery expression for each

tumor.
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Figure 2.6: HIF1α expression in HCT116 periphery and core tumors.
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Figure 2.7: Pre-rRNA processing is faster in peripheral tissues compared to

core tissues, as determined using qRT-PCR. Actinomycin D (1.67 mg/1000 mm3

tumor) was intratumorally injected into established HCT116 tumors and dissected

into periphery and core samples at the indicated time points for RNA extraction.

Each time point represents periphery and core tissues dissected from the same

tumor.
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Figure 2.8: 3T3-L1 cells accumulate 34S pre-rRNA upon ND. 3T3-L1 cells were

treated to control or ND at the indicated times and total RNA was collected from cell

lysates and subjected to northern blot analysis (Probe: ITS-1)
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Figure 2.9: Top: Under growth conditions, when pre-rRNA processing is fast,

CX-5461 acutely depletes the unstable pre-rRNAs. Bottom: Under ND, when

pre-rRNA processing is slow, CX-5461 fails to acutely deplete stabilized

pre-rRNAs.
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Figure 2.10: pre-rRNA expression (47S, 45S, 30S) in response to CX-5461 (8 h)

under control or ND conditions, as determined using qRT-PCR. Cells were

cultured to control or ND conditions in the presence of CX-5461 at the indicated

concentrations for 8 h.
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Figure 2.11: CX-5461 IC50 for %pre-rRNA inhibition compared to untreated

control. Data from Figure 2.8 was normalized to the untreated control to calculate

drug IC50.
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Figure 2.12: BMH-21 (0.1 uM) fails to inhibit pre-rRNA expression under ND.

Cells were cultured to control or ND conditions in the presence of CX-5461 or

BMH-21 at the indicated concentrations for 8 h.
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Figure 2.13: IP administration of up to 200 mg/kg CX-5461 failed to decrease

pre-rRNA in HCT116 tumors, as determined using qRT-PCR. Mice were IP

injected with vehicle (NaH2PO4) or CX-5461 at the indicated doses and tumors were

harvested after 8 h for RNA isolation.

47



Chapter Three: HCT116 cells accumulate pre-rRNAs to resume ribosome

biogenesis upon metabolic recovery without triggering the p53-dependent

nucleolar stress response

Background and significance

The tumor suppressor protein p53 regulates a transcriptional program that induces

cell cycle arrest or apoptosis(Vogelstein et al., 2000). Over half of human cancers

display inactivating mutations in the TP53 gene. TP53 mutations in tumors start with

loss by heterozygosity, followed by complete p53 deficiency(Bieging et al., 2014).

p53 deficient tumors are typically more aggressive, characterized by genetic

instability and increased metastatic potential. p53 activation is triggered by a variety

of stresses, including DNA damage, replicative stress, hypoxia, and oxidative stress.

Many of these stresses are commonly found in vivo. These stresses cause the E3

ubiquitin ligase MDM2 to dissociate from p53, thus allowing the accumulation of p53.

Further, in addition to inactivating mutations in the TP53 gene, cancer cells evolve

secondary mechanisms to suppress the function of wild-type p53(Carrà et al., 2016).

p53 mono-ubiquitination by Msl2 promotes cytoplasmic trapping of the tumor

suppressor, thereby inhibiting the accumulation of p53 in the nucleus(Carrà et al.,

2016; Kruse and Gu, 2009). Mdmx inhibits p53 by interfering with the transcriptional

domain of p5 (Wade et al., 2013). MDM2 overexpression by amplification or

promoter polymorphism restricts p53 function in many cancers by accelerating the

degradation of p53(Oliner et al., 2016). In addition, many small molecule inhibitors of

MDM2 have been developed to activate p53 in tumors(Shangary and Wang, 2009).

Several of these MDM2 inhibitors, such as RG7112 and AMG 232, have been
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advanced to human clinical trials to treat various cancers(Khurana and Shafer,

2019). However, MDM2 inhibitors can only suppress disease progression in tumors

that harbor wildtype p53. In response to this problem, studies have demonstrated the

feasibility of reactivating mutant p53 with small molecules such as PRIMA-1(Lewis,

2015).

I have shown that HCT116 cells accumulate pre-rRNAs under ND by slowing the

kinetics of pre-rRNA processing according to nutrient availability. These findings

were recapitulated in vivo, where pathophysiologic ND commonly found in tumors

inhibited the pre-rRNA processing speed of tumor cells. As a consequence of slowed

ND, tumor cells possessed highly stable pre-rRNAs that were resistant against Pol I

inhibition by CX-5461. Interestingly, previous reports studying CX-5461 and its sister

molecule CX-3543 only showed in vitro pre-rRNA depletion, but on-target drug

activity in vivo was not reported. Given these data, we next sought to understand the

biological role of pre-rRNAs under ND. It is unlikely that the pre-rRNA pool plays a

role in the adaptation of cancer cells to severe nutrient depletion, because pre-rRNA

synthesis itself is slowed under ND. Therefore, we aimed to study the importance of

pre-rRNA accumulation to nutrient recovery.
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Methods

Cell lines and Reagents

HCT116, A375, A549, U2OS, and MKN45, cells were purchased from the American

Type Culture Collection (Manassas, VA, USA). HCT116 p53+/+ and p53−/− isogenic

human colon cancer cells were kindly provided by Bert Vogelstein (Johns Hopkins

University). HCT116, A375, A549, and U2OS cells were grown in Dulbecco’s

modified Eagle’s medium (DMEM) (Nacalai Tesque, Kyoto, Japan), supplemented

with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific). MKN45 cells were

maintained in RPMI (Nacalai Tesque, Kyoto, Japan), supplemented with 10% FBS.

Cells were maintained at 37C in a 5% CO2 atmosphere in a humidified incubator.

Nutrient deprivation medium was prepared to contain inorganic salts, i.e., 0.2 g/l

CaCl2 (anhydrous), 0.1 mg/l Fe(NO3)3/9H2O, 0.4 g/l KCl, 97.67 mg/l MgSO4

(anhyd.), 6.4 g/l NaCl, 3.7 g/l NaHCO3, 0.125 g/l NaH2PO4/H2O, and 15 mg/l

Phenol Red, according to the composition of DMEM. The compounds used in this

study were obtained from: CX-5461 (MedChemExpress), AMG 232

(MedChemExpress), BMH-21 (Selleck), Camptothecin (Fujifilm Wako), Rapamycin

(Fujifilm Wako), Torin1 (Fujifilm Wako), BEZ235 (Funakoshi), 5-Fluorouridine (TCI

chemicals), Actinomycin D (Fujifilm Wako), zVAD-FMK (Fujifilm Wako),

Trypan Blue assays, MTT assays

For trypan blue exclusion assays, 6 x 105 cells (HCT116, A375, A549, U2OS) were

seeded in 6-well plates and the percentage of cell death was determined after 24 h

ND. Cell counting was performed with the TC20 Automated Cell Counter (Bio-Rad)

according to the instructions of the manufacturer. After 24 h ND, the treatment
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medium was set aside, adherent cells were detached with 100 μL trypsin/EDTA, and

suspended with 900 μL of the treatment media. 100 μL of the suspension was mixed

with 100 μL trypan blue solution (Bio-Rad) and analyzed with the TC20 Cell Counter.

For MTT assays, 6-10 x 105 cancer cells were seeded in 6-well plates, and after

treatment, the cell media was aspirated and replaced with medium containing MTT

(0.5 mg/mL) (Fujifilm Wako) for 3 h and lysed with DMSO. Absorbance was

measured at 570 nm with a plate reader.

Western Blotting

Cells were lysed with RIPA buffer containing a protease protease inhibitor (P8340

Sigma), phosphatase inhibitors (P0044 and P5726 Sigma) and PMSF 1 mM. Protein

quantification was performed using BCA kit (Pierce). Cell lysates were applied to a

10% polyacrylamide gel and transferred to a nitrocellulose membrane (Thermo

Fisher Scientific). The membrane was incubated with antibodies that target p53

(1:1000, Calbiochem), b-actin (1:1000, Sigma-Aldrich), phospho-S6K (T389)

(1:1000, Cell signaling technology), S6K (1:1000, Cell signaling technology),

phospho-S6 (S235/236) (1:1000, Cell signaling technology), HIF-1alpha (1:1000

Novus Biologicals), Cleaved PARP (1:1000, Cell signaling technology)

Caspase 3 (1:1000, Cell signaling technology), Cleaved Caspase 3 (1:1000, Cell

signaling technology), PUMA (1:1000, Cell signaling technology), RPL5 (1:1000,

kindly provided by Dr. Siniša Volarević), or RPL11 (1:1000, kindly provided by Dr.

Siniša Volarević), followed by incubation with horseradish peroxidase-conjugated

secondary antibodies (1:5000, Sigma-Aldrich). Signals were detected using
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enhanced chemiluminescence detection reagents (Thermo Fisher Scientific) and

images were acquired using a luminescent image analyzer (LAS3000, Fuji-Film,

Japan).

RNA Isolation and quantitative RT-PCR

Total RNA was extracted from cells using the Isogen reagent (Nippon Gene,

Toyama, Japan), converted to cDNA by using the Prime Script reverse transcriptase

(Takara, Shiga, Japan) as per the manufacturer’s instructions, and used for

quantitative real-time PCR amplification using SYBR Green (Takara). Target RNA

expression was normalized to β2m mRNA.

The following primer sequences were used:

For pre-rRNA expression:

5′-CCGCGCTCTACCTTACCTACCT-3'(forward);

5′-GCATGGCTTAATCTTTGAGACAAG-3′(reverse).

For human β2m:

5′-AGATGAGTATGCCTGCCGTG-3′;

5′-CATCCAATCCAAATGCGGCA-3′.
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Results

Pre-rRNA accumulation is an adaptation to metabolic recovery

We first tested if pre-rRNA accumulation is a survival adaptation to ND. To

investigate this, we decreased pre-rRNAs in HCT116 cells under ND by treatment

with CX-5461 or BMH-21, and measured cell death using the trypan blue exclusion

assay. Treatment with CX-5461 (10 µM) or BMH-21 (1 µM) strongly reduced

pre-rRNA expression under control and ND conditions (Fig 3.1). To note, CX-5461

induces DNA damage at high concentrations, however, BMH-21 does not induce

significant DNA damage when treated at 1 µM (Xu et al., 2017).  Severe ND caused

approximately half of the cell population to die after 24 h, but, in contrary to our

hypothesis, CX-5461 and BMH-21 treatment strongly reduced cell death to

approximately 25% (Fig 3.2). Thus, we concluded that pre-rRNA accumulation is not

an adaptive response to ND. Notably, at the concentration of drug used, CX-5461

(10 µM) and BMH-21 (1 µM) did not cause any cell death under growth conditions

despite potently activating p53 (Fig 3.2, 3.3). Such an uncoupling between cell death

and p53 activation is consistent with a previous report showing that solid tumor cell

lines respond to Pol I inhibition by entering cell cycle arrest regardless of p53

status(Rebello et al., 2016). Interestingly, ND blocked the activation of p53 by

CX-5461 and BMH-21, indicating that Pol I inhibitors do not stabilize p53 in

metabolically stressed cells (Fig 3.3). These results show that rRNA synthesis

inhibitors do not kill growth-phase or nutrient-starved cancer cells.

We next wondered if pre-rRNA accumulation is an adaptation to metabolic

recovery. We predicted that ND cells with low pre-rRNA would fail to resume

proliferation upon nutrient restoration (NR). To induce metabolic recovery, pre-rRNA
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expression was first decreased in HCT116 and A375 cells under ND (Fig 3.4), and

after 24 h, the ND treatment media was removed and the cells were allowed to

recover in drug-free basal media for another 24 h. Drug washout and NR allowed the

control cells to recover and proliferate, however, pre-rRNA-depleted cells that were

pre-treated with CX-5461 or BMH-21 underwent profound cell death during

metabolic recovery (Fig 3.5). Cell death was not due to incomplete removal of the

drug, as cells resume pre-rRNA synthesis after CX-5461 treatment and drug

washout(Negi and Brown, 2015). In conclusion, metabolically stressed cancer cells

accumulate pre-rRNAs to prevent nutrient-induced cell death during metabolic

recovery.

Nutrient restoration induces the p53 nucleolar stress response in pre-rRNA

depleted cells

During ribosome biogenesis, r-proteins bind sequentially to pre-rRNAs, and

disruptions in this process causes unassembled uL5 and uL18 to bind and inhibit

MDM2, leading to p53 stabilization (Bursać et al., 2012; Donati et al., 2013; Nicolas

et al., 2016; Sloan et al., 2013). Additionally, active protein synthesis of uL5 and

uL18 is absolutely required for the accumulation of unassembled uL5/uL18 that are

capable of binding to MDM2(Bursać et al., 2012; Fumagalli et al., 2009). We

therefore hypothesized that NR induces cell death by activating p53, and that p53

activation is caused by newly synthesized uL5/uL18 binding and inhibiting MDM2. In

line with this, NR robustly activated p53 in pre-rRNA-depleted HCT116 and A375

cells (Fig 3.6). Next, to assess the expression of unassembled uL5 and uL18, crude

lysates were subjected to ultracentrifugation to separate mature ribosomes from
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soluble r-proteins (Bursać et al., 2012). This showed that NR caused uL5 and uL18

to accumulate in the ribosome-free fraction (Fig 3.7). Importantly, nucleolar stress

causes uL5 and uL18 to bind to the 5S rRNA to form a trimeric ribonucleoprotein

complex, and this trimeric complex binds and inhibits MDM2 to activate p53 (Donati

et al., 2013; Nicolas et al., 2016; Sloan et al., 2013). In order to investigate the role of

this trimeric complex in NR-mediated p53 activation, we performed a dual siRNA

knockdown experiment of uL5 and uL18.  Dual siRNA knockdown of uL5 and uL18

completely suppressed p53 activation (Fig 3.8), demonstrating that uL5/uL18 are

directly involved in the nutrient-induced activation of p53. Independently silencing

uL5 or uL18 also strongly abrogated NR-mediated p53 activation (Fig 3.9). Finally,

NR did not induce apoptosis in p53-null HCT116 cells, as shown by the absence of

cleaved PARP and cleaved caspase-3 (Fig 3.10). These results show that lethal

synthesis of uL5 and uL18 drives p53 activation and subsequent cell death in

pre-rRNA depleted cells during metabolic recovery.
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Discussion

Ribosome biogenesis is tightly coordinated to nutrient availability, and at the same

time, defects in ribosome biogenesis lead to the activation of p53 through the

nucleolar stress response pathway (Yang et al., 2018). Yet, it is unknown how cancer

cells regulate ribosome biogenesis during fluxes in nutrient availability in order to

escape the p53-dependent nucleolar surveillance pathway. Upon observing that

cancer cells accumulate pre-rRNAs under ND, we first tested if the pre-rRNA pool

plays a role in cell survival under ND. However, inhibiting rRNA synthesis with

CX-5461 or BMH-21 did not sensitize cells to severe ND, despite robustly

decreasing pre-rRNA expression under ND. Unexpectedly, CX-5461 and BMH-21

strongly decreased cell death caused by 24 h ND in HCT116 cells. Since we have

found that cells maintain Pol I transcriptional activity under ND, we speculate that

blocking Pol I activity under ND protects cells from energy-depletion induced cell

death. Indeed, since rRNA synthesis is an energy consuming process, it is tempting

to speculate that CX-5461 and BMH-21 can help preserve energy balance in

HCT116 cells under ND. Further, we observed that CX-5461 and BMH-21 robustly

activated p53 in control cells but not ND cells. This suggested that the

p53-dependent nucleolar surveillance pathway is inhibited by ND through an

unknown mechanism. However, we speculate that ND inhibits p53 by blocking the

translation of uL5 and uL18, which has been previously shown to be important in

activating the p53 nucleolar stress response (Bursać et al., 2012; Fumagalli et al.,

2009).

Finally, this data shows that cancer cells accumulate pre-rRNAs under ND in order to

resume ribosome biogenesis upon nutrient restoration. Failure to accumulate
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pre-rRNAs leads to newly synthesized uL5 and uL18 binding and inhibiting MDM2

during metabolic recovery, leading to the stabilization of p53. Given the importance

of pre-rRNAs to metabolic recovery, it is not surprising that cancer cells maintain

basal Pol I activity under ND. Indeed, the synthesis of pre-rRNAs under ND serves to

facilitate metabolic recovery rather than cell survival under ND.
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Figure 3.1: HCT116 pre-rRNA expression after treatment with vehicle

(NaH2PO4), CX-5461 (10 µM), or BMH-21 (1 µM) under control or ND conditions

(24 h). HCT116 cells were cultured to control or ND conditions in the presence of

CX-5461 or BMH-21 for 24 h, and RNA was isolated for qRT-PCR analysis.
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Figure 3.2: Percentage of cell death in HCT116 cells cultured in control or ND

medium with vehicle (NaH2PO4), CX-5461 (10 µM), or BMH-21 (1 µM). HCT116

cells were cultured to control or ND conditions in the presence of CX-5461 or

BMH-21 for 24 h, and cell death was assessed using the trypan blue exclusion assay

(n=3).
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Figure 3.3: ND inhibited p53 activation by CX-5461 and BMH-21 as assessed

using western blotting. HCT116 cells were cultured in control or ND medium

with CX-5461 (10 µM) or BMH-21 (1 µM) for 8 h. HCT116 cells were cultured to

control or ND conditions in the presence of CX-5461 or BMH-21 for 24 h, and protein

was isolated for western blot analysis.
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Figure 3.4: HCT116 and A375 pre-rRNA expression after treatment with vehicle

(NaH2PO4), CX-5461 (10 µM), or BMH-21 (1 µM) under control or ND conditions

(24 h). HCT116 and A375 cells were cultured to ND conditions in the presence of

CX-5461 or BMH-21 for 24 h, and RNA was isolated for qRT-PCR analysis.
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Figure 3.5: NR induces cell death in pre-rRNA depleted HCT116 and A375. Left:

HCT116 and A375 cells under ND were treated with vehicle (NaH2PO4), CX-5461

(10 µM), or BMH-21 (1 µM) to inhibit pre-rRNA expression; after 24 h, the treatment

medium was replaced with a drug-free basal medium (DMEM 10% FBS).

Representative microscopy images were taken after 24 h of NR. Right: NR induces

cell death in pre-rRNA depleted cells, as determined using trypan blue exclusion

assay (n = 3).
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Figure 3.6: NR induces p53 in ‘pre-rRNA depleted’ HCT116 and A375 that were

pre-treated to CX-5461/BMH-21 under ND, as assessed using western blotting.

HCT116 and A375 cells were incubated under ND with vehicle (NaH2PO4), CX-5461

(10 µM), or BMH-21 (1 µM) for 24 h; after 24 h, the treatment medium was replaced

with a drug-free basal medium for 8 h.
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Figure 3.7: Expression of non-ribosomal uL5 and uL18 after NR. HCT116 were

incubated under ND with vehicle (NaH2PO4) or CX-5461 (10 µM) for 24 h; after 24

h, the treatment medium was replaced with a drug-free basal medium for 8 h. After 8

h, the crude lysate was collected and subjected to ultracentrifugation to deplete the

lysates of mature ribosomes. The ribosome-depleted lysate (“ribosome-free lysate”)

was then analyzed by western blotting to assess the expression of ribosome-free

uL5 and uL18.
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Figure 3.8: Co-knockdown of uL5 and uL18 by siRNA inhibits NR-mediated p53

activation. HCT116 cells were transfected with control or two different sets of

siRNAs targeting uL5 and uL18. After 48 h, cells were placed under ND with

CX-5461 (10 µM) for 24 h. After 24 h, the treatment medium was replaced with a

drug-free basal medium for 8 h and the protein lysate was collected for western

blotting.
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Figure 3.9: Independently silencing uL5 or uL18 decreases NR-mediated p53

activation. HCT116 cells were transfected with control or siRNAs targeting uL5 and

uL18. After 48 h, cells were placed under ND with CX-5461 (10 µM) for 24 h. After

24 h, the treatment medium was replaced with a drug-free basal medium for 8 h and

the protein lysate was collected for western blotting.
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Figure 3.10: NR induces apoptosis in HCT116 p53 +/+ cells but not p53 -/- cells.

HCT116 p53 +/+ or p53 -/- cells were incubated under ND with vehicle (NaH2PO4),

CX-5461 (10 µM), or BMH-21 (1 µM) for 24 h; after 24 h, the treatment medium was

replaced with a drug-free basal medium for 24 h and the protein lysate was collected

for western blotting.
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Chapter Four: Glutamine activates p53 via the Ras/Raf/MEK/ERK pathway

Background and Significance

Ribosome biogenesis requires the sophisticated assembly of 4 rRNAs and over 80

r-proteins(Lafontaine, 2015). Upon defects in ribosome biogenesis, accumulated uL5

and uL18 accumulate and bind to MDM2 in an inhibitory manner, leading to p53

stabilization(Donati et al., 2013; Nicolas et al., 2016; Sloan et al., 2013). However, it

is important to highlight the fact that it is not ribosome-incorporated uL5 and uL18

that bind to MDM2, as ribosomal uL5/uL18 are already ‘trapped’ in the ribosome

complexes and are thus unable to interact with MDM2. Rather, it is the newly

translated population of uL5 and uL18 that is not yet incorporated into ribosomes that

are capable of binding to MDM2. Like other nucleolar proteins, r-proteins are

produced in the cytoplasm and are subsequently imported to the nucleus and

nucleolus for ribosome assembly. Given this, it has been reported that de novo

protein synthesis of uL5 and uL18 is absolutely critical for p53 stabilization by the

nucleolar stress response(Bursać et al., 2012; Fumagalli et al., 2009). However, thus

far, it is unknown what nutrients control the synthesis of uL5 and uL18, and what

translational machinery regulates this production loop.

I have shown that cancer cells accumulate pre-rRNAs in order to resume ribosome

biogenesis upon metabolic recovery without triggering the p53-dependent nucleolar

surveillance pathway. Further, the ribosomal proteins uL5 and uL18 were responsible

for driving p53 stabilization by NR. The stabilization of p53 through the nucleolar

stress response requires the active translation of uL5 and uL18, indicating that
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accumulation of p53 protein serves as a marker for continued uL5/uL18 synthesis.

Thus, by assessing p53, we had a proxy measure for elucidating which nutrient(s) is

responsible or required for inducing uL5 and uL18 synthesis.

Methods

Cell lines and Reagents

HCT116, A375, A549, U2OS, and MKN45, cells were purchased from the American

Type Culture Collection (Manassas, VA, USA). HCT116 p53+/+ and p53−/− isogenic

human colon cancer cells were kindly provided by Bert Vogelstein (Johns Hopkins

University). HCT116, A375, A549, and U2OS cells were grown in Dulbecco’s

modified Eagle’s medium (DMEM) (Nacalai Tesque, Kyoto, Japan), supplemented

with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific). MKN45 cells were

maintained in RPMI (Nacalai Tesque, Kyoto, Japan), supplemented with 10% FBS.

Cells were maintained at 37C in a 5% CO2 atmosphere in a humidified incubator.

Nutrient deprivation medium was prepared to contain inorganic salts, i.e., 0.2 g/l

CaCl2 (anhydrous), 0.1 mg/l Fe(NO3)3/9H2O, 0.4 g/l KCl, 97.67 mg/l MgSO4

(anhyd.), 6.4 g/l NaCl, 3.7 g/l NaHCO3, 0.125 g/l NaH2PO4/H2O, and 15 mg/l

Phenol Red, according to the composition of DMEM. Glutamine deprivation was

performed with DMEM without glutamine (Fujifilm Wako 045-30285) supplemented

with 10% FBS. Glutamine replete medium was made by adding 4 mM L-glutamine

(Fujifilm Wako) to the glutamine deprivation medium. Glucose deprivation was

performed with DMEM without glucose (Fujifilm Wako 042-32255) supplemented

with 10% FBS. Glucose replete medium was made by adding 25 mM D-glucose

(Fujifilm Wako) to the glucose deprivation medium.
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Tyrosine, leucine, and methionine medium were prepared according to the

composition of DMEM (Nissui, Tokyo, Japan).

The compounds used in this study were obtained from: CX-5461

(MedChemExpress), AMG 232 (MedChemExpress), BMH-21 (Selleck),

Camptothecin (Fujifilm Wako), Rapamycin (Fujifilm Wako), Torin1 (Fujifilm Wako),

BEZ235 (Funakoshi), 5-Fluorouridine (TCI chemicals), Actinomycin D (Fujifilm

Wako), zVAD-FMK (Fujifilm Wako),

Western Blotting

Cells were lysed with RIPA buffer containing a protease protease inhibitor (P8340

Sigma), phosphatase inhibitors (P0044 and P5726 Sigma) and PMSF 1 mM. Protein

quantification was performed using BCA kit (Pierce). Cell lysates were applied to a

10% polyacrylamide gel and transferred to a nitrocellulose membrane (Thermo

Fisher Scientific). The membrane was incubated with antibodies that target p53

(1:1000, Calbiochem), b-actin (1:1000, Sigma-Aldrich), phospho-S6K (T389)

(1:1000, Cell signaling technology), S6K (1:1000, Cell signaling technology),

phospho-S6 (S235/236) (1:1000, Cell signaling technology), HIF-1alpha (1:1000

Novus Biologicals), Cleaved PARP (1:1000, Cell signaling technology)

Caspase 3 (1:1000, Cell signaling technology), Cleaved Caspase 3 (1:1000, Cell

signaling technology), PUMA (1:1000, Cell signaling technology), RPL5 (1:1000,

kindly provided by Dr. Siniša Volarević), or RPL11 (1:1000, kindly provided by Dr.

Siniša Volarević), followed by incubation with horseradish peroxidase-conjugated

secondary antibodies (1:5000, Sigma-Aldrich). Signals were detected using

enhanced chemiluminescence detection reagents (Thermo Fisher Scientific) and
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images were acquired using a luminescent image analyzer (LAS3000, Fuji-Film,

Japan).

RNA Isolation and quantitative RT-PCR

Total RNA was extracted from cells using the Isogen reagent (Nippon Gene,

Toyama, Japan), converted to cDNA by using the Prime Script reverse transcriptase

(Takara, Shiga, Japan) as per the manufacturer’s instructions, and used for

quantitative real-time PCR amplification using SYBR Green (Takara). Target RNA

expression was normalized to β2m mRNA. For polysome isolation, cellular extracts

were ultracentrifuged on a 35% sucrose cushion at 149,000 g x 2 h.

The following primer sequences were used:

For pre-rRNA expression:

5′-CCGCGCTCTACCTTACCTACCT-3'(forward);

5′-GCATGGCTTAATCTTTGAGACAAG-3′(reverse).

For human β2m:

5′-AGATGAGTATGCCTGCCGTG-3′;

5′-CATCCAATCCAAATGCGGCA-3′.
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Results

Restoring the non-essential amino acid glutamine alone was sufficient to rescue

p53 in pre-rRNA depleted HCT116 and A375 cells (Fig 4.1). Glutamine also

stimulated the phosphorylation of S6K (Fig 4.1), consistent with its role in activating

mTORC1(Durán et al., 2012; Villar et al., 2017). These results imply that glutamine

restoration stimulates mTORC1-mediated translation to induce uL5 and uL18

synthesis, leading to inhibition of MDM2 and activation of p53. Together, these

results show that glutamine ‘metabolically activates’ p53 in cells depleted of

pre-rRNA by inducing synthesis of uL5 and uL18.

The translation of mRNAs encoding r-proteins (including uL5 and uL18) is regulated

by a 5’ terminal oligopyrimidine tract (5'TOP) and is positively regulated by

mTORC1(Avni et al., 1997; Gentilella and Thomas, 2012). This raised the possibility

that glutamine-induced synthesis of uL5 and uL18 required mTORC1 signalling. To

test this, pre-rRNA depleted cells were re-fed glutamine in the presence of

rapamycin or Torin1, two highly potent and specific mTORC1 inhibitors. However,

contrary to our hypothesis, rapamycin and Torin1 did not affect the metabolic

accumulation of p53 (Fig 4.2). Since p53 is a marker for uL5 and uL18

translation(Bursać et al., 2012; Fumagalli et al., 2009), this result suggested to us

that the suppression of mTORC1 leads to the attenuation— but not complete

blockade — of uL5/uL18 synthesis. Indeed, we reasoned that if uL5 and uL18 were

still being synthesized at lowered levels under mTORC1 suppression, this would

account for how rapamycin and Torin1 failed to inhibit p53. Additionally, a previous

study found that mTORC1 suppression does not inhibit activation of p53 by nucleolar

stress(Devlin et al., 2016), reinforcing the notion that synthesis of uL5 and uL18 is
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not solely dependent on mTORC1. Together, these results suggest that

glutamine-mediated synthesis of uL5 and uL18 is dependent on another signalling

pathway in addition to mTORC1.

We therefore asked whether other growth-related pathways, such as the

Ras-driven Raf/MEK/ERK pathway, might be involved in uL5 and uL18 translation.

Due to the lack of inhibitors for Ras(Stephen et al., 2014), we tested if two highly

selective pan-Raf inhibitors— LY3009210 and AZ628— could affect p53 protein

levels. Strikingly, both Raf inhibitors completely blocked p53 activation by glutamine

(Fig 4.3). Moreover, glutamine strongly induced MEK phosphorylation (Fig 4.3),

showing that glutamine stimulates the Ras/Raf/MEK/ERK cascade. Next, to show

that Raf suppression inhibits the translation of uL5 and uL18, we measured the

expression of translationally active polysome-bound uL5/uL18 mRNAs. Glutamine

restoration increased the expression of polysome-bound uL5 and uL18 mRNAs, and

LY3009210 and AZ628 strongly inhibited this effect (Fig 4.4). Together, these results

indicate that glutamine translationally activates uL5 and uL18 through the

Ras/Raf/MEK/ERK cascade.

We have indirect evidence suggesting that uL5 and uL18 translation is not solely

dependent on mTORC1 (Fig 4.2). Further, mTORC1 primarily regulates translation

initiation(Mamane et al., 2006). We therefore reasoned that Ras/Raf/MEK/ERK might

regulate the translation of uL5 and uL18 via the elongation step of translation.

Indeed, in unstressed cells, ERK signalling facilitates protein synthesis by inhibiting

eEF2K, a key negative regulator of translation elongation (Fig 4.5)(2017; Wang et

al., 2014). Upon inhibition of eEF2K mediated by the ERK/p90RSK pathway, the

downstream eukaryotic elongation factor eEF2 remains in its active
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unphosphorylated form and promotes global protein synthesis (Fig 4.5)(2017; Wang

et al., 2014). eEF2 mediates the translocation stage of translation elongation, i.e.,

movement of the nascent peptide from the A-site to the P-site of the ribosome and of

the ribosome along the mRNA by one codon(2017; Wang et al., 2014). Thus, we

hypothesized that Ras/Raf/MEK/ERK signalling promotes uL5 and uL18 synthesis by

activating eEF2-mediated translation elongation (Fig 4.5). We therefore assayed

levels of eEF2 phosphorylation, phosphorylated eEF2 (Thr56) being the inactivated

form that leads to the arrest of general protein synthesis(2017; Wang et al., 2014).

Indeed, Raf suppression massively increased the phosphorylation of eEF2 (Fig 4.3).

This suggested that Raf suppression inhibits uL5 and uL18 synthesis by blocking

general protein synthesis that is normally mediated by active, unphosphorylated

eEF2. Unexpectedly, we found that LY3009210 and AZ628 also inhibited mTORC1,

as shown by the decreased phosphorylation of S6, S6K, and 4E-BP1 (Fig 4.3). We

concluded that glutamine activates mTORC1 through Raf. Together, these results

indicate that glutamine-induced synthesis of uL5 and uL18 requires Raf-dependent

eEF2-mediated translation elongation. Further, in addition to the known role of

mTORC1 in promoting the translation of r-proteins(Avni et al., 1997; Gentilella and

Thomas, 2012), we conclude that glutamine induces uL5 and uL18 synthesis by

activating Raf-dependent mTORC1 signalling.
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Discussion

Under amino acid deprivation, cancer cells inhibit mTORC1 to block

mTORC1-mediated anabolic processes such as protein synthesis(Villar et al., 2017).

Further, it has been shown that refeeding glutamine to amino acid-deprived cells

reactivates mTORC1(Villar et al., 2017). Given this, we first hypothesized that

refeeding glutamine to ND cells could also stimulate the synthesis of uL5 and uL18

by activating mTORC1. Indeed, when HCT116 cells were pre-treated to CX-5461 or

BMH-21 under ND, refeeding glutamine to these cells robustly activated p53.

Surprisingly, inhibiting mTORC1 with the highly specific inhibitors rapamycin and

torin1 had no effect on the metabolic accumulation of p53. We reasoned that

mTORC1 inhibition alone was not sufficient to completely block uL5 and uL18

synthesis, and thus could not affect the metabolic accumulation of p53. Notably, it

has been shown that the Ras/Raf/MEK/ERK pathway controls rRNA synthesis by

phosphorylating TIF-IA at Ser633 and Ser649(Zhao et al., 2003).

Since signalling pathways tend to regulate closely-related pathways (i.e. Pol I

transcription and r-protein synthesis), we therefore hypothesized that

Ras/Raf/MEK/ERK signalling also regulates the synthesis of r-proteins, including uL5

and uL18. Indeed, inhibiting Raf with two highly specific inhibitors completely blocked

p53 activation by glutamine. Concomitantly, Raf suppression inactivated mTORC1

and eEF2, suggesting that Raf inhibition suppresses the translation of uL5 and uL18

by inactivating these translational machinery. Altogether, these data further show that

the translation of uL5 and uL18 is dependent on Ras/Raf/MEK/ERK signalling, in

which Ras/RAF/MEK/ERK stimulates mTORC1 and eEF2-mediated translation to

promote the synthesis of uL5 and uL18.
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Figure 4.1: Glutamine (gln) activates p53 in pre-rRNA depleted HCT116 and

A375 cells as assessed by western blotting. HCT116 and A375 cells were placed

under ND with vehicle (NaH2PO4), CX-5461 (10 µM), or BMH-21 (1 µM) for 24 h.

After 24 h the old treatment media was replaced with ND media containing PBS or

Gln (4 mM) for 8 h.

76



………………

Figure 4.2: The effect of Rapamycin and Torin1 on p53 metabolic activation by

glutamine (gln). HCT116 cells were placed under ND with CX-5461 (10 µM) for 24

h. After 24 h the old treatment media was replaced with ND media containing PBS,

Gln (4 mM), or Gln (4mM) with Rapamycin/Torin1 (1 µM).
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Figure 4.3: Inhibiting Raf with LY3009210 or AZ628 blocks p53 metabolic

activation by glutamine (gln). HCT116 cells were placed under ND with CX-5461

(10 µM) for 24 h. After 24 h the old treatment media was replaced with ND media

containing PBS, Gln (4 mM), or Gln (4mM) with LY3009210/AZ628 (1 µM).
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Figure 4.4: Expression of polysome-bound uL5 and uL18 mRNAs. HCT116

cells were placed under ND with CX-5461 (10 µM) for 24 h. After 24 h the old

treatment media was replaced with ND media containing PBS, Gln (4 mM), or Gln

(4mM) with LY3009210/AZ628 (1 µM). Polysomes were isolated via

ultracentrifugation on a 35% sucrose cushion.

79



Figure 4.5: Schematic of the metabolic activation of p53 by glutamine:

Restoring glutamine to ND cells activates Ras/Raf/MEK/ERK signaling, which

inhibits eEF2K. Upon eEF2K inhibition, eEF2 remains in its active form to

facilitate uL5/uL18 translation. Further, Raf activates mTORC1 to facilitate

uL5/uL18 translation. Pharmacological inhibition of Raf leads to eEF2k

activation, and upon eEF2k activation, eEF2 becomes inactivated and

uL5/uL18 translation is blocked.
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Chapter Five: Glutamine deprivation confers cancer cells resistance to RNA

Pol I inhibitors by blocking the p53 nucleolar stress response

Background and Significance

Glutamine is a non-essential amino acid that becomes conditionally essential in

rapidly proliferating cells (Hensley et al., 2013). Indeed, cancer cells display

oncogene-dependent addictions to glutamine, and the withdrawal of glutamine can

induce massive cell death in some cell lines (Hensley et al., 2013). In other cancer

cell lines, glutamine withdrawal triggers growth arrest, but metabolic adaptations

have been reported to occur, which allow cells to later grow in the chronic absence of

glutamine(Hensley et al., 2013). The importance of glutamine is through its role as

an anaplerotic substrate in the tricarboxylic acid (TCA) cycle, generating ATP and

precursors for nucleotides and lipids (Altman et al., 2016). Upon being transported

into the cell, glutamine is metabolized through ‘glutaminolysis’, which is the

conversion of glutamine to alpha-ketoglutarate by glutamate dehydrogenase (GDH),

glutamate pyruvate transaminase (GPT), and glutamate oxaloacetate (GOT)(Altman

et al., 2016). Following this biochemical reaction, alpha-ketoglutarate is converted to

succinyl-CoA and is subsequently consumed through the TCA cycle (Altman et al.,

2016). Moreover, after glucose, glutamine is the second most highly consumed

nutrient by cancer cell lines (Hosios et al., 2016; Jain et al., 2012). Given the

importance of glutamine to cancer cell growth, it is not surprising that elevated

glutamine consumption by tumor cells causes solid tumors to act as ‘glutamine traps’

(Klimberg et al., 1996). Given that the restoration of glutamine to pre-rRNA depleted

cells can stabilize p53, we next tested the effect of glutamine deprivation on p53.
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Methods

Cell lines, Reagents, and siRNA transfections

HCT116, A375, A549, U2OS, and MKN45, cells were purchased from the American

Type Culture Collection (Manassas, VA, USA). HCT116 p53+/+ and p53−/− isogenic

human colon cancer cells were kindly provided by Bert Vogelstein (Johns Hopkins

University). HCT116, A375, A549, and U2OS cells were grown in Dulbecco’s

modified Eagle’s medium (DMEM) (Nacalai Tesque, Kyoto, Japan), supplemented

with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific). MKN45 cells were

maintained in RPMI (Nacalai Tesque, Kyoto, Japan), supplemented with 10% FBS.

Cells were maintained at 37C in a 5% CO2 atmosphere in a humidified incubator.

Nutrient deprivation medium was prepared to contain inorganic salts, i.e., 0.2 g/l

CaCl2 (anhydrous), 0.1 mg/l Fe(NO3)3/9H2O, 0.4 g/l KCl, 97.67 mg/l MgSO4

(anhyd.), 6.4 g/l NaCl, 3.7 g/l NaHCO3, 0.125 g/l NaH2PO4/H2O, and 15 mg/l

Phenol Red, according to the composition of DMEM. Glutamine deprivation was

performed with DMEM without glutamine (Fujifilm Wako 045-30285) supplemented

with 10% FBS. Glutamine replete medium was made by adding 4 mM L-glutamine

(Fujifilm Wako) to the glutamine deprivation medium. Glucose deprivation was

performed with DMEM without glucose (Fujifilm Wako 042-32255) supplemented

with 10% FBS. Glucose replete medium was made by adding 25 mM D-glucose

(Fujifilm Wako) to the glucose deprivation medium.

Tyrosine, leucine, and methionine medium were prepared according to the

composition of DMEM (Nissui, Tokyo, Japan).

The compounds used in this study were obtained from: CX-5461

(MedChemExpress), AMG 232 (MedChemExpress), BMH-21 (Selleck),
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Camptothecin (Fujifilm Wako), Rapamycin (Fujifilm Wako), Torin1 (Fujifilm Wako),

BEZ235 (Funakoshi), 5-Fluorouridine (TCI chemicals), Actinomycin D (Fujifilm

Wako), zVAD-FMK (Fujifilm Wako),

Cancer cells were transfected at ~30% confluency in 6-well plates with 5nM control

or target siRNA using Lipofectamine RNAiMAX (Invitrogen) according to the

instructions of the manufacturer. Control siRNA and siRNAs designed against p53,

PUMA, RPL5, and RPL11 were obtained from Thermo Fisher Scientific.

Western Blotting

Cells were lysed with RIPA buffer containing a protease protease inhibitor (P8340

Sigma), phosphatase inhibitors (P0044 and P5726 Sigma) and PMSF 1 mM. Protein

quantification was performed using BCA kit (Pierce). Cell lysates were applied to a

10% polyacrylamide gel and transferred to a nitrocellulose membrane (Thermo

Fisher Scientific). The membrane was incubated with antibodies that target p53

(1:1000, Calbiochem), b-actin (1:1000, Sigma-Aldrich), phospho-S6K (T389)

(1:1000, Cell signaling technology), S6K (1:1000, Cell signaling technology),

phospho-S6 (S235/236) (1:1000, Cell signaling technology), HIF-1alpha (1:1000

Novus Biologicals), Cleaved PARP (1:1000, Cell signaling technology)

Caspase 3 (1:1000, Cell signaling technology), Cleaved Caspase 3 (1:1000, Cell

signaling technology), PUMA (1:1000, Cell signaling technology), RPL5 (1:1000,

kindly provided by Dr. Siniša Volarević), or RPL11 (1:1000, kindly provided by Dr.

Siniša Volarević), followed by incubation with horseradish peroxidase-conjugated

secondary antibodies (1:5000, Sigma-Aldrich). Signals were detected using

enhanced chemiluminescence detection reagents (Thermo Fisher Scientific) and
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images were acquired using a luminescent image analyzer (LAS3000, Fuji-Film,

Japan).

RNA Isolation and quantitative RT-PCR

Total RNA was extracted from cells using the Isogen reagent (Nippon Gene,

Toyama, Japan), converted to cDNA by using the Prime Script reverse transcriptase

(Takara, Shiga, Japan) as per the manufacturer’s instructions, and used for

quantitative real-time PCR amplification using SYBR Green (Takara). Target RNA

expression was normalized to β2m mRNA.

The following primer sequences were used:

For human p21:

5′-TGTCCGTCAGAACCCATGC-3′;

5′-AAAGTCGAAGTTCCATCGCTC-3′.

For human β2m:

5′-AGATGAGTATGCCTGCCGTG-3′;

5′-CATCCAATCCAAATGCGGCA-3′.

Cell line xenograft murine model:

All animal care procedures were in accordance with institutional guidelines approved

by the University of Tokyo. HCT116 cells (5 × 106 in 100 μL PBS) were inoculated

subcutaneously in the right flank of nude mice. Established tumors (∼110–120 mm )

were randomized into vehicle, CX-5461 (50mg/kg), or AMG 232 (50 mg/kg)

treatment groups. Mice were treated with either oral gavage three times per week or
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i.p. administration as indicated. Tumor volume was measured by external caliper,

and tumor volume was calculated using the formula (l × w2)/2, where w = width and l

= length in mm of the tumor. Mouse body weight was measured three times per

week. After treatments, animals were euthanized, and tumors were harvested for

further analysis
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Results

Glutamine deprivation inhibits p53 activation by nucleolar stress

Thus far we have tested how adding back glutamine to starved pre-rRNA-depleted

cells activates p53. We next sought to understand the effect of depriving cells of

glutamine on the activation of p53 by the nucleolar surveillance pathway. To

investigate this, we tested how glutamine deprivation affects the activation of p53 by

CX-5461, which activates p53 via the uL5/uL18-dependent nucleolar surveillance

pathway. Strikingly, glutamine deprivation blocked p53 activation by CX-5461, while

the deprivation of glucose or other amino acids had no effect (Fig 5.1). Glutamine

deprivation also inhibited p53 in A375, A549, U2OS, LNCaP, and MKN45 cells (Fig

5.2), consistent with hyper-elevated glutamine consumption being a hallmark of

oncogenic transformation(Wise and Thompson, 2010). HCT116 cells under

glutamine deprivation were highly resistant to CX-5461 (Fig 5.3), demonstrating that

glutamine restriction confers resistance to rRNA synthesis inhibitors by blocking p53.

Glucose deprivation, which does not inhibit p53, did not confer any resistance to

CX-5461 (Fig 5.3). Finally, titration of extracellular glutamine showed suppression of

p53 protein below 0.4 mM (Fig 5.4), which is approximately equal to the

concentration of glutamine found in tumor xenografts (Pan et al., 2016). In

conclusion, glutamine deprivation confers cancer cells resistance to CX-5461 by

blocking the p53 nucleolar stress response.

Given that tumors are depleted of glutamine, we predicted that CX-5461 would

display limited antitumor activity against solid tumors due to the inability to stabilize

p53 in vivo. We selected HCT116 as our model cell line, since CX-5461 has been

shown to potently inhibit HCT116 in vitro cell proliferation at an IC50 167 nM (Drygin
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et al., 2011; Peltonen et al., 2014). Indeed, oral gavage of CX-5461 at the highest

long-term tolerable dose (50 mg/kg) failed to significantly inhibit tumor growth (Fig

5.5). We used AMG 232, a non-genotoxic MDM2 inhibitor, as a positive control for

p53-mediated tumor suppression. Oral gavage of AMG 232 (50 mg/kg) at the same

dose and schedule as CX-5461 strongly suppressed HCT116 tumor growth (Fig

5.5). Further, IP injection of CX-5461 up to 200 mg/kg to HCT116 tumors failed to

activate p53 while AMG 232 robustly induced p53 when treated at 50 mg/kg (Fig

5.6). These results indicate that tumoral glutamine deficiency hampers the antitumor

activity of Pol I inhibitors by blocking the p53 nucleolar stress response.
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Discussion

CX-5461 is a first-in-class RNA Pol I inhibitor that potently inhibits pre-rRNA

synthesis and activates the p53-dependent nucleolar surveillance pathway (Pelletier

et al., 2018). Various publications have shown that CX-5461 is highly effective at

targeting p53 wildtype hematological malignancies (Bywater et al., 2012; Devlin et

al., 2016; Hein et al., 2017), however, to date, it has not been shown that CX-5461

can activate p53 in solid tumors. Indeed, previous reports studying CX-5461 and

BMH-21 showed that these molecules can activate p53 in vitro, but in vivo data was

surprisingly missing (Drygin et al., 2011).

It has been shown that solid tumors are strongly depleted of glutamine due to

elevated consumption by tumor cells (Pan et al., 2016). Since rapidly proliferating

cells require glutamine, the addiction to glutamine is strongly associated with

oncogenic transformation (Hensley et al., 2013). Thus, it is generally accepted that

solid tumors in general are depleted of glutamine. Supporting this, Satoh et al.

recently showed that colorectal adenocarcinomas were depleted of glutamine (along

with glucose) when compared to other amino acids (Satoh et al., 2017). Given the

physiological importance of glutamine deprivation to cancer biology, it would be

interesting to perform a drug screen of common cancer therapeutics to understand

the effect of glutamine deprivation on the therapeutic response.

We found that glutamine deprivation inhibits the activation of p53 by CX-5461, and

these findings were reported in other solid tumor cell lines (A375, A549, U2OS,

MKN45 cells). Since all tumor cell lines are addicted to glutamine, it is not surprising

that this result was found in multiple cell lines in addition to HCT116 cells. Further,

we showed that the deprivation of glucose, tyrosine, leucine, and methionine did not
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affect the activation of p53 by CX-5461. These results explain why CX-5461 does

not activate p53 in solid tumors and further suggests why p53 wild type solid tumors

do not display sensitivity to CX-5461.
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Figure 5.1: Deprivation of glutamine but not glucose, tyrosine, leucine, or

methionine inhibited p53 activation by CX-5461. HCT116 cells were cultured in

the respective starvation medium for 16 h followed by CX-5461 (1 µM) for 8 h.
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Figure 5.2: Glutamine deprivation inhibits p53 activation by CX-5461 (1 µM) in

A375, A549, U2OS, LNCaP, and MKN45 cells. Cells were cultured in the respective

starvation medium for 16 h followed by CX-5461 (1 µM) for 8 h.
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Figure 5.3: Deprivation of glutamine but not glucose conferred resistance to

CX-5461 as assessed using MTT assay. HCT116 cells were incubated in the

respective control or starvation medium with vehicle (NaH2PO4) or CX-5461 at the

indicated concentrations for 72 h. Data points of each treatment was normalized to

the respective vehicle-treated metabolic control.
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Figure 5.4: p53 activation by CX-5461 was suppressed under 0.4 mM glutamine

as assessed by western blotting. HCT116 cells were cultured in the respective

starvation medium for 16 h followed by CX-5461 (1 µM) for 8 h.
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Figure 5.5: CX-5461 failed to inhibit HCT116 tumor growth. Mice were orally

dosed with vehicle (NaH2PO4), CX-5461 (50 mg/kg), or AMG 232 (50 mg/kg)

once daily three times per week. Drug treatment started 5 days post-implantation

on tumors of approximately 75 mm3. Each point is the mean tumor volume ± stdev

(n = 8/group).
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Figure 5.6: CX-5461 does not acutely stabilize p53 in HCT116 tumors. Mice

were IP injected with vehicle (NaH2PO4), CX-5461 (50, 100, 200 mg/kg), or AMG

232 (50 mg/kg) and tumors were harvested after 8 h for western blot analysis.
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Chapter Six: Discussion

Unstable vasculature in solid tumors leads to the development of tissue

microenvironments that fluctuate in nutrient availability (Jones and Thompson,

2009). Tumor cells residing in such environments adapt to nutrient depletion by

suppressing ATP-costly processes such as protein synthesis, nucleic acid synthesis,

and ribosome biogenesis (Silvera et al., 2010), but how cells undertake metabolic

recovery upon nutrient restoration remains unstudied. Here, we report that

mammalian cells accumulate pre-rRNAs under starvation to escape nucleolar

surveillance during metabolic recovery. We first observed that human cancer cells

(colorectal HCT116, lung adenocarcinoma A549, osteosarcoma U2OS, gastric

MKN45 cells) and mouse fibroblasts (3T3-L1 cells) modulate the kinetics of

pre-rRNA processing according to nutrient availability in order to accumulate

pre-rRNAs under nutrient deprivation. HCT116 cells accumulate pre-rRNAs by

slowing pre-rRNA processing under ND. When nutrient stress resolves, recovering

cells resume ribosome biogenesis and accumulated pre-rRNAs are bound by newly

translated uL5 and uL18 for ribosomal subunit assembly. By rapidly associating with

nascent uL5 and uL18, accumulated pre-rRNAs prevent uL5/uL18 from binding to

MDM2, thereby enabling cellular escape from nucleolar surveillance during

metabolic recovery. Conversely, using CX-5461 or BMH-21 to inhibit pre-rRNA

expression under nutrient deprivation results in uL5/uL18-mediated p53 stabilization

upon nutrient restoration, leading to nutrient-induced apoptosis. Thus, we propose

that cancer cells accumulate pre-rRNAs under ND in order to resume ribosome

biogenesis upon nutrient restoration without triggering the p53-dependent nucleolar

surveillance pathway. Our data shows that pre-rRNA accumulation during nutrient
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deprivation is a stress adaptation that restrains the MDM2-binding activity of uL5 and

uL18 during periods of metabolic recovery in the solid tumor microenvironment. The

cellular need for a pre-rRNA pool also implies that protein synthesis resumes more

quickly than pre-rRNA biosynthesis. This concept can be readily accepted

considering that successful synthesis of pre-rRNA includes both transcription and

processing, in which the latter process can take up to an hour. In parallel, it is

generally known that protein synthesis requires several minutes depending on the

size of the peptide. Thus, pre-rRNA accumulation is an adaptation that takes into

account the time difference between uL5 and uL18 protein synthesis and pre-rRNA

production and maturation.

Based on our finding that the kinetics of pre-rRNA processing is dependent on

nutrient availability, we found that core cells in solid tumors display slower pre-rRNA

processing speeds than periphery cells. This finding is consistent with a previous

report showing that the core of tumors are severely deprived of nutrients when

compared to the periphery of tumors (Pan et al., 2016). Thus, HCT116 solid tumors

are composed of cells that possess slow and heterogeneous pre-rRNA processing

kinetics. We further showed that slowed in vivo processing leads to highly stable

pre-rRNAs that possess long half-lives, and consequently, treatment of CX-5461 to

solid tumor bearing animals failed to acutely inhibit tumoral pre-rRNA expression.

Notably, pioneering reports that studied the anticancer effects of Pol I inhibitors

(CX-5461, CX-3543) did not present data demonstrating in vivo pre-rRNA depletion

(Drygin et al., 2009, 2011). The lack of in vivo data in previous reports is consistent

with our data, which shows that it is not possible for Pol I inhibitors to acutely deplete

tumoral pre-rRNA. Our data explains why CX-5461 and other Pol I inhibitors fail to
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demonstrate acute on-target activity in solid tumors. Notably, it should be highlighted

that the rate of ribosome biogenesis can be inferred from the speed of pre-rRNA

processing. For instance, under growth conditions, HCT116 cells possess pre-rRNAs

with a half-life of approximately 28 minutes while under ND conditions, the

pre-rRNAs possess a half-life of approximately 78 minutes because precursor

processing is slowed. Thus, because ribosome biogenesis is slowed under ND, the

pre-rRNA half-life is extended. This can be inferred to in vivo conditions, where the

tumoral pre-rRNA half-life of HCT116 tumors was found to be 142 minutes,

suggesting that in vivo cells produce ribosomes at a significantly slower rate than in

vitro cells. This is consistent with the fact that cells within solid tumors experience

stresses such as hypoxia, nutrient deprivation, pH acidity, and cell crowding. Since

tumor cells in vivo produce ribosomes at a slower rate, this may reflect a second

method of drug resistance against Pol I inhibitors such as CX-5461 and BMH-21,

which directly target ribosome biogenesis. Indeed, if a critical process is occuring at

a lower rate than previously thought, it is tempting to speculate that small molecules

that target this critical process would display decreased effectiveness in vivo.

We identified glutamine as the key nutrient that metabolically activates p53 by

inducing the synthesis of uL5 and uL18. We cultured cells in nutrient deprived media

to block uL5 and uL18 translation, and by assessing p53 levels in cells depleted of

pre-rRNA, we found that restoring glutamine alone rescued uL5/uL18 synthesis. The

restoration of other amino acids (leucine, tyrosine, methionine) did not activate p53,

showing that these amino acids do not play a role in the regulation of uL5 and uL18

translation. Thus, we present data showing that a lone nutrient (i.e. glutamine) can

metabolically activate p53 by translationally activating uL5 and uL18. Surprisingly,
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despite the known importance of mTORC1 in the translational control of 5'TOP

mRNAs that encode r-proteins (including uL5 and uL18) (Thoreen et al., 2012),

inhibition of mTORC1 with the potent inhibitors rapamycin or Torin1 treatment did not

affect the stabilization of p53 by glutamine. Since the accumulation of p53 protein is

a marker of uL5 and uL18 synthesis (Bursać et al., 2012), this observation

suggested to us that uL5/uL18 translation was not solely dependent on mTORC1.

This is consistent with a previous report showing that inactivating mTORC1 does not

completely block protein synthesis but only moderately attenuates global protein

synthesis (Thoreen et al., 2012). Rather, we found that pharmacologically inhibiting

Raf/MEK/ERK completely blocked the accumulation of p53. Raf/MEK/ERK inhibition

appeared to arrest the synthesis of uL5 and uL18 by inactivating eEF2 and

mTORC1. Altogether, these results suggest that glutamine-induced synthesis of uL5

and uL18 is facilitated by Raf-dependent eEF2-mediated translation elongation in

addition to Raf-dependent mTORC1-mediated translation initiation.

We found that glutamine deprivation confers resistance to CX-5461 by blocking the

p53 nucleolar stress response. This finding was recapitulated in the low glutamine

tumor microenvironment, where CX-5461 failed to stabilize p53 in HCT116 tumors

and consequently showed little inhibitory effect on HCT116 tumor growth. In line with

our findings, another study found that p53 wild-type HCT116 tumors are highly

resistant to CX-5461 (Xu et al., 2017) despite being remarkably sensitive in vitro

(Drygin et al., 2011). Thus, these results indicate that CX-5461 displays limited

therapeutic benefit in vivo due to tumoral glutamine deficiency. Notably, previous

work has shown that CX-5461 effectively inhibits A375 tumor growth31, yet, we did

not find p53 accumulation in CX-5461-treated A375 tumors. Since CX-5461 can bind
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to DNA G-quadruplex structures to induce DNA damage (Xu et al., 2017), we

speculate that A375 cells are especially vulnerable to G-quadruplex stabilizers.

Altogether, our data shows that tumoral glutamine deficiency hampers the

effectiveness of Pol I inhibitors by blocking the p53 nucleolar stress response. These

findings offer an explanation as to why the efficacy of CX-5461 is not associated with

p53 wild-type status in solid tumor types. Further, these results explain why CX-5461

is highly effective against blood cancers (Bywater et al., 2012), in which severe

pathological nutrient deprivation does not occur. Indeed, plasma glutamine

concentrations are approximately 0.8 mM, which is twice higher than the

concentration at which p53 is inhibited (= 0.4 mM glutamine). Further, since the rate

of ribosome biogenesis is dependent on nutrient availability, this implies that cells of

hematological malignancies possess higher rates of ribosome biogenesis than cells

of solid tumors and are therefore more vulnerable to Pol I inhibitors.

In summary, our study unveils a stress adaptive program that suppresses p53

during fluctuations in nutrient availability in the solid tumor microenvironment. This

adaptation was demonstrated in both human cancer cells and mouse fibroblasts.

Accumulation of unprocessed rRNAs emerges as a critical survival mechanism that

is exploited by starving tumor cells to complete metabolic recovery during nutrient

stress resolution. Further, solid tumors that are inherently depleted of glutamine do

not accumulate p53 in response to Pol I inhibitors, highlighting how the metabolic

landscape of the tumor microenvironment can deeply influence the therapeutic

response to nucleolar function disruptors.

In conclusion, we propose that accumulation of pre-rRNAs under ND allows cancer

cells to resume ribosome biogenesis during NR without triggering the p53 nucleolar
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stress response (Fig 6.1). Accumulated pre-rRNAs serve to titrate nascent uL5 and

uL18 away from MDM2 during metabolic recovery, thereby allowing cells to escape

nucleolar surveillance (Fig 6.1). Failure to accumulate pre-rRNAs during ND results

in uL5/uL18-mediated activation of p53, leading to nutrient-induced p53-mediated

apoptosis (Fig 6.1).
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Figure 6.1: (Top: I) Cancer cells under ND accumulate pre-rRNA by severely

slowing pre-rRNA processing. In parallel, ND suppresses global mRNA

translation. Following nutrient addition (NR), accumulated pre-rRNAs are

bound by newly translated uL5 and uL18 for ribosome assembly. (Bottom: II)

Treatment with CX-5461 prevents cancer cells from accumulating pre-rRNAs

under ND. Following NR, upon the absence of endogenous pre-rRNAs, nascent

uL5 and uL18 binds to MDM2, leading to p53 stabilization and nutrient-induced

apoptosis.
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