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DEFINITIONS OF THE DIFFERENT STRESSES

Nutritional/metabolic stress: limitations in nutrient availability leading to metabolic

homeostasis impairment. The metabolic stress covers starvation in nutrients and hypoxia.

Nucleolar stress: disruption of nucleolar homeostasis, highlighted by the modification of

normal nucleolar structure and function.

Ribosome biogenesis stress: impairment of at least one process involved in ribosomes
biogenesis (rRNA transcription, processing, and/or ribosomes assembly) leading to a

compromised production of mature ribosomes.
Ribosomal stress: impairment of ribosome translational function during the elongation phase
of protein synthesis. Ribosomal stresses lead to stalling (= pausing) eventually collision of

translating ribosomes.

Ribotoxic stress response: signaling pathway triggered by ZAKa in response to a ribosomal

stress and leading to the induction of the stress-activated kinases: p38 and JNK.
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RESUME

La vascularisation anormale des tumeurs conduit a une hétérogénéité spatiale d’accés aux
nutriments pour les cellules cancéreuses. Leur adaptation au stress métabolique local implique
a la fois des mécanismes de survie et de changement d’identité associés aux résistances
thérapeutiques et donc favorisant la progression tumorale. Cette réponse adaptative nécessite
la répression de processus anaboliques afin de préserver les ressources énergétiques et
prévenir la mort induite par privation en énergie. Ceci passe notamment par la
limitation concomitante de la biogenése des ribosomes (RiBi) et la synthése protéique, deux
voies métaboliques hautement consommatrices en métabolites dérivés des nutriments.
Toutefois, les mécanismes moléculaires a I'origine de ces ajustements restent partiellement
élucidés. Ce travail de thése s’inscrit donc dans la compréhension des mécanismes associés a
la survie des cellules tumorales en réponse au manque en nutriments. Plus spécifiquement,
cette étude a été focalisée sur l'identification de nouvelles voies de signalisation régulant la
voie de biogenése des ribosomes en fonction du contexte nutritionnel.

Des études récentes suggéraient qu’une kinase impliquée dans le « sensing » des nutriments,
GCN2, était nécessaire au maintien de l'intégrité nucléolaire, site de la RiBi, bien que les
conditions nutritionnelles associées n’étaient pas clairement définies. Ainsi, dans une premiére
partie de mon projet de recherche, j'ai démontré que, sous stress nutritionnel, la kinase GCN2
contribue a la répression de l'activité de I’ARN polymérase |, enzyme responsable de la
transcription du précurseur 47S essentiel a la RiBi. La perte de GCN2 dans ces conditions de
déprivation aboutit a un stress nucléolaire et la mort par apoptose. Dans une seconde partie
du projet, j'ai également mis en évidence que GCN2 soutient de maniéere inattendue la
prolifération des cellules tumorales en condition riche en nutriments. Le mécanisme sous-
jacent implique que GCN2 stimule la transcription de ce méme précurseur 47S et, par
extension, I'activation de la voie mTORC1 dans les cellules tumorales coliques en prolifération.
L'inhibition de GCN2 dans ce contexte aboutit a une forte diminution de I'activité de I’ARN
polymérase |, provoquant un stress nucléolaire. Cette vulnérabilité potentialise les effets
cytotoxiques des agents chimiothérapeutiques perturbant la RiBi, conduisant alors a une mort
importante des cellules.

Collectivement, mes résultats démontrent que la kinase GCN2 contréle différentiellement
I'activité de I'ARN polymérase | en fonction de la disponibilité en nutriments dans
I’environnement. L'inhibition de GCN2 aboutit a : i) un stress nucléolaire indépendamment du
contexte nutritionnel, ii) la mort des cellules lorsqu’elle est combinée a un second stress
impactant la RiBi. Ces travaux ouvrent de nouvelles perspectives pour I'amélioration des
traitements déja utilisés en clinique, notamment dans le cadre des cancers colorectaux.

14



SUMMARY

Abnormal tumor vascularization leads to spatial heterogeneity of nutrient access for cancer
cells. Their adaptation to local metabolic stress involves both survival and identity modifications
mechanisms associated with therapeutic resistance and thus, favoring tumor progression. This
adaptive response requires the repression of anabolic processes in order to preserve energy
resources and prevent cell death induced by energy exhaustion. This is achieved through the
concomitant limitation of ribosome biogenesis (RiBi) and protein synthesis, two metabolic
pathways that are highly consuming in nutrient-derived metabolites. However, the molecular
mechanisms underlying these adjustments remain partially elucidated. This thesis work is
therefore part of the understanding of the mechanisms associated with tumor cells survival in
response to nutrient deficiency. More specifically, this study focused on the identification of
novel signaling pathways regulating the ribosome biogenesis pathway in response to the
nutritional context. Recent studies suggested that a kinase involved in nutrient sensing, GCN2,
was required for the maintenance of nucleolar integrity, the site of RiBi, although the associated
nutritional conditions were not clearly defined. Thus, in a first part of my research project, |
demonstrated that, under nutritional stress, GCN2 kinase contributes to the repression of RNA
polymerase | activity, enzyme responsible for the transcription of the 47S precursor essential
for RiBi. The loss of GCN2 under these conditions of deprivation leads to a nucleolar stress and
cell death through apoptosis. In a second part of the project, | also demonstrated that GCN2
unexpectedly supports tumor cell proliferation in nutrient-rich conditions. The underlying
mechanism involves that GCN2 stimulates the transcription of the same 47S precursor and, by
extension, the activation of the mTORC1 pathway in proliferating colon cancer cells. Inhibition
of GCN2 in this context results in a strong decrease in RNA polymerase | activity, causing
nucleolar stress. This vulnerability potentiates the cytotoxic effects of RiBi-disrupting
chemotherapeutic agents, leading to significant cell death. Collectively, my results demonstrate
that GCN2 kinase differentially controls RNA polymerase | activity depending on the availability
of nutrients in the environment. Inhibition of GCN2 results in: i) nucleolar stress independently
of the nutritional context, ii) cell death when combined with a second stress impacting RiBi.
This work opens new perspectives for the improvement of treatments already used in the clinic,
in particular for colorectal cancers.
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INTRODUCTION

l. INTRATUMORAL HETEROGENEITY IN NUTRIENT ACCESSIBILITY AND THE
ASSOCIATED PHENOTYPIC MODIFICATIONS OF CANCER CELLS

1) Altered vascularization within tumors and consequences on the intratumor

metabolic microenvironment

a. Heterogeneity of tumor perfusion rate

Along their development, most tumors cells are characterized by dysregulation of growth-
associated pathways and cell cycle checkpoints, enabling an unrestrained growth and
proliferation. The acquisition of mutations in coding genes of protein involved in the control of
proliferation pathways, rendering cancer cells insensitive to the regulation of growth factor
signaling (1).

Consequently, the high proliferation rate of tumor cells requires sustained anabolic processes
that involve high demands of nutrients, supplied by blood vessels. Yet, vascularization in solid
tumors is known to be abnormal and dysfunctional (for review see (2),(3)). The organization
and structure of blood vessels within tumors appear to be different, resulting in a sinuous
network and a chaotic blood flow (2) (Figure 1A). To illustrate this tight relationship between
the perfusion and division rates, tumor cells close to blood vessels, and thus having a facilitated
access to nutrients and oxygen (Figure 1B), display enhanced proliferative capacities (4).
Conversely, cancer cells confined in poorly vascularized and exposed to a metabolic stress

evidenced by hypoxic and necrotic areas (Figure 1C), do not divide (4).
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Normal vessels

A)

Figure 1: The abnormal vascularization in tumors favors a spatial heterogeneous access to nutrients.

A) Images of normal blood vessels (left) and vessels of a human colon cancer xenograft (right) in mice using FITC-dextran and
multiphoton laser-scanning microscopy (3). B) Schematic representation of the intratumor heterogeneity of nutrients
accessibility. Cells close to blood vessels have a facilitated access to nutrients in comparison with cells in poorly vascularized
regions exposed to nutritional stress. C) Immunofluorescent staining of DNA (DAPI in blue), blood vessels (CD31 in red), and
hypoxia (EF5 chemical marker in green) in xenografted tumors derived from pancreatic cell line. Hypoxic areas are
heterogeneous and localized far away from blood vessels, illustrating the unequal supply of nutrients within the tumor
(extracted from (4)).

Moreover, the matrix stiffening observed along tumor progression also participate to the
impairment of the vascular system. As revealed notably in pancreatic ductal adenocarcinomas,
the fibrotic extracellular matrix intensifies the interstitial pressure, leading to tumor blood
vessels collapsing and in lower nutrients and oxygen supply (5,6).

Vascular density decreases as tumors grow and, accordingly, dense and bigger tumors are
subjected to significantly lower bloodstream (2,7,8). Since each tumor has a particular
vascularization pattern, blood perfusion is heterogenous between tumors within a same
histopathological group (Figure 2)(7). Interestingly, these alteration of perfusion rates generate
local variations in nutrient availability that will then contribute to the tumor cell heterogeneity

and clonal expansion.
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Figure 2: The variability of blood flow in different human cancers.

Mean of blood flow values in normal tissues are indicated on the right. Modified by Dr. Helena Dragic, from Vaupel P et al (7)

b. The altered metabolic microenvironment in tumors

This heterogenous blood flow thus leads to an altered metabolic microenvironment consisting
in drastic changes in the availability of various metabolites. Furthermore, as the viability and
division capacities of tumor cells are highly dependent on nutrients and oxygen supplies, these
variations imply profound metabolic and phenotypic modifications of the cells that have been
extensively investigated in the literature.

One widely-accepted characteristic of tumors cells is that they are notably addicted to glucose
because of oncogenic mutations sustaining high proliferation rate that requires increased
building blocks levels for cellular anabolic processes (1,9). This enhanced avidity for glucose is
even exploited for cancer diagnosis by clinicians using FDG-PET scan imaging (9). High demand
for glucose is a hallmark of tumor cells, highlighted by the work of Dr Warburg in the 1920s. He
demonstrated that cancer cells have a dysregulated glucose metabolism favoring the glycolytic
pathway, independently of the levels of oxygen, to produce energy (1,9). At the moment of his
discovery, Warburg proposed that this aerobic glycolysis is caused by mitochondrial defect in
tumor cells (9). However, this dogma of an “on/off” switch from oxidative phosphorylation to

glycolysis in tumors such as proposed by the so-called Warburg effect is currently reconsidered
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as some tumors are able to increase both anaerobic and aerobic glycolysis capacities (Figure 3)

(9,10).
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Figure 3: Anaerobic glycolysis and oxidative metabolism in cancer cells.

A) Representation of the Warburg effect describing, in the 1920s, an enhanced glycolysis and a repressed oxidative
phosphorylation in cancer cells. B) Metabolomic analysis in 2016 revealing that tumor cells increase both glycolysis and glucose
oxidation. Adapted from (9).

Consistent with these observations, due to a high conversion of glucose, several studies
measured lower glucose amounts in the tumor compared to the adjacent normal tissue (10,11).
For instance, the metabolomic study of Hirayama and colleagues, performed in paired-tissue
samples of colon tumors, revealed a 10-fold decrease in glucose concentrations in tumors
compared to the normal counterpart (10). This was associated to enhanced levels of metabolic
intermediates of several pathway involving glucose: the glycolysis, the pentose phosphate and
Krebs cycle pathways (10). In pancreatic tumors as well, characterized by a massive stroma,
glucose concentrations were decreased in the tumors compared to normal tissue, associated

to an enhanced aerobic glycolysis (Figure 4) (11).
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Figure 4: Pancreatic ductal adenocarcinomas display lower concentrations of several nutrients compared to

the adjacent tissue.

Concentrations of several metabolites in PDAC tumors compared to benign adjacent counterpart. Of note, glucose and several
amino acids such as glutamine, serine or asparagine are decreased in tumors. Extracted from (11).

However, tumor cells not only rely on glucose consumption but use also other nutrients to
sustain an excessive growth rate. Indeed, in the same study, Kamphorst and coworkers
measured decreased concentrations of several amino acids in pancreatic tumors in comparison
with the normal tissue (Figure 4) (11). Consistent results have been reported by Dr Muir’s lab
showing lower amounts of glucose and amino acids (arginine, tryptophan) in pancreatic
tumoral interstitial fluid than in plasma (12). However, several amino acids amounts were
higher in colon tumors compared to adjacent tissue. Particularly glutamate was found
accumulated in colon tumor cells although glutamine amount is unchanged. This suggests an
active conversion of glutamine into glutamate through the glutaminolysis pathway and, by

extension, that glutamine is limiting in the microenvironment of colon tumors (10).
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In addition to a bulk nutrient scarcity in tumors, the oxygen and nutrients availability within the
tumor is spatially heterogeneous as previously shown in Figure 1B-C. As expected, lower
concentrations of several amino acids are observed in poorly-perfused regions of the
melanoma tumors compared to those at the periphery of vessels (Figure 5) (13).0f note, the
arginine, asparagine and glutamine are the amino acids whose concentrations drop the most

in tumor area with high vascularization defects.

Table 1 Amino acid concentrations in tumour periphery and core regions.

Amino acid Mean (uM Ratio P
Periphe Core (Core/periphery)
Arg 133.87 21.73 0.20 0.00030
Asn 121.41 28.99 0.29 0.022
Gln 487.66 229.15 0.46 0.0033
Ser 575.73 277.54 0.47 0.0060
Asp 666.86 387.92 0.55 0.0058
Hyp 18.46 14.40 0.69 0.040
Trp 22.11 20.21 0.71 0.24
Phe 82.47 65.75 0.72 0.047
Tyr 194.13 152.47 0.76 0.064
Ala 978.48 807.27 0.82 0.00045
Gly 1077.70 898.67 0.83 0.18
Taurine 378.89 350.62 0.85 0.25
Met 148.07 126.03 0.87 0.034
lle 140.70 126.12 0.88 0.050
Leu 260.55 226.25 0.90 0.034
Glu 1870.06 1675.91 0.90 0.031
Citrulline 99.02 110.02 0.91 0.69
Thr 527.11 476.26 0.91 0.10
Lys 174.50 165.59 0.92 0.19
His 167.78 153.61 0.93 0.28
Orn 44.67 53.27 0.96 0.89
Val 284.05 271.62 0.97 0.48
Pro 301.11 330.89 1.16 0.048
Cys-Cys 12.15 8.69 50.82 0.23

Figure 5: Amino acids concentrations according to spatial localization within the tumor.

Concentrations of amino acids measured in melanoma tumors at the periphery compared to the core. Table from (13).
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2) Phenotypic consequences of the nutritional stress on tumor cells
The perfusion rate and accessibility to blood supplies define the fate of the tumor cell as well
as its phenotypical features. Notably, cell survival in conditions of restricted access to nutrients
rely on profound changes driving modifications of cell phenotype and acquisition of pro-

tumoral abilities.

a. Cell cycle arrest and apoptosis

The degree of starvation defines the balance between proliferation arrest and cell death.
Hence, the intensity, the nature and duration of the metabolic stress is critical for cell outcome
(14). If the cell is exposed to a severe and unsalvageable stress, a pro-apoptotic signaling will
be triggered, leading ultimately to cell death (15—-20). Therefore, cell adaptation towards the

evolution of the nutritional microenvironment is determinant in the process of tumorigenesis.

The initiation step of tumorigenesis represents a relevant model of cell death caused by the
metabolic stress.

In response to oncogenic mutations, malignant cells increase their demand of nutrients to
support the dysregulated proliferation. This exacerbated uptake and conversion of nutrients
can result in nutrient exhaustion within the microenvironment and potential lethal metabolic
stress. Firstly, limitation of biosynthetic processes will prevent intracellular exhaustion of ATP
and amino acid and is accompanied with cell cycle arrest (21,22). DNA replication and
progression along the different phases of cell cycle are under control of cell-cycle checkpoints.
These checkpoints are surveillance mechanisms ensuring notably that microenvironmental
conditions are suitable for genomic replication and integrity during mitosis. If not, the cyclin-
dependent kinases (CDKs) and cyclin inhibitors hinder cell cycle progression by regulating the
transitions between each phase of the cell cycle (G1, S, G2, M). Delays in cell cycle progression
have been observed in condition of nutritional depletion such as glucose or glutamine
deprivation, but the checkpoints dysregulated are unclear and appears to be context/model-
dependent (23-29). For instance, controversial data are observed for glutamine, since
deprivation for this amino acid can lead to cell cycle arrests in G1, S or G2/M (23,24,27,29).
These discrepancies might be explained by the type of i) applied starvation (complete or partial)

and ii) stress submitted to the cell. Indeed, glutamine starvation can induce both growth
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impairment and DNA damages. The stress severity can thus determine whether the cell will be
arrested in G1/S phase (cell growth impairment) or G2/M (DNA damage response pathways).
The phase in which the cell is originally positioned before the stress is also determinant. In
asynchronous cells, glutamine deprivation triggers a G1/S arrest whereas, in synchronous cells,
the same stress slows down also the G2/M phase (24). Finally, the intrinsic capacity of the
tumor cells to cope with the nutritional stress is another determinant for the type of cell cycle
arrest. Overall, these data illustrate the complexity to mimick a relevant starvation state in vitro.
Nevertheless, based on in vivo or 3D models, tumor cells located in poorly-perfused areas are
majorly blocked in G1/S indicating that a complex metabolic stress is rather associated to
growth impairment (30). Overall, modulating the cell-cycle checkpoints activity remains an
efficient mechanism to survive to transient stressful conditions as it allows tumor cells to “rest”
until conditions favorable for their progression are met again.

However, if the stress is prolonged at an intolerable degree, most of the transforming cells will
die by apoptosis; this event constituting a first “antitumoral barrier” (15—20). Therefore, only
tumor cells that are able to adapt and undergo profound modifications, mostly related to

differentiation state and plasticity, will survive and promote the tumor onset (Figure 6).

NON TRANSFORMED APOPTOTIC SURVIVAL PROLIFERATION
TRANSFORMED CRISIS

T T T T

Oncogenic Metabolic Adaptation Progression
transformation stress

Figure 6: The metabolic crisis faced by tumor cells drives tumorigenesis.

Adaptation to metabolic stress is determinant for tumor cell survival at early stages of tumorigenesis. Transformed cells have
excessive demands in nutrients, higher than what is supplied by blood vessels, leading to a metabolic stress. Most of the cells
undergo apoptosis, whereas cells able to adapt will survive and foster tumor progression. Adapted from (16) and designed with
BioRender.
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b. Cell plasticity and acquisition of aggressive features

As a matter of fact, the intratumor nutritional stress acts as a selective pressure on malignant
cells. Indeed, apoptosis escape and survival implicate the establishment of a complex plasticity
program supporting dedifferentiation and invasive features (13,31,32). These phenotypic
modifications are accompanied by the acquisition of novel characteristics supporting tumor cell

resistance to conventional treatments.

e Loss of differentiation
Cell adaption to prolonged metabolic stress particularly involves a plasticity program related to
cell identify modification and driving loss of cell differentiation. Functionally, cancer stem cells
isolated from pancreatic adenocarcinomas are insensitive to glycolysis inhibition induced by
galactose treatment and artificially mimicking glucose deprivation, demonstrating that these
cells, naturally evolving in starved-niches, remain resistant to metabolic stress (33). Indeed, low
levels of oxygen and nutrients induce stress pathways that promote the expression of markers
related to stemness in tumor cells. For instance, in several types of cancer, the metabolic stress
leads to an augmentation of the stemness-like markers, such as OCT-4 (34,35). Consistently,
OCT-4 expression is localized in poorly-perfused areas of hepatocarcinomas (36). This
observation is in line with the work of Jewer and colleagues on breast cancer cells, highlighting
that elevation of stemness-related markers upon stress, SNAIL, NODAL and NANOG, relieson a

specific translational rewiring rather than a transcriptomic program (31).

Beyond the shortage of glucose, glutamine restriction also contributes to the upregulation of
stemness-related markers (NANOG, OCT4, SOX2, KLF4) in various tumor cell lines and in vivo in
and patients (13,36). The underlying mechanisms involves epigenetics remodeling including the
elevation of histones trimethylation (H3K4, H3K9 and H3K27) that promotes their expression
of these genes. In a similar manner, glutamine deprivation decreases the availability of alpha-
ketoglutarate, required to maintain hypomethylation of DNA and the transcription of genes
involved in the differentiation process of colon cancer cells. Accordingly, low levels of glutamine
activate the Wnt signaling pathway, a well-known pathway involved in dedifferentiation of
colon cancer cells (37). Lastly, glutamine scarcity leads to the generation of ROS that, rather

than forcing cells to undergo apoptosis, favors the phosphorylation of the mitochondrial fission
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regulator GTPase DRP1 protein, resulting in mitochondrial fragmentation and higher
proportions of stem cells expressing the CD44 and CD45 dedifferentiation markers (38).

Altogether, these studies highlight that reduced glutamine amounts within the tumor cells
microenvironment is particularly determinant for the loss of differentiation. Though glutamine
is necessary to sustain high proliferation rates, it is not essential for their survival. Hence, it
supports the idea that glutamine is a critical nutrient for cancer cells as it strongly participates
in the tumor cell identity modifications in response to stress, allowing the acquisition of

aggressive features that condition tumor cells sensitivity to treatments and patients’ prognosis.

e Invasiveness

Tumor cells exposed to low concentrations of oxygen and nutrients also develop migration and
dissemination capacities. Notably, a well-known phenomenon called epithelial-mesenchymal
transition (EMT) allow tumor cells to repress epithelial characteristics to gain mesenchymal
features. As a consequence of exposure to nutritional stress, the activation of EMT: i)
participates to an increased proportion of cancer stem cells, characterized by quiescency, a
state of reversible cell cycle arrest associated to low proliferation rate and decreased anabolic
processes (see next paragraph) and ii) promotes tumor cells mobility and ability to disseminate
(39).

Cell lines adapted to low oxygen conditions have enhanced tumorigenic properties and invasive
capacities as demonstrated by their facilitated ability to form tumors once injected in mice tails,
independently of their histological subtype origin (35). In accordance, cells subjected to
nutrient starvation such as glucose deprivation induce the expression of matrix
metalloproteinases, enzymes involved in matrix remodeling that permit to degrade the
extracellular matrix and to escape (40). In hepatocarcinoma models, EMT can be triggered by
combining glucose starvation and hypoxia (41). Glutamine starvation contributes also to
metastasis induction as it enables the expression of specific proteins related to an enhanced
invasiveness, including the EMT marker Snail2 in pancreatic breast and skin cancers (31,42)
(13). Collectively, these data underline that: i) contrarily to most in vitro studies, the acquisition
of dissemination properties relies on the exposition to plural nutrients deprivation as observed
in the complex intratumor metabolic microenvironment, ii) an impairment of the mitochondria
metabolism (hypoxia, glutamine starvation) is critical for EMT induction. Moreover, in colon

cancer, the nutritional stress experienced by cancer cells, such as hypoxia, augments the
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synthesis of cytokines that trigger signals to normoxic cells and promotes their metastatic
properties (43). This demonstrates that the heterogeneity of the nutritional environment in the

tumor actually has a global impact on tumor progression.

3) Impact of the nutritional stress on patients’ outcome and therapeutic
resistances

Although exposure to nutritional stress triggers plasticity programs in tumor cells, whether
these observations, mostly in preclinical models, can be extended to clinical outcome remain a
critical point to address. Observations reported in patients confirm that the exposition of
cancer cells to scarcity is associated to increased resistance to therapeutics and high risk of
relapses for patients in a wide panel of cancer. The activation of stress responses induced by
the nutritional starvation, majorly highlighted through proteomics approaches, have been
reported and associated to poorer prognosis in several tumors such as melanomas, gastric,

ovarian cancers, or lung and pancreatic adenocarcinomas (44—48).

My thesis project focused on colon adenocarcinoma (COAD) (see the associated supplementary
box 1 for extended information on the pathology) and several evidences suggest that the
nutritional stress participates in COAD aggressiveness and resistance to conventional therapies.
For instance, the consensus molecular subtype (CMS) classification showed that the CMS4
subgroup is associated to a high stromal signature and an increased expression of genes
involved in dedifferentiation and EMT (Table 1 in supplementary box 1) (49,50). Cancers
classified in this particular subgroup display a high enrichment for gene signatures related to
hypoxia and low DNA repair (51), consistent with the known defects in DNA repair pathway in
cells exposed to hypoxic conditions (52,53). Patients diagnosed with a colon cancer of the CMS4
subgroup have the worse overall and progression-free survival compared to the other
subgroups (49,50), supporting that the metabolic stress in COAD contributes to tumor
progression and poor response to treatment.

In a similar manner, in clinics, the number of circulating tumor cells (CTC), that already have

acquire the ability to migrate, is correlated to patients’ outcome in metastatic colon cancer
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disease (54). However, the pool of CTC is constituted of different subpopulations expressing
singular genetic and phenotypic features. Consequently, even if every CTC is able to
disseminate, not all of them will be able to raise secondary tumors. Only cancer cells that have
acquired dedifferentiated and invasive characteristics are equipped to create niches auspicious
for the development of metastasis. Accordingly, an elevated proportion of CTC expressing
stem-related and mesenchymal markers such as CD44, ALDH1 and TWIST1 are predictive of
bad prognosis and recurrence in digestive and breast cancers (55-57). Consequently, the
tumoral microenvironment might also contribute to cancer cells behavior in vivo as well and

the subsequent patients’ outcome.

Resistance to chemotherapies

The poor prognosis for patients bearing tumors chronically exposed to metabolic stress is also
related to the decrease sensibility of tumor cells adapted to nutrient scarcity when exposed to
therapeutic agents. For instance, the CMS4 group of colon cancers is resistant to commonly
used therapeutics such as 5-FU and Oxaliplatin in the FOLFOX regimen or to anti-EGFR
treatment (49). Studies in vitro indeed demonstrated that colon cancer cells developing
resistance to conventional chemotherapies Oxaliplatin or 5-FU share common features with
cancer stem cells. This supports that the deprived nutritional environment not only delays cell
cycle progression to promote the entry in a quiescent state, naturally resistant to
chemotherapeutic agents exclusively targeting proliferative cells, but also drives the acquisition

of dedifferentiated markers also promoting therapeutic resistance (58)(59,60).

Immunotherapy resistance

Correlative data show that alteration of the metabolic microenvironment is also contributing
to immunotherapy resistance. Notably, the strong expression of metabolic stress-related
biomarkers in microsatellite stable tumors is associated with cancer relapse (61). Interestingly,
these tumors are naturally poorly sensitive to immunotherapy and majorly classified into the
CMS2 or the CMS4 subgroups, the latter being particularly characterized by an enrichment in
genes induced by metabolic stress exposure (62). Conversely, in microsatellite instable colon
tumors, mostly gathered in the CMS1 subgroup and originally responsive to immune
checkpointsinhibitors, a metabolic reprogramming promoting glycolysis such as observed upon

metabolic stress is associated with immunotherapy failure (63).
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This observation has also been reported in other types of cancer. For instance, squamous head
and neck tumor cells evolving in a stressful metabolic environment display a low sensitivity to
immunotherapy (61,64). Among the mechanisms modulated in response to nutritional stress,
a poor response to immunotherapies such as anti-PD-L1 treatments in melanoma cancer cells
is promoted by the translational reprogramming inducting the IPRES (innate anti-PD-1
resistance) gene signature (46).

Moreover, the metabolic rewiring occurring upon nutritional stress not only favors
modifications of cancer cells’ identity but also impair the capacities of immune cells, all
encouraging therapeutic resistance. For instance, as a consequence of the metabolic stress and
subsequent alteration of mitochondria function, the production of lactate increases, resulting
in an important acidification of the microenvironment, diverted by tumor cells to acquire new
pro-survival features such as invasive properties, but is also associated to the repression of T
cells or macrophage immune cells activity (65,66). Another example of the crosstalk between
cancer cells metabolism and immunosuppression is the enhanced consumption of tryptophan
in tumor cells and consequent synthesis of formate that is used to fuel the nucleotide synthesis
pathway of tumor and stromal cells (67). Furthermore, tryptophan degradation produces
kynurenine, a immunosuppressive metabolite inhibiting immune cells such as T cells (68).

This highlights that the metabolic environment influence patients’ response to immunotherapy
through the combination of pro-survival phenotypic modifications of cancer cells and the

impairment of immune cells abilities.

Altogether, this demonstrates that the metabolic microenvironment conditions the response

to both historical and recently developed treatments.
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Supplementary box 1: Generalities on Colorectal Cancer

Colorectal cancer (CRC) is the second deadliest cancer and third most frequently diagnosed cancer worldwide
with almost 2 million new cases in 2020. Its incidence, favored by western lifestyles, continues to increase

nowadays with 3.2 million new cases expected (1.6 million deaths) in 2040 (69).

In clinics, CRC tumors are usually stratified according to: i) the TNM classification in stages | to IV depending
on tumors’ size and invasiveness, ii) the histological subtype (CRC worldwide >90% adenocarcinomas, 5-20%
mucinous, and other rarer subtypes) (70). Depending on the origin of the pathology, CRC can be also either
inherited, familial or sporadic: i) inherited CRC (5-10% of CRC) arise in patients with identified genetic
alterations such as hereditary non-polyposis colorectal cancer HNPCC (also called Lynch syndrome) linked to
mutations in genes of the DNA mismatch repair pathway (MMR); ii) familial CRC (20-25%) is restricted to
patients with familial history of CRC and in absence of inherited syndrome; iii) finally, sporadic CRC (70%)
gather all the other patients with no hereditary mutations or familial history. A latest group can be defined
as colitis-associated CRC that develop from long-standing inflammatory bowel diseases (IBD), exposing to a

3-fold increased risk to develop CRC (71-73).

Concerning the pathogenesis, CRC results from the uncontrolled proliferation of glandular epithelial cells in
the colon (72% of CRC) or in the rectum (28% of CRC) (70). CRC frequently results from the clonal expansion
of an intestinal cell with stemness features, giving birth to a primary benign lesion that will then eventually
transform into an invasive carcinoma (74,75). Development of the disease is majorly related to alterations in
pathways regulating stemness, notably altering the crosstalk between Wnt/B-catenin and Notch pathways,
mutually competing with each other to tightly control stem cells differentiation (76).

The progression towards malignancy is enabled by an accumulation of innate or acquired alterations in the
genome of colon cancer cells. Notably, CRC tumorigenesis has been linked to mutations in proto-oncogenes
(MYC, RAS or WNT for example), in tumor suppressor genes (such as APC, TP53), and in DNA repair genes
(MSH2, MSH6, MLH1, PMS2 among others) (70,77,78). In sporadic CRC, loss of APC, constitutively activating
the Wnt pathway, is recognized as the primary event driving adenoma development. This event is usually
followed by mutations in the RAS pathway and loss of TP53 tumor suppressor, enabling the shift towards
adenocarcinoma (77). In the contrary, in IBD-diverted CRC, an increase in environmental ROS lead primarily
to mutations in TP53 and low-grade dysplasia converting in high-grade dysplasia and finally carcinoma thanks
to additional mutations (79). Yet, APC mutations occurs lately and is rarely present in the corresponding
tumors (79). Additional mechanisms promoting the tumorigenesis are linked to mutations of genes involved
in the DNA repair, WNT, RAS and TGFB pathways (80). In a different manner, inherited syndromes covering
notably HNPCC and familial adenomatous polyposis (FAP) respectively associated with initial alterations in

genes involved in the DNA mismatch repair pathway (81) or APC (82). Additional mutations (KRAS, TP53,...)
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will then foster the tumorigenic process (83). Altogether, this illustrates the diversity of genetic alterations

participating to the pathogenesis of colon cancer.

All these mutations initiating tumorigenesis can lead to perturbation in cell cycle checkpoints, DNA repair
response and accumulation of unrepaired DNA damages, resulting in a pro-tumorigenic instability of the
genomic information. Three different pathways underly genomic instability: chromosome instability (CIN),
microsatellite instability (MSI), and CpG island methylator phenotype (CIMP) (70). CIN (also known as
microsatellite stable MSS status, 85% of CRC) results from errors in chromosomes segregation and leads to
alterations in chromosome number and structure. MSI tumors (15% of CRC) represents a subgroup with
defects in DNA mismatch repair (MMR) leading to unrepaired hypermutation of microsatellite sequences, in
absence of huge chromosomal abnormalities. CIMP is associated to increased methylation of CpG islands
driving gene silencing. The majority of sporadic CRC display chromosomic alterations, associated with MSS
status. On the other side, tumors with MSI-high status mainly develop in the predisposed context of IBD and
in inherited HNPCC. This highlights the complexity to stratify tumors according to their specific features in
order to better understand the specificities and vulnerabilities of each pathology. The genetic and proteomic
instability of MSI tumors is now clinically considered as a prognostic biomarker for immunotherapy

achievement (62).

Beyond the classical CRC classification based on genomic alterations, the Consensus Molecular Subtypes
(CMS) of colorectal cancer has emerged has a comprehensive tool for the classification of CRC. These tumors
have been separated into different subtypes depending on tumors’ genomic background and phenotypical
characteristics. The CMS is the result of the analysis of large-scale gene expression studies to define four
specific diseases patterns (Table 1) (50).

In this context, MSS tumors are mainly categorized in the CMS2 and CMS4 subgroups whereas MSI tumors
represent the majority of the CMS1 and a part of CMS3 subgroup. According to this classification, the CMS4
represents the subgroup with the worse relapse-free and overall survival compared to the other CMS.
Intriguingly, the CMS4 is characterized by a strong stromal infiltration, angiogenesis and increase in

dedifferentiated markers, common features found in cells exposed to chronic metabolic stress.

CMS2 CMs4
Canonical Mesenchymal

14% 37% 13% 23%
MSI, CIMP high, Mixed MSI status,
'9 SCNA high X . SCNA high
hypermutation SCNA low, CIMP low
BRAF mutations KRAS mutations
. | infil i
Immune infiltration WNT and Metabolic Stroma |n4| trétlon,
o o . TGFB activation,
and activation MYC activation deregulation . .
angiogenesis
Worse survival Worse relapse-free
after relapse and overall survival

Table 1: The Consensus Molecular Subtypes classification of colorectal cancer.

Main characteristics of colorectal tumors according the four different CMS subgroups (Extracted from (50))
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II. ADJUSTMENT OF RIBOSOME BIOGENESIS AND TRANSLATIONAL FUNCTION
UNDERLY CELLULAR PLASTICITY AND OUTCOME

Preamble: adjustment of the global translational machinery in tumor cells’

adaptative response

Cancer cell adaptation to this altered intratumoral nutritional environment is a complex process
implicating numerous epigenetic, biochemical, molecular and reprogramming pathways. As
mentioned above, considering that translation and ribosome biogenesis are high energy
consuming processes for the cells (84,85), the regulation of the protein synthesis and the
associated translational program are particularly key processes involved in the cellular
adaptation upon metabolic stress. Adjustment of the translational program aims at two major
outcomes: i) the preservation of energy and nutrients pools to prevent cell death (21,86—88)
and, ii) the selective translation of a subset of mRNAs involved in cell plasticity to face the stress
(31,89-93). The repression of the initiation phase of translation in cells exposed to nutritional
stress is a critical step in the global downregulation of protein synthesis (preservation of
metabolites pools), and concomitantly favors the translation of specific mMRNAs encoding

dedifferentiation and EMT markers for example (13,31).

Yet, the translation is ensured by mature and active ribosomes, ribonucleoprotein complexes
in charge of: i) decoding mRNA sequences and ii) the synthesis of the corresponding protein
(94). The translational reprograming and activity require the concomitant adaptation of
ribosomes biogenesis. For instance, the downregulation of ribosomes abundance protects the
cell from proteotoxic stress induced by misfolded proteins upon arsenic treatment (95). Thus,
the production of ribosomes is modulated to tightly match with translation demands and

abilities of the cell.

The ribosome biogenesis necessitates nucleotides for ensuring the transcription of rRNAs.
However the pool of nucleotides is highly dependent of the available nutrients, mainly glucose
and glutamine (96—101). Hence, the control of ribosome biogenesis rates is determinant in

conditions of limited access to nutrients (96).
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This chapter will be focused on the role of played by the ribosome biogenesis modulation
according the nutritional milieu. The first part will be dedicated to the description of the
ribosome biogenesis pathway whereas the second part will focus on the consequence of

ribosome biogenesis impairment upon stress.

1) Description of the ribosome biogenesis and translational function

The eukaryotic functional ribosome, called the 80S ribosome, is constituted of two subunits: i)
the small 40S subunit composed of 18S rRNA and 33 ribosomal proteins, and ii) the large 60S
subunit resulting from the association of 28S, 5S and 5.8S rRNAs with 47 ribosomal proteins
(97).

The production of ribosomes relies on the synchronization of three RNA polymerases (RNA Pol):
i) the RNA Pol | is in charge of the transcription of the precursor rRNA cleaved in 18S, 28S and
5.8S mature rRNA, ii) the RNA Pol lll produces the 55 mature rRNA and transfer tRNAs, and iii)
the RNA Pol Il synthesizes the ribosomal proteins as well as small nucleolar snoRNAs involved

in MRNA processing (Figure 7) (102).

Considering its central role in the translational process, the synthesis of ribosomes is tightly
regulated and requires the coordination of several processes occurring in different cellular
compartments, including the production and maturation of rRNAs, the assembly of ribosomal

proteins, and finally the maturation of ribosomes (102).
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Figure 7: Ribosome biogenesis at a glance.

Ribosome biogenesis mostly occurs in the nucleolus where RNA Pol | transcribes ribosomal DNA (rDNA) to synthesize a 475
precursor-rRNA (47S pre-rRNA) subsequently cleaved in 18S, 28S and 5.85 mature rRNA. In the 90S processome, the 47S pre-
rRNA co-transcriptionally binds to: i) 55 rRNA transcribed by RNA Pol Il in the nucleoplasm and, ii) ribosomal proteins (RPs)
which mRNAs have been transcribed by RNA Pol Il in the nucleus, translated and matured in the cytoplasm, and finally re-
imported in the nucleolus. Maturation of the 90S processome is required to produce pre-40S and pre-60S ribosomal subunits
and rely on the modification and processing of the pre-rRNA by ~200 small nucleolar RNAs (snoRNAs) transcribed by RNA Pol
|l'in the nucleoplasm. Ribosome biogenesis is completed after the export in the cytoplasm and final incorporation of RP in the
produced ribosomal subunits, resulting in a mature 80S ribosome ready for protein synthesis. In the figure, orange pentagons
represent rRNA modifications; RPL, large subunit ribosomal proteins; RPS, small subunit ribosomal proteins; 5'TOP, 5'-terminal
oligopyrimidine tract. Figure extracted from (97).
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a. 47S pre-rRNA transcription by RNA polymerase | & processing

Ribosomes biogenesis requires the production of rRNAs by the RNA Pol | that takes place in the
nucleolus, a subnuclear membrane-less organelle. The nucleolus is subdivided in three
compartments: the granular component, the dense fibrillary component, and the fibrillary

center (Figure 8) (103,104).

Figure 8: The different nucleolar compartments visualized through electron microscopy.

Nucleolus in a mouse cell. f, d and g respectively correspond to fibrillary centers, dense fibrillar components and granular
components. Black arrows point to condensed chromatin in the periphery of nucleolus, the asterisk shows dense fibrillar
components clump in the fibrillar center. Figure extracted from (103).

The nucleolus is a dynamic structure organized around nucleolar organizers regions (NORs) that
host the ribosomal DNA (rDNA) genes (encoding for rRNAs) and spread over five acrocentric

chromosomes (13, 14, 15, 21 and 22) (105).

RNA Pol I-mediated transcription of the rDNA occurs in the fibrillar center of the nucleolus or
at its border with the dense fibrillary component, and enables the formation of so-called
“Christmas trees” structures with a trunk made of rDNA and branches constituted of the
precursor rRNA being synthesized (Figure 9A) (106). In human cells, the nucleolus contains up
to 400 repeats of rDNA of approximately 43 kb, consisting in a 30 kb long intergenic transcribed
spacer (ITS) and a 13 kb transcribed region corresponding to the 47S precursor rRNA (pre-rRNA)
(Figure 9B) (102).
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Figure 9: rDNA transcription.

A) Spread Christmas tree structure from a mouse cell is shown. Arrowheads designate terminal balls at the 5 extremity of
nascent trans-cripts.” Christmas tree” structures raised during rDNA transcription in a mouse cell. Arrowheads point towards
the 5" extremity of synthesized transcripts (figure extracted from (103) reprinted from Scheer and Benavente, 1990). B)
Organization of human ribosomal genes in the genome and composition of their transcripts. Figure extracted from (103).

Although several pre-rRNA are synthesized concomitantly, only half of the rDNA repeats can be
transcribed at the same moment depending on the chromatin structure (102,107). The
transcriptionally inactive rDNAs are characterized by a hypermethylation and inhibitory histone
modifications that drive rDNA condensation out of fibrillar component. The transcriptionally
active rDNAs, in the contrary, are open thanks to hypomethylation of DNA and acetylated

histones.

e Pre-initiation complex formation
Transcription mediated by RNA Pol | relies on the open structure of chromatin and the

formation of the pre-initiation complex, a complex association of several factors that forms a
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platform for molecular interactions. Solely core elements of this complex will be briefly
described below.

The recruitment of RNA Pol | to the rDNA necessitates the binding of two factors in the
promoter region: i) the upstream binding factor (UBF), a high mobility group (HMG) protein
binding to DNA and ii) a multimeric protein called the selectivity factor (SL1), involved in the
recruitment of other factors required for the pre-initiation complex formation.

The binding of UBF to rDNA promoter and to the upstream core element UCE induces structural
changes leading to the formation of a DNA loop that allows the recruitment of RNA Pol |
(83)(84). Moreover, UBF participates in the stabilization of SL1 (known as TIF-IB in mouse)
binding to rDNA promoter, required for the enrollment of RNA Pol | (85). Conversely, SL1
stabilizes UBF interaction with the rDNA promoter (86). Altogether, RNA Pol | recruitment and
specific binding to rDNA requires the cooperation of UBF and SL1.

In addition, SL1 interacts with the RNA polymerase |-specific transcription initiation factor RRN3
(known as TIF-IA in mouse) mediating the connection between RNA Pol | and promoter binding

factors (87). Only RNA Pol | associated to RRN3 are able to initiate transcription (88).

e Promoter escape & elongation
Once the pre-initiation complex is formed at the promoter, incorporation of the first
ribonucleotides of the RNA during the elongation step, starts as RNA Pol | dissociates from the
rDNA, a phenomenon called promoter escape (108) that is the rate limiting step of rRNA
transcription (109). This event depends on RRN3 phosphorylation by casein kinase 2 (CK2)
associated with the pre-initiation complex (110), and allows RRN3 separation from RNA Pol |
that permits transcription elongation (111). UBF stimulates promoter escape and the
subsequent elongation, although the exact mechanism remains partially understood (102). For
instance, it was shown that UBF is spread over the whole sequence of the rDNA, suggesting a
role in the control of the elongation process through modulation of the rDNA chromatin
structure (112). Indeed, chromatin remodeling and topological changes in rDNA structure,
mediated by histones chaperones or topoisomerases | and Il, appear to be critical to promote

RNA Pol | activity and the elongation phase of rRNA transcription (102).
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e Termination of pre-rRNA transcription
Finally, termination of transcription occurs as RNA Pol | faces the transcription termination
factor 1 (TTF-1) bond to terminator elements downstream of the rDNA. This event leads to the
stalling of RNA Pol | and its removal by the polymerase | and transcript release factor (PTRF)
releasing the synthesized 47S pre-rRNA (113). Other factors involved in the cleavage of the
nascent pre-rRNA (endonuclease Rntl and exonuclease Xrn2 cooperating with RNA helicase

Sen1) participate in the termination process (102).

e Processing of the 47s pre-rRNA
In the 47S pre-rRNA transcript, the sequences of 28S, 18S and 5.8S rRNAs are separated by two
internal transcribed spacers (ITS) and bordered by 5" and 3’ external transcribed spacers (ETS)
(Figure 10). Hence, to produce these three mature rRNAs required for the constitution of active
ribosomes, the 47S pre-rRNA needs to be processed and to undergo several modifications.
This processing begins during the elongation phase and is complex and finely regulated.
Hundreds of actors (such as small nucleolar snoRNAs, ribosome assembly factors, nucleolar
factors, endo or exonucleases...) are involved in cleavage, folding and chemical modifications
(such as pseudouridylation and methylation) of the 47S pre-rRNA to ensure this co-
transcriptional maturation of rRNAs and assembly of pre-ribosomal units (114). Only a brief
description of the cleavage processes leading to the generation of mature rRNAs will be given
here.
Basically, the first step of the processing is to get rid of both 5" and 3’-ETS ending regions of the
pre-rRNA by cleavage at sites 01 and 02 leading to 45S pre-rRNA (Figure 10). Then, two co-
existing alternative pathways can be pursued:

i) pathway 1, 45S is processed by cleavage in sites A0 and 1 to become 41S precursor

that will then require additional cleavages to result in the 21S and 32S rRNA;

ii) pathway 2, 45S is first processed at site 2 leading to 32S and 30S precursor, the
latter being subsequently cleaved to 26S intermediate or directly to 21S.
Consequently, the two pathways equally lead to the generation of 21S and 32S further
processed to 18S, 28S and 5.8S rRNAs. Finally, maturation of 5.8S and 28S is completed in the
nucleolus whereas 18S-E associates to ribosomal proteins to be transported out of the nucleus

and finish its maturation in the cytoplasm.
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Figure 10: Processing of the 47S pre-rRNA in human.

First, both ends of the 47S pre-rRNA are cleaved at sites 01 and 02, generating the 45S precursor processed by two alternative
pathways. In pathway 1, processing starts in the 5’-ETS by concomitant cleavage at sites A0 and 1 to give raise to 41S pre-rRNA;
whereas in pathway 2 processing begins in ITS1 at site 2 leading to generation of 30S and 32S pre-rRNAs. Of note, the
uncoupling of cleavages at sites A0 and 1 in pathway 1 (represented as a “loop”) generate the 43S pre-rRNA. In pathway 1,
cleavage at site 2 of the 41S pre-rRNA produces 21S and 32S pre-rRNAs; in pathway 2, 30S is converted in 21S. Of note, in
pathway 2, the 30S is either directly matured into 21S by simultaneous cleavages at sites AO and 1, or through the formation
of an intermediate 26S pre-rRNA by subsequent processing in site AO and site 1 (represented as a “loop”). Then, the 21S is
cropped to site C and then to site E, only 24 nt downstream of the end of mature 18S rRNA, to produce 18S-E pre-rRNA then
exported in the cytoplasm to be cleaved at site 3 and generate the final 18S rRNA. In parallel, the 32S pre-rRNA is matured at
site 3’ in ITS2 to produce the 12S pre-rRNA and the 28S rRNA. The 12S is cut at site 4a into 7S and then at site 4’ to generate
the 5.8S rRNA. Two forms of 5.8S rRNA can be produced, short (S) or long (L), differing by the extension in the 5’ extremity.
Additional processing sites have been proposed but are not represented here to facilitate the lecture. Figure extracted from
(114).
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b. Transcription of 55 rRNA by RNA polymerase Ill and maturation

The last mature rRNA required for ribosomes formation is the 5S, encoded by a cluster of
tandem repeats. In human, genes encoding 5S rRNA are mostly hosted on chromosome 1 (115),
thus, not included in the NOR regions but closed to nucleolar periphery (116).

The 5S rRNA is transcribed by the RNA Polymerase Il within nucleoplasm (117). Transcription
of 5S rRNA starts after the recognition of the internal control region by the transcription factor
A (TFIIIA) allowing the formation of the pre-initiation complex (118). Then, the transcription
factors TFIIIC2, TFIIIBb and TFIIIC1 join the pre-initiation complex and support TFIlIBb for the
recruitment of the RNA Pol Ill initiating the transcription of 5S rRNA (119). Finally, clusters of
thymidine signal the end of transcription (120).

After being synthesized, the 5S rRNA is transported in the cytoplasm with TFIIIA or RPL5 to
complete its maturation (121). Then, mature 55 rRNA bound to RPL5 to shuttle back to the

nucleus and being assembled in precursor ribosomes (122).

c. Ribosomes assembly, maturation and role in translation

The maturation of pre-ribosomal subunits and assembly of mature ribosomes are closely linked
to each other and occurs concomitantly.

The assembly factors and ribosomal proteins transcribed by the RNA Pol Il in the cytoplasm
shuttled to the nucleolus to co-transcriptionally associate with the synthesized pre-rRNA. In the
nucleolus, 18S rRNA assemble with 33 ribosomal proteins to give rise to the small 40S pre-
ribosomal subunit, and the 28S, 5S and 5.8S rRNAs bound to other 47 ribosomal proteins to
generate the large 60S pre-ribosomal subunit (97,102).

Maturation of the large and small pre-ribosomal subunits necessitate the intervention of more
than hundred proteins involved in pre-rRNA folding and processing, rendering this process
particularly complex to be entirely depicted and completely deciphered (97).

Besides the numerous actors involved in this process, it requires the shuttling of many of these
proteins between the nucleus and the cytoplasm. For instance, the maturation of pre-
ribosomal particles depends on the transport of ribosomal proteins produced in the cytoplasm
to the nucleolus. Conversely, the pre-ribosomal subunits produced in the nucleolus need to

make their way through the nucleus to reach the cytoplasm to complete their maturation (123).
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Functional ribosomes are responsible for the association of amino acids one by one to
synthesize a polypeptide chain that will be folded to produce a protein corresponding to the
MRNA sequence decoded by ribosomes during the elongation phase of protein translation (94).
To this end, the mRNA sequence is translated into series of three nucleotides named codon.
As the elongation phase begins, P-site is occupied by a peptidyl-tRNA whereas aminoacyl and
exit sites (A and E site) of the 80S ribosome are empty (Figure 11, step i). Then, the process is
achieved in 3 steps:

e selection of an aminoacyl-tRNA (aa-tRNA) complementary to the mRNA codon in the A-
site of the translating ribosome (Figure 11, step ii),

e establishment of a peptide bond between nascent protein and the aa-tRNA,
transferring the peptide linked to tRNA in P-site to the aa-tRNA in the A-site. This leads
to deacetylation of the tRNA in the P-site and to a new peptidyl-tRNA in the A-site
(Figure 11, step iii).

e eEF2-supported translocation of the new peptidyl-tRNA to the P-site, and of the
deacylated-tRNA to the E-site (Figure 11, steps ivand v).

This process is repeated over and over while the ribosome scans the entire sequence of the
MRNA and until it recognizes a stop codon.
(i)
-
9 7 (epn) ™
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Figure 11: The elongation step of translation.

2

Elongation process is achieved in five steps: i) a peptidyl-tRNA is engaged in the P-site of the 80S ribosome, ii) then an aa-tRNA
complementary to the mRNA sequence joined the A-site, iii) a peptide bound forms between the nascent polypeptide chain
and the aa-tRNA resulting in a new peptidyl-tRNA in the A-site and a deacetylated-tRNA in P-site, iv) the new peptidyl-tRNA
translocates from the A-site to the P-site whereas the deacetylated-tRNA translocates to the E-site, v) thus, a new cycle of
elongation is ready to begin. Extracted from (94).
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2) Consequences of the impairment of ribosome biogenesis and activity

a. The nucleolar stress

The nucleolar stress was originally defined as an impairment of ribosome biogenesis triggering
the disruption of nucleolar homeostasis and the subsequent cellular stress response.

Yet, it has been widely accepted that the nucleolus is a central hub integrating various stress
signals such as DNA damages, oxidative stress, hypoxia, nucleotides depletion or nutrient
deprivation. Therefore, nowadays the nucleolar stress refers to all the stressful events leading
to the perturbation of nucleolar morphology and function that induces the activation of a
potentially lethal stress response.

In fact, two main categories of signals inducing a nucleolar stress can be defined: canonical
factors as they directly impair ribosome biogenesis and non-canonical inducers disrupting the

whole cell homeostasis (Table 2) (124).

Canonical Non-canonical
(ribotoxic insults) (wide range of cellular insults)
1. rDNA damage 1. DNA damage:
1.1 UV, irradiation 1.1 UV, irradiation
1.2Act.D (high dose) 1.2 Genetoxic agents
2. Impaired rRNA transcription 2. Impaired RNA transcription:
2.1 rRNA transcription inhibitor (Act.D (low RNA transcription inhibitor (Act.D (high
dose) and other Pol | inhibitors) dose) and other Pol Il /1l inhibitors)
2.2 rRNA elongation inhibitor 3. Impaired protein translation
2.3 Transcription regulating protein defects Inhibitors
3. Impaired rRNA processing 4. Physiochemical perturbations
3.1 Inhibitors 4.1 Hypoxia
3.2 P"°te'f‘ defec.:ts 4.2 Oxidative stress
4. Impaired ribosomal assembly 4.3 Heat shock, cold shock
5. Impaired ribonucleoprotein 4.4 Osmotic shock _
import or ribosome export 5. Nutnent.and serum starvation
6. Metabolic stress

Table 2: Canonical and non-canonical inducers of nucleolar stress.

Two categories of nucleolar stressors: the direct inhibitors of ribosome biogenesis (canonical) and the different situations
globally disrupting cell homeostasis and subsequently inducing nucleolar stress (non-canonical) (124).

It is of importance to notice that many pharmacological compounds disturb the nucleolar
homeostasis. Historical antibacterial agents such as Doxorubicin or Actinomycin D impact the
nucleolus, and of note, the latter is often employed in vitro as a positive control of nucleolar

stress induction (125).
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Moreover, several commonly used chemotherapies inhibit ribosome biogenesis at various
levels and trigger a nucleolar stress that participate in the drug cytotoxicity (125-127). Among
them, Oxaliplatin and 5-fluorouracil (5-FU) are two chemotherapies notably used for the
treatment of colon adenocarcinomas and have been recognized as nucleolar stressors. For
instance, 5-FU, usually considered as an antimetabolite, actually disrupts the nucleolus integrity
through the impairment of pre-rRNA processing (127,128).Platinum-based compounds such as
Oxaliplatin, but not Cisplatin, also induce a nucleolar stress but through the early inhibition of
RNA Pol | (126,127,129), underlying its cytotoxic effect (126,130). Interestingly, Oxaliplatin
presents a higher clinical activity in colon cancer cells in comparison with Cisplatin (131),
suggesting that the impairment of ribosome biogenesis is critical for this particular histological

subtype of cancer, associated with a strongly deregulated ribosome signature (130).

i Consequences of the nucleolar stress

e Impact on the nucleolar morphology

The nucleolar stress is characterized by the alteration of nucleolar morphology that can notably
be visualized through immunofluorescent staining of nucleolar proteins such as Fibrillarin or
Nucleophosmin (NPM1) (126).

Indeed, the induction of nucleolar stress response, as a consequence of rRNA synthesis
disturbance and collapsing of the nucleolus normal architecture, disrupt the assembly and
shuttling of nucleolar proteins leading to an unusual arrangement of nucleolar markers. For
instance, in physiological conditions, UBF is restricted to the fibrillary center, fibrillarin can be
found in the dense fibrillary component, and finally NPM1 is mostly revealed in the granular
component. The diffusion out of their defined nucleolar compartment as well as perturbations
of the normal morphological patterns of these nucleolar markers is the reflect of a nucleolar
stress.

To illustrate, treatment with the RNA Pol | inhibitor, Actinomycin D, or with the chemotherapy
Oxaliplatin interfere with the nucleolus integrity and nucleolar proteins localization, such as
NPM1 or fibrillarin. These proteins can spread out in the nucleoplasm or aggregate and lead to

the formation of particular structures such as nucleolar caps (Figure 12).
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NPM1 and fibrillarin are two nucleolar proteins, thus their distribution is normally restricted to the nucleolus. Upon nucleolar

Figure 12: Delocalization of nucleolar markers upon nucleolar stress.

stress induced by Actinomycin D (ActD) or Oxaliplatin treatments, their localization pattern is disrupted. NPM1 (A) and fibrillarin
(B) diffuse in the nucleoplasm (DAPI staining) and aggregate at the periphery of the nucleolus in so-called nucleolar caps
structures (arrows). Adapted from (126).

e Activation of TP53 pathway
The induction of nucleolar stress has been linked to the stabilization of so-called “guardian of
the genome” TP53 and activation of its pathway, implicated in the regulation of several crucial
cellular functions. Notably, the tumor suppressor TP53 can induce both cell cycle arrest or
apoptosis and is also involved in many other important cellular processes such as DNA repair,
induction of autophagy and differentiation.
Mechanistically, activation of the TP53 pathway relies either on: i) the direct stimulation of
TP53 protein or ii) the disruption of its interaction with E3 ubiquitin ligase MDM2, the negative
regulator of TP53 that promote its ubiquitination and degradation through the proteasome.
Indeed, the impairment of ribosome biogenesis through the repression of RNA Pol |
transcription hinders the production of several rRNAs and ribosomes assembly, leading to free
ribosomal proteins and 5S rRNA that cannot be incorporated. Notably, RPL5 and RPL11
associate to the 55 rRNA to form a 5S ribonucleoprotein particle (5S RNP). Yet, upon nucleolar
stress, the 55 RNP cannot be included in the large ribosomal subunit due to a lack of other
necessary rRNAs and thus, bind to MDM2, impairing its ubiquitin ligase activity and consequent
degradation of TP53 (132,133). Of note, it has been demonstrated that the activation of the 55
RNP-MDM2-TP53 pathway requires both RPL5 and RPL11 proteins, highlighting their crucial
role in the regulation of TP53 pathway in response to nucleolar stress (134).

Other factors have been implicated in the regulation of TP53 in response to nucleolar stress.
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For instance, some nucleolar proteins can directly interact with TP53 upon stress. Of note,
NPM1 translocation in the nucleoplasm allows its direct interaction with TP53 (135) and
promotes also its association to MDM2 competing with binding of P53 (136), both enhancing
the stabilization of TP53.

In addition, the tumor suppressor ARF sequesters MDM?2 in the nucleolus, preventing its
nucleoplasmic interaction with TP53 that lead to cell cycle arrest and apoptosis (137).
Interestingly, ARF participates in the transcription of 47S pre-rRNA and processing in the
nucleolus (138). This study highlights that the regulation of ribosome biogenesis is tightly linked
to nucleolar integrity and control of the TP53 pathway and requires multiples layers of
regulation, consistently with its crucial role in cell fate. Moreover, ARF-mediated stabilization
of TP53 depends on the formation of the 5S RNP, further supporting the idea that each pathway
concurring to the regulation of TP53 pathway are all intimately intricated (133). Hence, cellular

outcome in response to nucleolar stress is the result of this interconnected regulation.

e TP53-independent stress response

Recently, studies reported that nucleolar stress can affect cells despite expressing a non-
functional TP53 protein, suggesting that a TP53-independent stress response is concomitantly
triggered.

To illustrate, in cell lines derived from osteosarcomas, colon cancer and breast tumors,
repression of ribosome biogenesis and related nucleolar stress through the molecular
interference with the catalytic subunit of the RNA Pol | promote the release of RPL11 that bind
to MDM2 and impair its stabilization function toward the transcription factor E2F1 (139). Then,
the downregulation of E2F1 was associated to an impairment of cell cycle progression, even in
cells lacking TP53 protein.

In a similar manner, Lee et al also shown that ribosomal proteins participate in the regulation
of c-Myc activity. Induction of nucleolar stress and increased in free RPL5 promote c-Myc
degradation and, in turn, downregulates c-Myc-driven proliferation of tumor-derived cell lines,
despite the absence of a functional TP53 (140). Consistently, RPL11 overexpression favors its
association to c-Myc and impedes the c-Myc activity, resulting in a decreased proliferation of

osteosarcoma and lung cancer cell lines as well as in mice and human fibroblasts (141).
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Independently of the action of ribosomal proteins, a study reported that nucleolar stress-

mediated downregulation of PIM1 kinase is sufficient to induce cell cycle arrest in

hematopoietic cells through the increase of p27, independently of cells” TP53 status (142).

e Impact of nucleolar stress on cell fate and outcome

CELL CYCLE ARREST: The repression of cell division represents the first response to the nucleolar

stress. This aims to prevent abnormal synthesis of ribosomal RNAs and the exhaustion of
cellular energy and nutrient resources upon stress. Previous studies indeed highlighted that the
cell cycle arrest caused by nucleolar stress occurs in a TP53-dependent (128,135,137,143-146)
or independent manner (139-142).Impairment of cell cycle progression among ribosome
biogenesis stress has been linked to both inhibition of G1/S and G2/M-phases cell-cycle
checkpoints (147,148).

DIFFERENTIATION: As briefly mentioned previously, ribosome biogenesis is closely related to

differentiation degree of the cells. This link has actually been demonstrated many years ago,
with a reduction of rRNA production along the process of leukemia cell differentiation (149).
Indeed, levels of rDNA transcription are dynamic in cells. Hematopoietic stem cells have
moderate levels of Pol | transcription that increase progressively in progenitors, while mature
hematopoietic cells are characterized by low levels of rDNA transcription, highlighting that the
activity of RNA polymerases govern differentiation processes (150).

In embryonic stem cells, depletion of a nucleolar protein, the nucleolin, promotes the activation
of P53 pathway and induces cell cycle arrest, apoptosis and differentiation of the cells (151). In
the contrary, differentiated cells (i.e., fibroblasts) were less sensitive to downregulation of
nucleolin, demonstrating that ribosome biogenesis and homeostasis of the nucleolus are
particularly decisive for the maintenance of stemness features.

In a similar manner, the study of Watanabe-Susaki et al. reported an enrichment in another
nucleolar protein, the fibrillarin, in stem cells (152), consistent with the involvement of
fibrillarin in rRNA processing and ribosomes assembly (153). As a consequence, impairment of
ribosomes synthesis and the related induction of nucleolar stress was sufficient to trigger

differentiation of mouse-derived embryonic stem cells (152). In colorectal cancer samples as
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well, Dr Battle’s team intriguingly revealed enhanced rRNA and protein synthesis abilities in

stem-like cells in comparison with differentiated cancer cells within the tumor (154).

APOPTOSIS: In many stresses’ response, the molecular pathways stimulated by nucleolar stress
participate in the accommodation to the stress. However, if the harmful situation cannot be
relieved, this results in the activation of signals leading to apoptosis. To illustrate, the DNA
damages induced by the inhibitor of topoisomerase |, camptothecin (155), eventually lead to
the repression of rRNA synthesis and a lethal nucleolar stress in treated neural cells (156). In a
similar manner, the genetic deletion of TIF-IA component of RNA Pol | in MEF resulted in cell
cycle arrest and increased apoptosis (146). Indeed, the chemical inhibition of ribosome
biogenesis increased cell death in several cancer cell lines, notably through the cleavage of pro-
apoptotic proteins PARP and caspase-3 (98,140,157,158). Altogether, this demonstrates that

the impairment of rRNA transcription can be deleterious for cells.

ii. Impact of the nutritional stress on the nucleolar homeostasis

Considering the determinant impact of the nucleolar stress on cell outcome, a fine regulation
of the ribosome biogenesis is necessary to ensure nucleolus homeostasis and adaptation of the
translation processes upon scarcity. Indeed, DNA transcription is the second largest energy
consuming pathway, after protein translation (84,85). Ribosome biogenesis also requires
nutrients supplies to produce the building blocks necessary for the synthesis of nucleotides,
incorporated in rRNA transcription (96,98,148). Of note, in yeast cells, the integrality of rRNAs
represents approximately 80% of total cellular nucleic acid, and almost 50% of the transcription
mediated by the RNA Polymerase |l is dedicated to ribosomal proteins genes (84,159). Yet,
excessive consumption of cellular energy can be fatal when tumor cells are exposed to nutrient
depletion.

Consequently, in such conditions, cells have to preserve its resources and downregulate these
cellular processes with a high energy cost. Accordingly, tumor cells grown in conditions limiting
the available pools of nucleotides (i.e., low glucose or low amino acids) display decreased

transcription rates of rRNAs (100,160).
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Indeed, the inhibition of pyrimidines synthesis in glioblastoma cells results in the
downregulation of rRNA transcription, induction of the nucleolar stress described previously,
and slower proliferation rates due to cell cycle arrest in S-phase (98). Furthermore,
pharmacological inhibition of IMPDH, an enzyme responsible for the synthesis of guanosine
monophosphate GMP, first impairs the ribosome biogenesis checkpoint and leads to a P21-
mediated cell cycle arrest in G1-phase (148).

Lowering the rRNA transcription has been described as an efficient barrier against nucleotides
exhaustion and induction of DNA damages. Indeed, impairing the nucleotide synthesis
pathways fueling the DNA replication and repair is a therapeutic strategy for inducing cell
toxicity. For instance, hydroxyurea treatment blocks the ribonucleotide reductase, an enzyme
ensuring the conversion of ribonucleotides into deoxyribonucleotides. Hydroxyurea thus leads
to the depletion of the pool of nucleotides dedicated to DNA replication and repair and cell
cycle arrest in G1/S (161). However, upon prolonged decrease in nucleotides pools, P21 is
degraded, allowing S-phase entry and exposing cells to replicative stress and potentially lethal

accumulation of DNA damages (148).

Consequently, the cell has to adjust ribosome biogenesis in response to nucleotides scarcity
that can be faced upon nutrients deprivation to avoid a nucleolar stress leading to cell death
and rather induces cell cycle arrest. In line with this statement, the adaptive response to
hydroxyurea in yeast implicates a decreased ribosome biogenesis, likely to preserve the
available nucleotides for the DNA damage response pathway (162).

The molecular pathways allowing the modulation of rRNA transcription in condition of

nutritional stress are described in the next chapter.
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b. Impairment of ribosome function: ribosome stalling and collision

Impairment of the translational activity of ribosomes is relying on the dysregulation of the
translation rates and translational efficiency leading to paused ribosomes, also called stalled
ribosomes. Eventually, this event can result in the collision of two ribosomes, disturbing the

translational processes.

Impact of nutritional stress on ribosomal stress

Upon nutrient starvation, the elongation phase of translation can be disrupted due to low
energy resources and lack of amino acids. Low levels of amino acids available for tRNA
synthetases results in a deficiency in charged tRNAs (aminoacyl-tRNAs), that impairs elongation
and results in ribosome stalling and collision (163-165). This event is recognized as a
translational aberration and need to be relieve to ensure cell survival. A long-lasting ribosome
stalling will force cell to undergo apoptosis (166,167).

Hence, the translational activity of ribosomes as well needs to be modulated to slowdown
protein synthesis in response to nutritional stress. This implies the activation of several
signaling pathways, highly conserved throughout the evolution, aiming to promote cell

adaptation or cell death if the stress cannot be alleviated (see next part Ill) (168).
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[Il. NUCLEOLAR AND RIBOSOMAL STRESSES AND RELATED SIGNALING PATHWAYS

Multiple mechanisms adjust the ribosome biogenesis and related translational activity in
response to nutrient availability, and among them nutrient sensing cellular pathways. The
following chapter is focused on the description of the corresponding molecular stress sensors
implicated in the adjustment of ribosome synthesis and function according the nutrient

availability.

1) Modulation of RNA polymerases activity by mTORC1

Adjustment of the ribosome biogenesis is crucial for: i) stimulating the proliferation when
nutrients are rich or ii) prevent a lethal nuclear stress upon depleted conditions. Hence, this
pathway is tightly controlled by the availability of nutrients in the tumor cells’
microenvironment.

The mTORC1 pathway is particularly important in the control of transcription rates of rRNA and
ribosome synthesis in response to the nutritional context.

MTOR, for mechanistic (formerly “mammalian’) target of rapamycin, is a serine/threonine
kinase of the phosphoinositide kinase-related family of protein kinases. This kinase is shared by
two complexes in mammals, namely mTORC1 and mTORC2, controlling distinct cellular

functions (Figure 13) (169).
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Figure 13: The signaling pathways of mMTORC1 and mTORC1 complexes.

A) Schematic illustration of the mTORC1 and mTORC?2 signaling pathways. B) mTORC1 subunits and binding site on mTOR. C)
mTOTC2 subunits and binding site on mTOR. Extracted from (169).

MTORC1 is constituted of three core components, namely mTOR, mLST8 (mammalian lethal
with Sec13 protein 8) and Raptor (regulatory protein associated with mTOR). These three are
associated to two inhibitory subunits, PRAS40 (proline-rich Akt substrate of 40 kDa) and
DEPTOR (DEP domain containing mTOR interacting protein).

MTORC2 also contains mTOR and mLST8, in addition to mSIN1, Protor 1/2 and Rictor
(rapamycin insensitive companion of mTOR).

Contrarily to mTORC2, mTORC1 is inhibited by rapamycin treatment (FKBP12-rapa complex)
and is responding to nutrients variations.

Both complexes are implicated in the regulation of numerous cellular processes but the two
complexes recognize different substrates. Basically, mTORC1 is responding to nutrients
variations and is involved in the control of protein homeostasis, autophagy and metabolism,
while mTORC2 is principally linked to cell survival and cytoskeleton organization (169).
Altogether, the mTORC pathways are at the interface between extracellular (such as amino
acid, oxygen and growth factors availability) and intracellular cues (such as energetic stress).
The following paragraph focuses on the contribution of mMTORCI1 signaling into the regulation

of the ribosome homeostasis.

MTORC1 is implicated in the control of protein synthesis rates by regulating the initiation and
elongation steps (31,169). Nonetheless, this complex also contributes to the regulation of
ribosome biogenesis, notably through the complex regulation of all three RNA polymerases

activity (reviewed in (170)), among which the RNA Pol I.
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Active mTORC1 is required to sustain S6K1-mediated phosphorylation of components of the
RNA Pol I, UBF (171) and TIF-IA (172), fostering the production of rRNA.

The repression of mMTORC1 signaling notably differentially regulates the activities of Cdk/cyclin
complexes and PP2A phosphatases. Activity of mTORC1 is required to activate CDK2/cyclin E to
phosphorylate TIF-IA on serine 44 and maintain RNA Pol | transcription. Yet, upon rapamycin
treatment, downregulation of mTORC1 impairs CDK2/cyclin E activity and also derepresses
PP2A phosphatase activity, leading to the fostered dephosphorylation of serine 44. The
dephosphorylation of serine 44 impairs TIF-IA, in concert with the inhibitory phosphorylation

of serine 199 by a still unknown kinase (172).

In addition, active S6K1 phosphorylates the S6 ribosomal protein, a component of the 40S small
ribosomal subunit, that is required for the expression and translation of genes involved in
ribosome biogenesis (173).

Interestingly, it has been demonstrated that the growth factors-induced stimulation of
mTORC1 signaling in starved cells is not efficient to trigger the expected upregulation of rRNA
transcription if autophagy and related amino acids salvage pathway are blocked (174). This
suggests that activation of the signaling induced by amino acid scarcity is “prioritized” over
growth factor signals to maintain ribosome biogenesis repression in this context of low
nutrients. Hence, the nutrient availability is determinant in the adjustment of ribosome

biogenesis rates.

Conversely, the RNA Pol | activity reciprocally controls mTORC1 activity. The repression of RNA
Pol | transcription and decreased in 47S synthesis is sufficient to downregulate mTORC1.
Ultimately, mTORC1 inhibition impairs the cell proliferation and promotes autophagy

(133)(175—177). However, the precise underlying mechanism is not known.
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2) The ribosomal-stress surveillance pathways

Ribosomes progression in the elongation phase of translation can also be impaired by the
nutritional stress resulting in ribosome stalling (pausing of ribosomes) or ultimately collisions.
This ribosomal dysfunction implies the activation of several signaling pathways, highly
conserved throughout the evolution, aiming at promote cell adaptation or cell death if the
stress cannot be alleviated.

Yet, only the GCN2-ISR axis will be extensively described in the following paragraph considering:
i) its dual implication in ribosome stalling and nutrient sensing, and ii) that it represents the

central subject of my research project.

a. The ribosome quality control

In eukaryotes, the ribosome quality control (RQC) constitutes a dedicated surveillance
mechanism promoting the elimination of truncated polypeptides generated upon the stalling
and collision of ribosomes that could lead to defects in proteostasis. This system ensures the
degradation of non-functional proteins that can have deleterious effects on cells if accumulated
(178). Stalling and collision of two ribosomes are sensed by the central player of the RQC
pathway, RING E3 ubiquitin ligase zinc finger 598 (ZNF598) (179,180).

ZNF598 binds to the 40S ribosomal subunits of the collided ribosomes and induces the
ubiquitination of specific ribosomal proteins (RPS3, RPS10, RPS20) of the small subunit of
ribosomes (179-181). This promotes ribosomes splitting through the recruitment of RQC-
trigger complex, constituted of several actors among with ASC-1 complex (ASCC1, ASCC2,
ASCC3) and TRIP4. The latter TRIP4 is a nucleolar transcription factor, suspected to favor the
binding of RQC-trigger complex to ribosomes through its zinc finger domain (182). ASCC2 and
ASCC3 are respectively involved in the recognition of ubiquitinated proteins and in the
dissociation of ribosomes (178,182).

In addition, the RQC signals for the detection of harmful situations such as nutrient deprivation,
among other stresses toxic for ribosomes activity, and is intricately cooperating with two
additional stress responses involved in the regulation of global translation and cell fate in

response to ribosomes impairment: the ribotoxic stress response and the GCN2 pathway.

For an overview of the RQC pathway, refer to Figure 14.
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Figure 14: Overview of the Ribosome Quality Control pathway.

Stalling of elongating ribosomes can lead to the collision of ribosomes, recognized by the E3 ubiquitin ligase ZNF598. In turn,
ZNF598 triggers the ubiquitination of the ribosomal proteins (RPS10, RPS10 and RPS20). The ASC complex (called SIh1 in yeast)
detect the stalling on the mRNA and induce the dissociation of the leading ribosome, to release the trailing ribosome to
continue translation. Upon specific circumstances, endonucleases cleave the mRNA in between two ribosomes, inducing
ribosome stalling on the 3’end and its subsequent splitting by recycling factors among which Pelota, HBS1L and ABCE1 (Dom34,
Hbs1 and Rlil in yeast). The mRNA is then degraded by exoribonuclease Xrn1 and exosome complex to avoid the translation of
an aberrant protein. Contrarily to the 40S subunit, the recycling of the 60S is hindered by a remaining peptidyl-tRNA. The
occupied large subunit is thus recognized by the RQC component NEMF (Rqc2 in yeast) that enrolls the E3 ubiquitin ligase
Listerin (Ltn1 in yeast) to the polypeptide chain. NEMF add CAT tails to expose lysine residues and promotes ubiquitination of
the native chain by Listerin. This enables the recruitment of ATPase VCP (Cdc48 in yeast) to release the peptide and allow the
removal of tRNA by ANKZF1 (Vms1 in yeast). Then, the polypeptide chain is degraded by the proteasome whereas tRNA and

the large subunit of ribosome are recycled. Figure from (168).
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b. Ribotoxic stress response (RSR)

Chemical agents and numerous stresses that restrain ribosomes activity are known as ribotoxic
stressors. They share common features: i) interference with translational elongation through
RNA damages or impairment of peptidyl transferase center leading to ribosomes collision and
ii) the activation of stress kinases signaling called the ribotoxic stress response (RSR), requiring
translationally active ribosomes (183,184).

The induction of the RSR pathway is mediated by the ribosome-associated leucine zipper and
sterile-motif alpha longer isoform ZAKa and necessitates its binding to the 18S rRNA within the
ribosomes (168). The activating autophosphorylation of ZAKa triggers the induction of MAPK
pathways, leading to the phosphorylation and stimulation of p38 et c-Jun N-terminal kinase JNK

(Figure 15) (168,183,185,186). 7~
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Figure 15: Schematic representation of the Ribotoxic Stress Response.

Ribosomes stalling activates the phosphorylation of ZAKa, triggering the induction of MAP2K to promote the activation of
stress-associated protein kinases, p38 and JNK, leading to an inflammatory response or to apoptosis if the stress persist.
Extracted from (168).

The induction of the RSR and MAPK have been related to induction of apoptosis in many studies
(168,185,186). Moreover, it has been demonstrated that an off-target effect of the inhibitor of
tyrosine kinases sorafenib leads to the inhibition of ZAKa, preventing its activation and RSR
induction upon UV exposure. Consequently, JNK activation and related apoptosis were reduced
in keratinocytes, suggesting that induction of ZAK in normal cells could play an anti-tumorigenic
role (187). In the contrary, ZAK deletion leads to decreased lifespan in nematodes, highlighting
that an impossibility to trigger RSR can be deleterious in simpler organisms (188). Altogether,
these studies suggest that the intensity and duration of RSR induction probably modulates the

balance between adaptation and survival or cell death in cells exposed to ribosomal stress.
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c. The GCN2 pathway

First described in yeast (189), GCN2 (general control non derepressible 2) is a serine/threonine
kinase responsible for: i) sensing the concentration of amino acids in the environment and, ii)
adapting the cell's behavior and identity according to this availability (190). Despite low
sequences homology between yeast and mammalian cells, the function of GCN2 is highly
preserved in eukaryotes and strongly depends on the structure of the kinase (Figure 16) (190—

193).
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Figure 16: Structure of the human GCN2 protein kinase.

GCN2 is a 1649 amino acid protein constituted of five conserved domains: the RWD domain linked to pseudokinase domain by
the charger linker (+/-) region rich in argine, lysine, glutamate and aspartate residues; the kinase domain; the histidyl tRNA-

synthetase like (HisRS-Like) domain; and finally, the c-terminal domain CTD. Extracted from (190).

Originally, the canonical pathway of GCN2 has been characterized under conditions of
nutritional stress. At first, GCN2 activation was thought to be depending on the accumulation
of uncharged tRNAs due to low availability of amino acids to guarantee the appropriate
aminoacylation of each tRNA by the tRNA synthetase enzymes. It was proposed that the
uncharged tRNAs bind to GCN2 domain similar to histidyl-tRNA synthetase and induce
conformational changes that trigger its autophosphorylation on Thr®8” and Thr®2 that releases
its kinase activity (164,165,194,195). Despite that the association of GCN2 with the ribosome
has been highlighted long time ago (196,197), only recently this model has evolved. GCN2 is
nowadays recognized as a sensor of ribosomal stress, compatible with others non-metabolic

stresses activating GCN2 including UV exposure (186).
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i Modalities of activation of GCN2 signaling

Recent studies have shown that GCN2 can be activated through its direct binding to paused
ribosomes in the context of translation disruption (166,190,198).

Specifically, GCN2 interacts with domain Il of the uL10 protein (also called PO) of the ribosome
P-stalk (198,199). The P-stalk is a protein complex consisting of a uL10 protein (P0) associated
with 2 copies of P1 and P2 proteins (200,201). This complex forms a protuberance at the A site

of the 60S large subunit of the ribosome (Figure 17) (199).

uL10ONTD P-stalk-protrusion

Figure 17: The P-stalk protrusion of ribosome.

Representation of the localization of P-stalk structure in the human ribosome compared to E, P and A sites for tRNAs. The N-
terminal domain (NTD) of uL10 is associated to the ribosome and links with P1 and P2 protein of the P-stalk protrusion.
Extracted from (199).

Briefly, the P-stalk is a dynamic complex of the ribosome, playing an important role in the
control of translation fidelity through: i) the recognition of elongation factors, ii) the regulation
of events requiring GTP hydrolysis during translation, and iii) through the modulation of GCN2
activity as recently reported (198,200,201). Harding and colleagues (199) proposed that in
proliferative conditions, charged tRNAs and elongation factors eEF1A and eEF2 are recruited
by the P-stalk during the elongation process, impairing its ability to activate GCN2 (Figure 18A).
But upon amino acid starvation, the decrease in charged tRNAs disrupt this process, and GCN2

can be attracted to the P-stalk and activated (Figure 18B).
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Figure 18: Proposed model for P-stalk mediated activation of GCN2 by Harding et al.

A) In conditions of full access to nutrients, ribosomes translational activity is enhanced by charged tRNAs and thus, elongation
factors eEF1A and eEF2 cycle impairs the P-stalk mediated activation of GCN2. This repression relies on the competition for
domain Il of uL10 (a GCN2 binding site, in deep purple), engagement of the C-terminal tails of the pentameric P-stalk
(represented as tentacle-like extensions) or a conformation not compatible with GCN2 activation, amongst other mechanisms.
B) Limited access to nutrients or impairment of tRNA synthetases decrease the pool of charged tRNAs, disrupts the cycling of
eEF factors thus enabling the P-stalk to stimulate inactive dimers of GCN2 though its C-terminal tails. In addition, GCN2 dimers
can also potentially be activated by uncharged tRNAs engaging in its HisRS domain (pale blue). Altogether, active GCN2
phosphorylates its substrate, elF2a. Extracted from (199).
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Yet, interestingly, the stimulation of GCN2 by ribosome arrest during translation is independent
of an accumulation of deacetylated tRNA (166). Moreover, GCN2 affinity is even higher for
ribosomes than for uncharged tRNAs (198). Recent investigation also demonstrated that the
amplitude of ribosome stalling induced by amino acid limitations is linked to the activity of
GCN2, the degree of GCN2 activation being proportional to the ribosome pausing (163).

In addition, the activation of GCN2 by UV exposure cannot be explained by an accumulation of
uncharged tRNAs. In fact, similarly to the RSR, the activation of the GCN2 pathway following UV
exposure relies on the ribosome stalling, independently of a decrease in nutrient availability
(186). Consistently, interactome analyses performed in a context of ribosomal collision
revealed that ZAKa, interacts with GCN1, a regulator of GCN2 activity, suggesting a cooperation

between GCN2 signaling and the RSR upon ribosome dysfunctions (168,186)

Altogether, GCN2 is now considered as a sensor of broad ribosomal dysfunctions and mediates

the induction its downstream axis, the integrated stress response (ISR) to repress translation

rates and permit the resolution of the stressed situation (199-201).
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ii. Activation of the ISR and consequences

The ISR is at the convergence of various cellular stresses pathways. Yet, in the context of
ribosome dysfunctions, only active GCN2 can trigger this molecular axis (for review see (202)).
Activation of the GCN2-ISR pathway concomitantly: i) represses the translation rates and ii)
favors selective translation of mRNAs of protein involved in the response to stress, both

concurring to the resolution of the cell homeostasis (Figure 19)(168).
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Figure 19: GCN2 triggers the ISR in response to ribosome stalling.

Four kinases triggering the ISR have been described: PKR, HRI, PERK and GCN2. Yet, only GCN2 is able to detect stalled ribosome
and activate the ISR in response leading to: i) the phosphorylation of elF2a to repress translation, and ii) the translation of
specific mRNAs involved in stress response, globally concurring to the restoration of ribosome translational activity to alleviate
the stress. Extracted from (168).

e TRANSLATION REPRESSION INDUCED BY THE ISR

The global repression of translation relies on the phosphorylation of alpha subunit of elF2 on
serine 51 mediated by GCN2 (203,204).

Indeed, to initiate translation, elF2 must bound to a methionine-linked tRNA initiator and to a
GTP molecule to generate a so-called ternary complex. Then, this ternary complex associates
with a small 40S subunit of the ribosome to form the translation 43S pre-initiation complex,
responsible for the recognition of the cap at the 5' end of mRNAs required for the start of

corresponding protein synthesis (Figure 20) (205).
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Figure 20: The pre-initiation complex formation.

Formation of the 43S pre-initiation complex requires the recruitment of the ternary complex, a methionyl-tRNA initiator (Met-
tRNAI) linked to elF2 bounded to GTP, to associate with 40S ribosomal subunit and additional factors, elF3 and elF1A (1A).
Extracted from (205).

The phosphorylation of the alpha subunit of elF2 on Ser 51 prevents the exchange of GDP for
GTP mediated by elF2B (206). As a result, the elF2-GTP pool is reduced, slowing down the pre-

initiation complex formation and impairing cap recognition-dependent translation (Figure 21).
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Figure 21: Regulation of pre-initiation complex formation by elF2B and phosphorylation of elF2a.

Formation of the pre-initiation complex requires the recruitment of elF2 bounded to GTP. However, in conditions where elF2a
kinases are activated, the phosphorylation of alpha subunit of elF2 is increased and impair elF2B activity, resulting in low levels
of elF2-GTP required for pre-initiation formation and thus, global repression of translation initiation. Extracted from (205).



In situation of nutrient deprivation, the repression of the initiation step of protein synthesis
allows the cell to: i) preserve energy and resources and, ii) reduce the translational demands in
a situation of ribosomes dysfunctions. On the contrary, the incapacity to repress translation

under stress conditions leads to cell death (86,91,207).

e ASELECTIVE uORF-DEPENDENT TRANSLATION

Besides the repression of global synthesis rate, specific mRNAs are translated in order to
promote the adaptive response to cope with the stress (91,92). This selective translation
program mostly relies notably on the presence of specific sequences in the 5-untranslated

region (5’UTR) of the mRNA called uORF (upstream open reading frame).

An uORF is a start codon (AUG) in the 5’UTR but out-of-frame with the main coding sequence
(208). This sequence initiates the translation and leads to a non-functional peptide in
proliferative conditions. The uORF thus prevents i) the binding of ribosomes to the downstream
canonical ORF of the mRNA and ii) the translation of the coding sequence in basal conditions.
This results in low amounts of the protein (208). But in conditions of nutrient deprivation, the
phosphorylation of elF2a affect the initiation of translation and so the formation of ribosomes
ready to translate mRNA as well as described previously (205,206).

Since the ribosome turnover is low, the re-initiation of translation is impaired, leading to
translation of proteins usually repressed in basal conditions. This cap-independent mechanism
of translation relies on the presence of uORF within the 5’UTR of the mRNA sequence. The ATF4

MRNA is often used as study model for the uORF-dependent translation (Figure 22).
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Figure 22: The role of elF2a in the control of selective translation.

Under normal conditions, elF2a is not phosphorylated, allowing the elF2B-mediated exchange of GDP to GTP that is required
for the initiation of translation. In conditions of stress, phosphorylation of elF2a inhibits elF2B reducing elF2a-GTP and the
ternary complex pools. The decrease in ternary complex available triggers longer ribosomal scanning and allows the reinitiation
of translation at the coding sequence of mRNAs such as ATF4. Extracted from (202).

Upon stress, the low amount of ternary complex, caused by the phosphorylation of elF2a,
drastically reduces the probability of the formation of a complete ribosome within the
inhibitory uORF2. Hence, the ternary complex bypasses the inhibitory uORF and bind upstream
of the main coding sequence of ATF4, enabling the translation and accumulation of the ATF4
protein. ATF4 is a transcription factor that then translocates into the nucleus to induce a
transcriptional program supporting metabolic and proteostasic adaptation: amino acids
synthesis and transport, autophagy, purine synthesis and transport, endoplasmic reticulum
functioning, and redox balance among others (47,92,93,209,210).

This uORF-dependent translation, particularly in cancer cells upon glutamine starvation, is also
determinant for the synthesis of proteins involved in: i) dedifferentiation, ii) migration, iii)

inflammatory response (31,208).
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iii. Other substrates of GCN2

Beside elF2a, two other GCN2 substrates have been discovered. First, the integrase of
retroviruses such as the human immunodeficiency virus (HIV). The HIV-1 integrase is
phosphorylated on serine 255 by GCN2 that limits the virus replication and integration in the
DNA (211).

Second, the methionyl tRNA-synthetase (MetRS), in charge of the transfer of methionyl to the
tRNA initiator required for translation initiation, phosphorylated on serine 662 upon UV
exposure (212). This phosphorylation induces structural modifications of the MetRS protein
that decreases the affinity of MetRS for tRNAs. This reduces the charging of methionine of
uncharged tRNAs and provokes the release of the ARS-interacting multifunctional proteins 3
(AIMP3). AIMP3 then translocates into the nucleus and activates the ATM/ATR-mediated DNA
damage repair pathway. Furthermore, upon mitogenic signals, MetRS relocalizes into the
nucleolus to enhance the 47S transcription and ribosome biogenesis (213). Consistently,
accumulation of MetRS in human lung tumors is associated to high proliferation index and
aggressiveness (214). The contribution of GCN2 in this protumorigenic role of MetRS is
unknown.

The dogma according to which elF2a is the only substrate of GCN2 raises questions about the

role of the GCN2-MetRS axis in cancer progression.

iv. Towards a non-canonical GCN2 pathway and new functions in unstressed cell?

Because of its role as a sensor of amino acid availability, most of the studies concerning GCN2
have been performed under conditions of nutritional deficiency. Yet, as explained above,
recent studies revealed that GCN2 may be involved in much broader cellular functions than the
sole adaptation to nutritional deficiencies. Intriguingly, it has been shown that the loss of GCN2
leads to proliferation inhibition in leukemia cell lines and also in solid tumor derived cells,
independently of any stress (215). This observation is corroborated by another study revealing
that loss of GCN2 expression by RNA interference leads to reduced proliferation and loss of
viability in papillary renal cancer cells, although not subjected to obvious nutrient deprivation
(216).

These observations led us to question whether GCN2 could have a role in the regulation of the

ribosome biogenesis both in starved and proliferative compartments of solid tumors.
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OBJECTIVES & RESULTS OF THE STUDY

|. CONTEXT OF THE STUDY

The translational reprogramming underlying cell adaptation to nutritional stress is concomitant
to the decrease in ribosomes production and activity. This step is crucial for cellular outcome
to modulate high expenditure processes. Major efforts have been put on the characterization
of the translational program and associated mechanisms underlying cell adaptation. However,
the actors controlling the ribosome biogenesis and their role in cell survival remain poorly
described. Their identification could lead to the discovery of new targetable proteins in order

to impair the shift towards adaptation and rather force cancer cells to undergo apoptosis.

Active GCN2 is well-described for controlling the adjustment of translation and metabolism in
response to nutritional stress, conferring a protective effect upon various ribotoxic stresses.
However, recent studies suggest that GCN2 might be a molecular actor localized at the
interface between ribosome homeostasis and the adjustment of translation. Indeed, deletion
of GCN2 results in the induction of the P53 pathway and accumulation of 5S rRNA, suggesting
that GCN2 might be involved in the maintenance of nucleolar integrity (217) However, cells
were exposed to an unclear nutritional environment.

Yet, an increase in 5S rRNA associated to RPL5 and RPL11 in free 55 RNP is often considered as
a consequence of a prior impairment of the 47S pre-rRNA metabolism and large ribosomal
subunit assembly (133). Thus, these data suggest that: i) the deregulation of RNA Pol Il activity
upon loss of GCN2 could result of a prior impairment of RNA Pol | activity and ii) GCN2 is directly
controlling the RNA Pol | activity, possibly independently of the nutritional context. The latter
point is supported by recent set of clues, including data of our team, suggesting that GCN2
might promote cell proliferation in nutrient-rich condition.

In line with these observations, Ko et al shows that the methionyl tRNA synthetase (MetRS), an
underestimated substrate of GCN2, stimulates ribosome biogenesis upon mitogenic signals
(213). In these conditions, MetRS translocates into the nucleolus to support rRNA transcription

by RNA Pol |, whereas blockade of ribosome biogenesis by actinomycin D results in MetRS
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shuttling back to the cytoplasm. Whether this mechanism implicates GCN2 have not been
investigated.

In summary, there are still many unknowns regarding the functions of GCN2 in the cell
depending on the nutritional environment. Nonetheless, the known roles of two of its
substrates, elF2a and MetRS, indicate that GCN2 signaling might operate at multiple levels in
the translation control and could be key in the global translational adaptation. Altogether, these
recent studies suggest that GCN2 could be a central node in the coordination of ribosome
biogenesis and translation adaptation according the nutritional context. Moreover, a whole
field of studies is opening up to understand how GCN2 maintains cell proliferation and survival

under basal conditions, far from its historical role as a sensor of nutrient deficiency.

Hypothesis: In regards to the data gathered by our team and in the literature, my research
project aimed at investigating: i) whether GCN2 is implicated in the adaptation of ribosome
biogenesis and maintenance of nucleolar homeostasis according the nutritional context and ii)
define if this novel function would be of interest in the treatment of cancer, particularly in colon

cancer therapeutic approach.
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[l. RESULTS

Targeting the cell and non-cell autonomous roles of GCN2 abrogates 47S rRNA synthesis and
potentiates chemotherapy in colon cancer.

Piecyk, M.; Triki, M.; Laval, P.-A.; Duret, C.; Fauvre, J.; Cussonneau, L.; Manchon, C.; Guitton, J,;
Rama, N.; Gibert, B.; Ichim, G.; Catez, F.; Bourdelais, F.; Durand, S ; Diaz, J.-J.; Coste, |.; Renno,
T.; Manié, S.N.; Aznar, N.; Ansieau, S.; Ferraro-Peyret, C.; Chaveroux, C.

Submitted

To investigate the putative crosstalk between GCN2 and the ribosome biogenesis, | focused my
project on colon adenocarcinoma, a type of cancer displaying marked dysregulation of genes
involved i) in ribosome homeostasis, ii) response to amino acid deprivation and iii) ATF4 activity.
Based on these correlative data, | used 3D models to mimic the heterogeneity of nutrient access
in tumors and showed that GCN2 is essential for cell survival in deprived area. Analysis of the
nucleolar integrity and RNA Pol | activity revealed that GCN2 contributes to the repression of
ribosome biogenesis in stressed cells. At the contrary, inhibition of GCN2 in this context of
nutrient scarcity triggers cell death through a lethal nucleolar stress that is dependent of TP53

activity.

Furthermore, | demonstrate that the impairment of GCN2 activity in cells that have no
nutritional restrictions leads to a repression of mTORC1 pathway, associated to the induction
of a protective autophagy and proliferation impairment. Mechanistically, my results show that
this effect is independent of the canonical P-elF2a-ATF4 branch. Originally, the GCN2-
dependent role on cell proliferation rather implies the MetRS factor and its GCN2-dependent-

translocation into the nucleus for promoting the RNA Pol | activity and the ribosome biogenesis.
Finally, | exploited these original mechanisms to show that targeting the GCN2-MetRS axis

potentiates the cytotoxic effect of RNA Pol | inhibitors (Actinomycin D, Oxaliplatin) in colon

cancer cells.
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Abstract

Nutrient availability is a key determinant of tumor cell behavior. While nutrient-rich conditions favor
proliferation and tumor growth, scarcity, and particularly glutamine starvation, promotes cell
dedifferentiation and chemoresistance. Here, linking ribosome biogenesis plasticity with tumor cell fate,
we uncover that the amino acid sensor GCN2 represses the expression of the precursor of ribosomal
RNA, 478, under metabolic stress. We show that blockade of GCN2 triggers cell death by an
irremediable nucleolar stress and subsequent TP53-mediated apoptosis in patient-derived models of
colon adenocarcinoma (COAD). In nutrient-rich conditions, GCN2 activity supports cell proliferation
through the transcription stimulation of 47S rRNA, independently of the canonical ISR axis. However,
impairment of GCN2 activity prevents nuclear translocation of the methionyl tRNA synthetase (MetRS)
underlying the generation of a nucleolar stress, mMTORC1 inhibition and autophagy induction. Inhibition
of the GCN2-MetRS axis drastically improves the cytotoxicity of RNA pol | inhibitors, including the first-
line chemotherapy oxaliplatin, on patient-derived COAD tumoroids. Our data thus reveal that GCN2
differentially controls the ribosome biogenesis according the nutritional context. Furthermore,
pharmacological co-inhibition of the two GCN2 branches and the RNA pol | activity may represent a

valuable strategy for elimination of proliferative and metabolically-stressed COAD cell.
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Introduction

Cancer cell proliferation implicates a rewired metabolism to sustain the generation of biomass (Pavlova
and Thompson, 2016). This cell growth is concomitantly supported by enhanced ribosome biogenesis
(RiBi). However, in solid tumors, variation of nutrient availability determines protein homeostasis and
the balance between proliferation capacity or quiescence. Hence, nutrient availability is often found in
lower concentrations in various tumors, including colon adenocarcinoma (COAD), compared to the
normal tissue or in tumor interstitial fluid compared to the plasma (Kamphorst et al., 2015; Sullivan et
al., 2019). Fluctuations in amino acids availability also occur depending on the tumor region (Pan et al.,
2016). Shifting cell fate from a proliferative to a quiescent state thus relies on the proteostatic flexibility,
notably implicating a fine tuning of the RiBi. Nonetheless, the sensors and downstream mechanisms
orchestrating the adaptation of RiBi according the nutritional context remain unclear.

RiBi depends on the production of ribosomal proteins (riboproteins) encoded by RNA polymerase Il (pol
1) and of the 5S ribosomal RNA (rRNA) encoded by RNA pol Ill. In addition, RNA pol | transcribes the
478 precursor rRNA (pre-rRNA), which will then be processed into final rRNA products, namely the
5.8S, 18S and 28S (Catez et al., 2019). The latter mechanism, occurring within the nucleolar sub-
compartment, is sensitive to nutritional variations and is disrupted upon starvation, making the nucleolus
a stress-integrator site (Clarke et al., 1996). Ultimately, defects in RiBi trigger nucleolar stress leading
to cell cycle arrest and/or apoptosis (Russo and Russo, 2017).

Adjustment of the translation rate according the nutritional milieu implicates a tight reciprocal regulation
between the ribosome biogenesis and nutrient sensor such as the mammalian target of rapamycin
complex 1 (mMTORC1). Active mTORC1 is commonly found in many types of cancers (Edinger and
Thompson, 2002; Harachi et al., 2018; Saxton and Sabatini, 2017). In nutrient rich conditions, this
complex supports protein synthesis and tumor progression notably by enabling RNA pol | and Il
transcription, rRNA processing and riboprotein translation (Guo et al., 2018; Sameer, 2013). However,
in poorly-perfused areas, mTORC1 inactivation by the lack of nutrients contributes to RiBi repression.
(Gomes et al., 2016; Riedl et al., 2017; Riffle and Hegde, 2017). Interestingly, the RNA pol | activity
reciprocally controls the mTORC1 pathway. Indeed, decreased RNA pol | activity and impairment of
478 synthesis is sufficient to downregulate mTORC1 that in turns induces autophagy (Chen et al., 2016;
Goudarzi et al., 2014; Li et al.,, 2016; Zajkowicz et al., 2015). Inactive mTORC1 orchestrates a

translational reprogramming alongside the phosphorylation of the eukaryotic initiation factor 2a (P-
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elF2a) on serine 51 (Jewer et al, 2020). This latter triggers the integrated stress response (ISR) and has
two major consequences: i) a repression of translation initiation and, ii) up-regulation of the translational
of specific transcripts embedding open reading frames (UORFs) in their 5" untranslated region, including
the activating transcription factor 4 (ATF4). ATF4 then orchestrates a transcriptional program to restore
amino acids homeostasis, angiogenesis and antioxidant response to ultimately promote cell survival
(Chaveroux et al., 2016; Harding et al., 2003; Sarcinelli et al., 2020; Wang et al., 2013). Following
nutrient scarcity or proteotoxic stresses, GCN2 is the only elF2a kinase activated by ribosome collision
(Dong et al., 2000; Harding et al., 2019; Inglis et al., 2019). Once activated, GCN2 participates to the
adaptive translational and metabolic response by canonically inducing the ISR. However the contribution
of GCN2 in the regulation of the ribosome biogenesis is poorly described. Cells silenced for GCN2
display an elevation of the RNA pol Ill activity and notably 5S rRNA (Nakamura and Kimura, 2017). Yet
accumulation of 58, in complex with RPL5 and RPL11, occurs subsequently to an impairment of the
generation of 47S and related sub-products, suggesting that augmentation of the 5S content in GCN2-
knockdown likely arise from a prior dysregulation of the 47S production and/or processing (Sloan et al.,
2013). Furthermore, the impact of the nutritional milieu on the GCN2-RiBi interplay was still unclear.
Indeed, previous work by our group and others intriguingly suggested that GCN2 may also regulate cell
viability and migration even when nutrients are abundant through an unknown mechanism (Chaveroux
et al., 2016; Ge et al., 2018; Li et al., 2022; Nakamura and Kimura, 2017).

Our present study is based on the hypothesis that GCN2 may differentially regulate the rate of protein
synthesis in cancer cells through the modulation of 47S metabolism in quiescent and proliferative cells.
Taking COAD as a paradigm of cancers displaying ribosomal dysfunctions associated to amino acid
starvation, we show that, in a harsh nutritional context, GCN2 actively contributes to COAD cancer cell
plasticity through the repression of 47S pre-rRNA synthesis, constituting a barrier against an irreversible
nucleolar stress and ultimately cell death. Furthermore, in nutrient-abundant condition, we show that
inhibition of GCN2 prevents the nuclear translocation of the methionyl tRNA synthetase (MetRS) and
impairs the 47S pre-RNA expression, further associated to mTORC1 repression and autophagy
induction. This ribosomal vulnerability caused by GCN2 inhibition confers a higher sensitivity to RiBi
stressors including the chemotherapeutic agent oxaliplatin. Our results unveil distinct cell-autonomous
and non-autonomous functions for GCN2 according to the nutritional milieu both concurring to the

maintenance of RiBi and COAD progression.
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Results

1. Dysregulation of ribosomal function is associated with amino acid starvation and ATF4 activity
in COAD.

To investigate the crosstalk between the altered nutritional microenvironment, activated GCN2 pathway
and ribosomal stress, we first analyzed cancers that displayed clear proteostasis and/or ribosomal
impairment. Comparison of normal and tumor samples from several cohorts in the TCGA database
(figure supplement 1A) identified COAD as having highly dysregulated ribosome biogenesis (RiBi) and
cell proliferation activities (Figure 1A). Defects in ribosome assembly in human tumors arise following
impairment of rRNA production, or riboprotein (RP) processing and assembly (Albert et al., 2019; Kim
et al., 2014). We then compiled a gene signature of RPs with a significantly dysregulated expression
(negatively and positively) and confirmed enrichment of this signature in COAD compared to the normal
tissue (table supplement 1) (Guimaraes and Zavolan, 2016). As expected, this signature was, validating
its relevance for assessing ribosomal stress in this model (Figure 1B). To determine whether RP
dysregulation was associated with metabolic stress, we compared enrichment of previously described
signatures related to hypoxia or amino acid starvation in COAD based on two levels of RP dysregulation,
low or high (Figure 1C, table supplement 1) (Dekervel et al., 2014; Krige et al., 2008). Interestingly,
patients with a high RP dysregulation also displayed a significant enrichment in the amino acid starvation
signature, albeit no difference was observed for the COAD-specific hypoxia signature between the two
groups (figure supplement 1B), indicating that ribosomal stress may be strongly associated with a lack
of amino acids. At the molecular level, amino acid deprivation and ribosomal stress are both strong
inducers of the GCN2 kinase triggering the ISR-driven transcriptional program. We then assessed in the
same subgroups of patients, a gene signature related to ATF4 transcriptional activity, the terminal factor
of the GCN2-ISR pathway (table supplement 1). We first confirmed that the ATF4 signature was
enriched in tumors compared to the normal tissue (Figure 1D). A correlation analysis then confirmed
that this signature was linked to the amino acid deprivation signature (figure supplement 1C), and was
higher in COAD tumors with a high RP dysregulation (Figure 1E). The data thus identified ATF4 as a

major contributor to the stress response related to amino acid deprivation in COAD patients.

Il. GCN2 represses 47S pre-RNA expression upon glutamine scarcity and prevents TP53-

dependent apoptosis.
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GCN2 takes part in survival upon ribotoxic stress. Here, we sought to decipher its role in maintaining
cell viability and nucleolar integrity in those harsh conditions. We first confirmed the accumulation of
GCN2 at the mRNA and protein levels, in a large group of patients and even at early stages of the
pathology (figure supplement 2A-C, Figure 2A, B) (Marisa et al., 2013). Clinically, high levels of GCN2
expression in COAD patients were correlated with a lower disease-specific survival (figure supplement
2D). Considering the role of the ISR in cancer cell survival through cell plasticity in a nutrient-deprived
microenvironment, we then set up in vitro conditions to assess whether GCN2 impacted COAD cell
plasticity. HCT116 and LoVo COAD cells were grown as three dimensional (3D) models in order to
mimic the complex metabolic heterogeneity and physiochemical gradients of solid tumors (Nath and
Devi, 2016). Spheroids were then treated with a previously published GCN2 inhibitor, TAP20, hereafter
referred to as GCN2i (Broer et al., 2019). Prior validation in 2D culture confirmed the ability of GCN2i to
abrogate the accumulation of ATF4 and related target genes (CHOP, TRB3, GADD34, ASNS, SESN2)
upon leucine and glutamine (GIn) starvation (figure supplement 3A-C). In spheroids, viability assays
following GCN2i treatment highlighted the presence of dead cells in the central region of spheroids
confirming the protective role of GCN2 against an altered metabolic microenvironment and its
implication in cell plasticity (Figure 2C, D). COAD patient-derived tumoroids were then grown as
colospheres to reproduce the metabolic gradients (figure supplement 4) and our results were also
confirmed by visualizing cell death in the compact core of the 3D models (Figure 2E). In contrast, the
addition of the Rho-associated kinase (ROCK) inhibitor (Y-27632), a compound commonly present in
tumoroids culture medium to inhibit cell death and enhance stem cell growth, abrogates the induction of
cell death by the GCN2i (Kan et al., 2015; Ohata et al., 2012). Immunohistological analyses further
confirmed the loss of cell viability and enhancement of apoptosis upon GCN2 inhibition in spheroids
core, as attested by the measurement of cleaved PARP and cleaved caspase-3 staining (Figure 2F, G).
Finally, the expression of two COAD stemness-related markers, ALDH1A3 and c-MYC (Elbadawy et al.,
2019; Gelardi et al., 2021), was reduced in spheroids treated with GCN2i, confirming that GCN2 is
essential for the viability of c-Myc-expressing tumor cells and the elimination of quiescent tumor cells in
the presence of the drug (Figure 2H).

Having validated that COAD represent a relevant context for studying the crosstalk between the GCN2
pathway and the RiBi. Then we determined whether this kinase is implicated in maintaining the nucleolar

integrity under low amino acid conditions. Mechanistical investigations required to shift toward simpler
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cellular models. In 2D culture, cells were exposed to low concentrations of asparagine or glutamine
(GIn) similar to those found in poorly-perfused area of solid tumors. Cell death measurement revealed
that GCN2i drastically killed the cells once associated to glutamine but not asparagine, (figure
supplement 5A) (Pan et al., 2016). Combination with inhibitors of necroptosis (R3i, Nec1) or apoptosis
(QVD, Z-VAD) confirmed that the loss of viability was caused by apoptosis when GIn starvation and
GCN2i were combined (figure supplement 5B). Since the results obtained in 2D mirrored our
observations in 3D, we hereafter applied the same GlIn-deprived conditions to evaluate whether
nucleolar integrity was impaired. A redistribution of fibrillarin, a canonical nucleolar marker, was
observed in starved cells upon GCN2i indicating the induction of a nucleolar stress (Figure 3A) (Yuan
et al., 2005). To document if this stress is a consequence of an impairment of the RNA pol | activity,
northern blots were performed to assess 47S synthesis (Figure 3B). GIn-starved cells displayed a lower
amount of 47S compared to the control, which is consistent with an inhibition of Pol | activity upon stress
(Grummt et al., 1976). However, in presence of GCN2i, the level of 47S pre-rRNA increased again
indicating the recovery of RNA pol | activity. To assess whether cell death caused by GCN2 inhibition
upon low glutamine is a consequence of the nucleolar stress, the amount of TP53 was monitored in the
same conditions. Indeed, TP53 is widely described as the molecular effector between nucleolar stress
caused by RNA pol | repression and apoptosis (Fumagalli et al., 2012; James et al., 2014; Rubbi and
Milner, 2003; Yang et al., 2018). Consistent with previous study, low glutamine alone did not change
the level of TP53 during the starvation time (Lowman et al., 2019). However, cotreatment with GCN2i
triggered an elevation of TP53 amounts and its target gene MDM2 (Figure 3C), two canonical markers
of nucleolar stress (Morgado-Palacin et al., 2012). To functionally confirm whether GCN2i-induced cell
death relies on TP53 upon, live-and-dead analyses were performed in spheroids made from COAD cell
lines expressing a wild type (HCT116, LoVo) or mutant (HT29 and DLD-1) forms of TP53 (figure
supplement 5C). Although a loss of cancer cell viability was obviously observed in the core area of LoVo
and HCT116 spheroids upon GCN2i, the treatment did not lead to cell death in the spheroids mutated
for TP53. To avoid a comparison bias related to the heterogenous capacities of the cell lines to form
comparable spheroids, we shifted back to 2D cultures (figure supplement 5D). GCN2i treatment
diminished cell viability of the TP53 WT cells upon low GIn whereas TP53 mutant cells were not affected
by the blockade of GCN2 activity. Furthermore, toxicity assays performed on the isogenic HCT116 cell

lines WT or knockout (KO) for TP53 confirmed, in 3D and 2D, that this latter is required for cell death
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induction by the drug upon deprivation (Figure 3D, E). Of note, absence of TP53 did not impact the
induction of ATF4 upon low GIn (figure supplement 5E). Altogether, these results demonstrate that
GCN2 critically contributes to the RiBi repression upon amino acids scarcity thus preventing a TP53-

mediated apoptosis.

lll. GCN2, but not the ISR, sustains the mTORC1 signaling in proliferative condition.

Having shown the critical role of GCN2 in the maintenance of the RiBi pathway of COAD cells upon
nutritional stress, we next investigated its role in nutrient-rich conditions. Indeed, data presented in figure
3E showed that GCN2 inhibition led to a decrease of HCT116 cell mass in nutrient-rich conditions,
suggesting that GCN2 may support cell proliferation. To test this, we ibhibited GCN2 in several cell lines,
including HCT116, HT29, LoVo and DLD-1 grown under nutrient-balanced conditions (Figure 4A, figure
supplement 6A). GCN2i treatment significantly reduced proliferation of HCT116, HT29 and LoVo cells,
whereas DLD-1 cells were not affected. To ensure that this impaired proliferation was not due to medium
exhaustion, similar experiments were conducted by refreshing the culture medium every day (Figure
4B). Western blot and gPCR analyses confirmed that cells grown in nutrient-rich conditions did not
induce the ISR within 24 hours of culture (figure supplement 6B-D). Nonetheless, even in these
controlled experimental conditions, we conserved a significant reduction of cell proliferation from 48
hours after GCN2i addition (Figure 4B). This reduction was further confirmed using an RNA interference
approach and, pharmacologically, on patient primary COAD cells (Figure 4C, D). Intriguingly, treatment
with a second GCN2 inhibitor, GCN2iB, did not impair cell proliferation, suggesting that the two
compounds are distinctly modulating GCN2 activity (figure supplement 6E) (Nakamura et al., 2018).
Furthermore, GCN2i also impaired spheroids formation indicating that proliferation promotion by this
kinase is not restricted only to models in 2D (Figure 4E, figure supplement 6F). To evaluate if GCN2
supports cell proliferation in an ISR-dependent manner, HCT116 cells were treated with ISRIB, a
chemical leading to the blockade of elF2a phosphorylation, or transfected with a siRNA against ATF4
(Figure 4F-I) (Rabouw et al., 2019; Sidrauski et al., 2015). As expected, both treatments prevented the
P-elF2a-dependent elevation of ATF4 and its target gene CHOP in cells deprived for leucine, confirming
that the pathway was impaired by the treatment. However, neither ISRIB treatment nor knocking-down

ATF4 compromised cell proliferation after 48 hours of treatment. Altogether, these data demonstrate
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that GCN2 promotes cell proliferation independently of its canonical pathway in abundant-nutrient
condition.

To decipher the underlying mechanism by which GCN2 activity promotes cell proliferation, RNA
sequencing was performed on HCT116 cells grown in 2D with daily media refreshment, silenced or not
for GCN2 (Figure 5A). Gene set enrichment analysis revealed dysregulation of functions associated
with protein homeostasis, particularly autophagy, and cell cycle checkpoint. Consistently, metabolomics
experiments showed a perturbation in the intracellular content of several amino acids in cells silenced
for GCN2 (Figure 5B) and a significant decrease in protein synthesis upon GCN2i (Figure 5C).
Pharmacological inhibition of GCN2 increased the amount of the canonical autophagy markers LC3-1/11
and P62 (Figure 5D). Based on the use of a molecular reporter, we confirmed the activation of an
autophagic flux when the activity of GCN2 was blocked in HCT116 and HT-29 (Figure 5E, figure
supplement 7A). Although treatment with a classical inhibitor of autophagy, namely chloroquine, did not
affect significantly the cell mass (Figure 5F, figure supplement 7B), when both treatments were applied,
chloroquine aggravated the reduction of cell mass caused by GCN2i, functionally demonstrating the
protective role of the autophagic process.

We then investigated the molecular events underlying proteostasis defects when GCN2 is
blocked. In complete media, mTORC1 maintains the autophagic flux at a low level and support protein
translation. Additionally, previous studies report several molecular crosstalk linking mTORC1 repression
to GCN2 induction or vice versa upon amino acid deprivation or rapamycin analog treatment (Averous
et al., 2016; Wengrod et al., n.d.; Ye et al., 2015). Nonetheless, no evidence was reported regarding a
GCN2-dependent upregulation of mTORC1 activity in proliferative state. We thus hypothesized that
GCN2 inhibition could repress the mTORC1 pathway that, in turn, limits protein synthesis and induces
autophagy. Activation degree of mTORC1 pathway was assessed through the amount of the
phosphorylated forms of the S6 ribosomal protein, 4E-BP1 and ULK1 in COAD cells treated with GCN2i
for 24 hours (Figure 5G, figure supplement 7C). The compound provoked a diminution of all tested
canonical markers of mTORC1 activity, including phosphorylated ULK1 that is consistent with the
autophagy activation (Kim et al., 2011). Inhibition of S6 phosphorylation by the GCN2i was also
observed at the periphery of colon cancer spheroid indicating that mMTORC1 pathway is also repressed
in proliferating cells of 3D models and confirmed in GCN2 silenced cells (Figure 5H, figure supplement

7D). The relevance of this was then evaluated in patients using the COAD TCGA database. Our results
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show that this connection is independent of the ISR but is highlighted by the lack of GCN2 expression.
Thus, instead of discriminating tumors according an irrelevant stress-related gene signature, we
compared the low-GCN2 expressing patients to the rest of the COAD cohort in the TCGA. Gene set
enrichment analysis confirmed that a low or null expression of GCN2 was significantly associated with

a downregulation of the AKT-mTORC1 pathway in COAD tumors (Figure 5I).

IV. Inhibition of GCN2 impairs MetRS translocation and 47S rRNA production

Then we sought to further define the mechanism by which lack of GCN2 activity impairs the mTORC1
signaling. RNA sequencing data indicated that a four-day GCN2 silencing triggered a dysregulation of
RiBi as highlighted in figure 5A. Since RNA pol | inhibition is sufficient to repress mTORC1 and triggers
subsequent autophagy, we explored whether repression of mMTORC1 upon GCN2i might result from a
prior defect in RiBi. This hypothesis was especially supported by the GCN2i-driven cell cycle arrest in
G2/M phase that is consistent with pharmacological RNA pol | inhibition and the gene signature found
in COAD patients associated to dysregulated ribosome biogenesis (Figures 1A and 6A) (Hald et al.,
2019; Li et al., 2016; Ma and Pederson, 2013). Enlarged nucleoli associated with dispersion of fibrillarin
were observed from 4 hours of treatment, confirming that GCN2 also controls nucleolus homeostasis in
proliferative conditions (Figure 6B). Northern blot analysis revealed that GCN2 inhibition impaired 47S
pre-rRNA generation (Figure 6C). However, no change in phosphorylation of S6 was observed at the
same early time points, indicating that mTORC1 repression by GCN2i is rather a long-term consequence
of RiBi defects upon treatment (figure supplement 8A). Then we investigated the molecular link between
GCN2 and RNA pol | activity. As ISRIB treatment or ATF4 silencing did not mimic the proliferation arrest
caused by the loss of GCN2 activity, a contribution of the ISR was thus excluded. However, we explored
a role for the methionyl tRNA synthetase (MetRS), a second substrate of GCN2 (Kwon et al., 2011), for
the two following reasons: i) MetRS has already been described to localize within the nucleolus to
sustain rRNA synthesis and 47S products upon mitogenic signals although the contribution of GCN2 in
this mechanism was not addressed (Ko et al., 2000) and ii) knockdown of MetRS leads to the
downregulation of mMTORC1 activity as well (Suh et al., 2020). Immunofluorescence assays confirmed
that the colocalization of MetRS with the fibrillarin within the nucleus, in proliferative cells (figure
supplement 8B). Similarly to GCN2 inhibition, MetRS silencing is sufficient to induce nucleolar stress as

revealed by fibrillarin diffusion and impairs cell proliferation in nutrient-rich condition (Figure 6D, E, figure
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supplement 8C). We then assessed whether the cytoplasmic/nuclear shuttling of MetRS was dependent
of GCN2 (Figure 6F). Inhibiting GCN2 for 2 hours of GCN2i impaired MetRS translocation. Intriguingly
the GCN2iB did not affect the MetRS shuttling between the two cellular compartment. Collectively these
results demonstrate that lack of GCN2 activity impairs MetRS nuclear translocation provoking a

downregulation of 47S synthesis and ultimately decreased mTORC1 signaling and protein synthesis.

V. Inhibition of the GCN2-MetRS axis potentiates COAD cell death upon RNA Polymerase |
inhibitors in nutrient rich condition.

Finally, we investigated whether impairing the GCN2/MetRS axis might confer a ribosomal vulnerability
to COAD cells. We hypothesized that further inhibition of 47S pre-RNA synthesis by combining GCN2i
with drugs downregulating the RNA pol | might enhance the 47S/5S disequilibrium and cause cell death.
To this end, COAD cells were co-treated with GCN2i and actinomycin D, a known inhibitor of RNA pol |
activity (Figure 7A) (Catez et al., 2019). After 48 hours of treatment, GCN2i or actinomycin D alone
triggered a slight but significant cell death in a similar manner and their co-treatment drastically
increased cell death. We then explored whether this first proof-of-principle could be relevant for
translational applications. Interestingly, the mode of action of oxaliplatin, a front-line chemotherapy used
in COAD treatment, also relies on the repression of RNA Pol | and induction of an irremediable ribosomal
stress (Bruno et al., 2017; Sutton and DeRose, 2021). Consistently, oxaliplatin cytotoxicity is higher
when cells are in the G2/M phase of the cycle, corresponding to the peak of RNA pol | activity (Klein
and Grummt, 1999; Narvi et al., 2018). To test whether GCN2 inhibition may also aggravate oxaliplatin-
induced nucleolar stress, immunofluorescence against fibrillarin was first performed (Figure 7B). Early
formation of cap-like structures, a mark of dramatic RNA Pol | inhibition and nucleolar stress, was
observed within 4 hours of administration of the drug combination. Cytotoxicity assays confirmed that
GCNZ2i drastically increased the cell death caused by oxaliplatin in nutrient-rich conditions (Figure 7C).
However, ISRIB treatment did not change the efficacy of the chemotherapeutic drug (Figure 7D). A
second approach by RNA interference confirmed that downregulation of GCN2 expression specifically
sensitizes COAD cells to oxaliplatin and actinomycin D (figure supplement 8D, E). Furthermore, the
cytotoxicity of oxaliplatin was significantly higher in cells silenced for MetRS, (figure supplement 8F).
The improvement of oxaliplatin toxicity by the inhibition of the GCN2-MetRS axis was then validated in

spheroids (figure supplement 8G and supplemental movie 1). Oxaliplatin or GCNZ2i alone led majorly to
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growth impairment without clear impairment of the spheroid shape. The combination of the two
compounds triggered a massive cell death at the periphery and resulted in complete unstructured
spheroids. These observations were then confirmed with patient-derived colospheres in the presence
or absence of the ROCK inhibitor (Figure 7F). Collectively, these results show that inhibition of the
GCN2-MetRS axis drastically improves RNA pol | inhibitors-mediated COAD cell death in nutrient-rich

conditions (figure supplement 8H).
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Discussion

Cellular plasticity relies on the integration of intrinsic and extrinsic cues at the molecular level, notably
contributing to the fine tuning of the translational program. In this context, the flexibility of RiBi represents
a first and critical level of cell adaptation. In this study, we identify GCN2 as a novel and determinant
regulator of RiBi and nucleolar homeostasis. Intriguingly, this kinase supports tumor-cell plasticity by
repressing the 47S pre-rRNA transcription upon starvation, preventing the engagement of an irreversible
nucleolar stress in dedifferentiated cells. Conversely, GCN2 sustains 47S pre-rRNA transcription in
nutrient-rich conditions, and the combination of inhibitors of GCN2 and RNA Pol | allows a shift from cell
cycle arrest towards apoptosis.

In harsh conditions, glutamine scarcity is a major driver of tumor cell dedifferentiation leading to the
acquisition of a stem cell-like phenotype associated with chemoresistance (Pan et al., 2016). The
underlying molecular program is evidently complex including at least an epigenetic and translational
reprogramming supported by the concomitant phosphorylation of elF2a and repression of mTORC1
(Jewer et al., 2020). Our results show that GCN2 also supports RiBi reprogramming. The adaptive
cellular response to starvation implicates limitation of both RNA Pol | activity and rRNA processing (Pan
et al., 2022). Our data supports a model in which GCN2 preserves the repression of 47S expression in
amino acid-depleted conditions likely to sustain the translational dedifferentiation program. These
observations are consistent with the previous work showing that, upon metabolic stress, restoration of
47S pre-RNA expression through the silencing of nucleomethylin (NML) triggers cell death, mimicking
our results when GCN2 activity is blocked upon starvation (Murayama et al., 2008). Whether GCN2
might influence the NML function in stressed cells has so far not been reported. Furthermore, the ATF4-
mediated augmentation of Sestrin-2 in starved cells might represent the molecular link between GCN2
and 47S synthesis inhibition (Ye et al., 2015). Indeed, elevation of Sestrin-2 maintains the repression of
mTORC1 upon scarcity. Furthermore, abrogation of the GCN2 activity and absence of Sestrin-2
induction triggers the mTORC1 activity. Recovery of mTORC1 activity might explain the rescue of 47S
transcription in starved-cells treated with GCN2i. Inhibition of GCN2 is sufficient to further alter RiBi and
trigger cell death through the TP53-proapoptotic program. Although several studies support the use of
GCNZ2 inhibitors in the clinic to eliminate adapted cells, the mechanisms related to cell death caused by
GCN2 inhibition in starved cells remain unclear. Most often attributed to an impairment of the ISR and

its related translational/metabolic adaptive response, our results demonstrate that the subsequent
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apoptotic program likely results from the disruption of the nucleolar homeostasis. Cell death caused by
the lack of GCN2 activity is accompanied by a decreased expression of c-Myc in a nutrient-scarce
microenvironment. These results corroborate previous studies showing that cells overexpressing c-Myc
are more sensitive to GCN2 inhibition (Schmidt et al., 2019; Tameire et al., 2019). Thus, one can
postulate that increased c-Myc expression stimulates the glutaminolysis pathway and aggravates
microenvironmental exhaustion of GIn. As a consequence of the c-Myc-driven nutritional stress, GCN2
activation and subsequent RiBi downregulation preserve the nucleolus homeostasis and optimize
energy efficiency (Gao et al., 2009; Shore and Albert, 2022; Wise et al., 2008). Nonetheless, cell death
caused by GCN2 inhibition is also effective in models expressing a wild type form of APC (e.g. HCT116),
classically associated with a lower expression of c-Myc in COAD. These results suggest that, beyond
the mutational status of APC previously proposed, the subset of tumors expressing a wild-type form of
TP53 should be prioritized, considering that high levels of c-Myc might provide an optimal response to
GCN2 inhibitors. Moreover, although GCN2 activity is required for repressing 47S expression upon low
glutamine, whether the ISR axis plays a critical role in this mechanism requires further investigations.
The Dr. Lyons’ group recently showed that chemical stress (NaAsOz), activating the HRI-p-elF2a axis,
limits the first step of rRNA processing. However, the authors demonstrated that this effect is
independent of both HRI and elF2a suggesting that, upon stress, an ISR-independent pathway controls
the RiBi pathway (Szaflarski et al., 2022). Beside HRI, GCN2 is also activated in response to arsenate
(Taniuchi et al., 2016). Thus we propose that, instead of HRI, GCN2 might be responsible of the
modulation of the RiBi and determine the cell outcome upon NaAsO2 (Taniuchi et al., 2016). Collectively,
these results support the hypothesis that unknown substrates of GCN2 may be at the interface between
external stresses and RiBi.

In addition to the canonical function of GCN2 in stressed cells, we found that this kinase also functions
in nutrient-rich conditions. Our robust experimental set-up, distinguishing starved and non-starved
conditions, revealed that inhibition of GCN2 represses proliferation and the mTORC1 pathway. This
effect appeared to be cell type-dependent since proliferative DLD-1 or primary cells isolated from one
COAD patient were insensitive to the loss of GCN2 activity. It is likely that mTORC1 repression is a
consequence of RiBi impairment following GCN2 inhibition. Indeed, alteration of 47S synthesis is an
early event in refreshed medium settings and is not associated, at these early time points with impaired

phosphorylation of S6. These observations reinforce the notion that GCN2 also controls RiBi in the
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absence of nutritional stress. The mechanism underlying this novel cell-autonomous function for GCN2
implicates its capacity to sustain MetRS translocation within the nucleus to ensure the stimulation of
RNA Pol | and cell proliferation. How MetRS controls the 47S transcription and largely RiBi remains
unknown. Yet, in line with our data, high expression of MetRS is of poor prognosis in several types of
human tumors, including COAD, and consistently associated to enhanced mTORC1 activity and cancer
cell proliferation confirming its role in promoting tumor growth (Jin et al., 2020; Kim et al., 2017; Kushner
etal., 1976).

Finally, this work shows that GCN2 represents a novel regulator of the RiBi in deprived and non-
deprived cells that can be therapeutically exploited in the clinic through the use of compounds targeting
the kinase. Overall, the threshold of repression of the RNA Pol | activity is a key determinant in the
induction of cell death. In this context, gastrointestinal cancers may constitute interesting types of cancer
models since they are classically treated using FOLFOX or FOLFIRI, two chemotherapeutic regimens
containing drugs targeting the ribosomal function. Indeed, oxaliplatin was reported to kill cells through
the induction of a ribosomal stress and 5-fluorouracil was described to impair 47S processing and
recently to be integrated in the ribosome and promoting profound translational reprogramming (Bruno
et al., 2017; Burger et al., 2010; Ge et al., 2017; Sutton and DeRose, 2021; Therizols et al., 2022).
Nonetheless, these compounds are mainly effective on proliferative cells since metabolic stress limits
their efficacy (Xu et al., 2019). Moreover, glutamine starvation drives resistances to RNA Pol | inhibitors.
Our results provide a solid basis for promoting the transfer of GCN2 inhibitors to the clinic as a promising
approach and argue in favor of developing compounds inhibiting concomitantly the ISR and MetRS
branches of the pathway and satisfying all the physicochemical requirements for in vivo applications.
Such a strategy would allow: i) elimination of chemoresistance of TP53-WT quiescent tumor cells, and
ii) sensitization of proliferative cells towards oxaliplatin or other RNA pol | inhibitors. The benefits of in
such inhibitors would be of a greater translational value than ISR-centered compounds currently under

development.
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Fig. 1. Ribosomal dysfunction in colon adenocarcinoma (COAD) is correlated with the

upregulation of ATF4 activity.

A. Gene Ontology enrichment analysis on TCGA database highlights an upregulation of ribosomal
biogenesis processes in COAD compared to normal tissue. Top enrichment GO terms in COAD
tumors versus normal tissues are shown and significance is expressed as -Log10 adjusted p-value.

B. Dysregulated expression of riboproteins (RP) is higher in COAD compared to the normal tissue.
TCGA COAD data, Mann-Whitney-test, (*** p < 0.001)

C. The amino acid deprivation gene signature is enriched in COAD tumors with high dysregulated RP
expression. TCGA COAD data, Mann-Whitney-test, (** p < 0.01)

D. ATF4 gene signature is higher in colon tumors compared to normal tissue. TCGA COAD data,
Mann-Whitney-test, (*** p < 0.001)

E. ATF4 gene signature is enriched in COAD with high dysregulation of RP expression. TCGA COAD

data, Mann-Whitney-test (* p < 0.05)
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Fig. 2. GCN2 activity is critical to promote COAD cells plasticity.

A. GCN2 (gene name EIF2AK4) expression levels is higher in colon tumor tissues compared to the
normal counterparts. Colonomics cohort, Unpaired t-test.

B. Immunohistochemistry analysis confirmed that GCN2 amount is augmented in human COAD
tumors compared to adjacent normal tissues. Quantification is provided on the right panel. Unpaired
t-test.
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Live-and-dead assay in HCT116 spheroids treated for 3 days with vehicle (DMSO) or GCN2i. To
facilitate the observation of death induction, staining of non-viable cells is also represented in shades
of grey (right panel).

Live-and-dead assay in LoVo spheroids treated for 3 days with vehicle (DMSOQO) or GCN2i. To
facilitate the observation of death induction, staining of non-viable cells is also represented in shades
of grey (right panel).

Live-and-dead assay in patient’s derived colospheres, grown with or without the ROCK inhibitor (Y-
27632), after 3 days of GCN2i treatment. To facilitate the visualization of cell death induction,
staining of non-viable cells is also represented in shades of grey (right panel).

Evaluation of cellular compaction in the core of HCT116 spheroids treated for 3 days with DMSO or
GCN2i via bright-field microscopy and on hematoxylin-phloxine-saffron stained spheroid slices.
Data are expressed as mean +/- s.e.m of independent experiments (n = 3), unpaired two-tailed t-
test with the p-value (*** p < 0.001).

. Measurements of immunohistochemical staining against cleaved PARP and cleaved caspase 3 on
HCT116 spheroids treated with DMSO or with GCNZ2i for 3 days. Data are expressed as mean +/-
s.e.m of independent experiments (n = 3), unpaired two-tailed t-test with the p-value (* p < 0.05, **
p <0.01).

RT-gPCR analysis of ALDH1A3 and c-MYC mRNA levels in HCT116 spheroids treated for 48h with
DMSO or GCN2i. Data are expressed as mean +/- s.e.m of independent experiments (n = 3),
unpaired two-tailed t-test with the p-value (** p < 0.01, *** p < 0.001).
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Figure 3
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Fig. 3. GCN2 is required for repressing 47S transcription and preventing the TP53-proapoptotic

program upon low glutamine.

A.

B.

Fibrillarin localization assessed by immunofluorescence in glutamine-starved HCT116 cells treated
with DMSO or GCN2i.

Northern blotting of cellular rRNAs after indicated treatments. The position of the investigated
probes on the 47S rRNA and sub-products are indicated according the corresponding colors.
Western blot analysis of TP53 and MDM2 protein amounts in HCT116 TP53 WT and HCT116 TP53
KO treated with DMSO or GCN2i upon low glutamine condition (0.1 mM, -GIn) for the indicated
period of time.

Live-and-dead assay in HCT116 spheroids wild-type (WT) or knockout (KO) for TP53 treated for 3
days with vehicle (DMSO) or GCN2i. To facilitate the observation of death induction, staining of non-
viable cells is also represented in shades of grey (right panel).

Measurements of cell mass impairment in HCT116 TP53 WT and HCT116 TP53 KO treated with
GCN2i for 48 h in medium containing 4 mM or 0.1 mM levels of glutamine. Data are expressed as
mean +/- s.e.m of independent experiments (n = 5). Results of unpaired two-tailed t-test are
indicated with the p-value (* p < 0.05).
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Figure 4
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Fig. 4. GCN2 is necessary for COAD cancer cells proliferation independently of the ISR pathway.

A. Cell proliferation assessed by the confluency index of HCT116 cells treated or not with GCN2i for
96 h. Data are expressed as mean +/- s.e.m of independent experiments (n = 3). Unpaired two-
tailed t-test with p-value (** p < 0.01, *** p < 0.001).

B. Cell mass was assessed every day over the indicated period of time in HCT116 cells treated or not
with GCN2i by SRB assay. A daily refreshment of the medium (indicated by the black rounded
arrow) was performed to ensure a full supply of nutrients over the time course of the experiment.
Data are expressed as mean +/- s.e.m of independent experiments (n = 3). Unpaired two-tailed t-
test with p-value (** p < 0.01).
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Relative number of HCT116 cells transfected either with a siRNA control (CTRL) or against GCN2
(GCNZ2) following 4 days of culture. Medium were daily refreshed (black rounded arrow) to prevent
nutrients exhaustion. Data are expressed as mean +/- s.e.m of 3 independent experiments.
Unpaired two-tailed t-test with p-value (** p < 0.01).

Cell mass measurement of patient-derived primary cells cultured in 2D conditions and treated with
DMSO or GCN2i for 48 h. Media were refreshed daily (black rounded arrow).

Spheroid formation assays of HCT116 treated with DMSO or GCN2i. ATP content was measured
after 7 days of treatment. Treatment was initiated concomitantly to plating. Data are expressed as
mean +/- s.e.m of 3 independent experiments. Unpaired two-tailed t-test with p-value (** p < 0.01).
Western blot analysis of P-elF2a, ATF4 and CHOP protein amounts in HCT116 starved for leucine
for 8h in the presence of ISRIB (200 nM) or not.

. Measurements of cell mass in HCT116 cells treated with ISRIB (200 nM) for 48 h. Medium were
daily refreshed (black rounded arrow) to ensure complete nutrients supply. Data are expressed as
mean +/- s.e.m of independent experiments (n = 5). Unpaired two-tailed t-test.

. Western blot analysis of ATF4 protein levels in HCT116 cells transfected either with a siRNA control

(siCtrl) or against ATF4 (siATF4) following 2 days of culture with siCTRL and siATF4 upon 8 h of
amino acid deprivation (leucine starvation).

Cell proliferation assessed by the confluency index of HCT116 cells transfected with a siCtrl and
siATF4 was monitored over 48 h. Data are expressed as mean +/- s.e.m of independent
experiments (n = 3). Unpaired two-tailed t-test with p-value (* p < 0.05).

90



Figure 5
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Fig. 5. GCN2 sustains the mTORC1 activity in proliferative colon cancer cells.

A. Gene set enrichment analysis in HCT116 cells silenced for GCN2 compared to the control. Top

enrichment GO terms in siGCN2 transfected cells versus siCtrl are shown and significance is

expressed as -Log10 adjusted p-value.

Amino acid profiling of HCT116 cells transfected with a siRNA control or against GCN2.

Assessment of protein synthesis rate in HCT116 cells treated for 24 h with GCN2i.

Western blot analysis of autophagic markers, LC3-I, LC3-ll and p62, in HCT116 cells treated with

GCN2i for the indicated period of time.

E. Autophagic flux analysis using HCT 116 cells stably expressing the GFP-LC3-RFP-LC3AG construct
and treated with GCN2i for 48 h. Cleavage of GFP-LC3 by autophagy released the RFP-LC3 as an

Cow
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internal control, thus reduction of the GFP/RFP ratio illustrates induction of the autophagy flux. Data
are expressed as the mean of quantification +/- s.e.m. of independent experiments (n = 3). Unpaired
two-tailed t test with p-value (* p < 0.05)

Cell mass was measured in GCN2i-treated HCT116 cells after 48 h in combination with chloroquine.
Data are expressed relative to the vehicle as mean +/- s.e.m of independent experiments (n = 7).
Unpaired two-tailed t-test with p-value (*** p < 0.001).

. Western blot analysis of mTORC1 pathway markers (P-S6, P-4EBP1 and P-ULK1) amounts in
HCT116 cells following 24 h of GCN2i treatment.

Immunohistochemical staining against P-S6 in HCT116 spheroids treated for 3 days with DMSO or
GCN2i. Quantification of the IHC staining is provided on the right panel. Data are expressed as
mean +/- s.e.m of independent experiments (n = 3). Unpaired two-tailed t-test with p-value (* p <
0.05).

Gene set enrichment analysis of COAD patients with low GCN2 expression (25%) compared to the
rest of the COAD cohort (TCGA data).
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Figure 6
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Fig. 6. GCN2 inhibition inhibits the MetRS translocation and RNA polymerase | activity.

A.

Time course analysis of cell cycle progression by monitoring HCT116 FUCCI cells upon DMSO or
GCN2i. Data are expressed relative to the vehicle as mean +/- s.e.m of independent experiments
(n=23).

Fibrillarin localization assessed by immunofluorescence in HCT116 cells treated with DMSO or
GCN2i for 4 hours. Nuclei were stained by Hoechst solution.

Time course analysis of cellular rRNAs by northern blotting following GCN2i treatment.

Cell proliferation assessed by the confluency index of HCT116 cells treated or not with GCNZ2i for
72 h. Data are expressed as mean +/- s.e.m of independent experiments (n = 3). Unpaired two-
tailed t-test with p-value (** p < 0.01, *** p < 0.001).

Fibrillarin localization assessed by immunofluorescence in HCT116 cells, 48 hours after transfection
with a siRNA control (Ctrl) or against MetRS. Nuclei were stained by Hoechst solution.

Western blot analysis of MetRS amounts in the cytoplasmic or nuclear fractions upon 2 hours of
GCN2i and GCNiB treatments. Histone H3 and tubulin are provided as loading controls for
respectively nuclear and cytoplasmic samples.
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Figure 7
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Fig. 7. GCN2 sensitizes COAD cancer cells to inhibitors of the RNA polymerase | activity.

A.

Cell death index of HCT116 treated or not with GCN2i combined to Actinomycin D (Act.D) or the
vehicle (DMSO) for 48 h. Data are expressed relative to the vehicle as mean +/- s.e.m of
independent experiments (n = 3). One-way ANOVA with Tukey’s multiple comparisons test and p-
value (* p < 0.05).

Fibrillarin localization assessed by immunofluorescence in HCT116 cells treated with oxaliplatin
(Oxa) in combination with DMSO or GCN2i for 4 hours. Nuclei were stained by Hoescht solution.
Cell death index of HCT116 treated or not with GCN2i combined to Actinomycin D (Act.D) or the
vehicle (DMSO) for 48 h. Data are expressed relative to the vehicle as mean +/- s.e.m of
independent experiments (n = 3). One-way ANOVA with Tukey’s multiple comparisons test and p-
value (* p < 0.05).

Cell mass measurement of HCT116 treated for 48 h with Oxa in combination with GCNZ2i or ISRIB.
Data are expressed relative to the vehicle as mean +/- s.e.m of independent experiments (n = 3).
One-way ANOVA with Tukey’s multiple comparisons test and p-value (*** p < 0.001).
Live-and-dead assay in patient-derived colospheres, cultivated or not with ROCK inhibitor Y-27632,
after 5 days of treatment with Oxa and/or GCN2i. To facilitate the observation of cell death
induction, staining of non-viable cells is also represented in shades of grey.
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Figure supplement 1. Enrichment assessment of gene sets and signatures of interest in various types of can-

cers.
A. Gene Ontology enrichment analysis on TCGA database of different cancers.

B. Comparison of the COAD hypoxia gene signature in COAD cohorts with low and high levels of dysregulated
riboproteins expression.

C. Correlation between amino acid deprivation and ATF4 gene signatures.
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Figure supplement 2. GCN2 accumulation and prognostic value in human colon adenocarcinoma.

A. GCN2 mRNA levels in normal tissue compared to tumoral tissue. (Marisa et al. cohort)

B. Example of GCN2 amount accumulation in the tumor cells compared to the normal adjacent tissue.

C. Analysis of GCN2 expression accross normal tissue and the 4 stages of colon adenocarcinoma (TCGA
database).

D. Disease specific survival of COAD patients with high (red) or low (black) expression of GCN2 5 years after

the diagnosis (TCGA data).
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Figure supplement 3. Validation of the ISR impairment by the GCN2i.

A Western blot analysis of ISR markers induction (ATF4 and CHOP) after 8h of leucine starvation (0.45mM
versus 0OmM), a classical inducer of the GCN2 pathway, with or without GCN2i at the indicated concentrations. Tubulin
served as a loading control.

B. Western blot analysis of ATF4 after 8h of glutamine deprivation (GlIn 2mM versus 0.1mM) with or without GCN2i
at the indicated time points. Tubulin served as a loading control.

C. RT-qPCR analysis of canonical ATF4 target genes (TRB3, CHOP, GADD34, ASNS, SESN2) upon low gluta-
mine in combination with DMSO or GCN2i. P58IPK is given as a non-ATF4 target gene.

Patient #1

Tumoroids

Colosphere

Figure supplement 4. lllustration of patient-derived tumoroids grown in Matrigel® or as a colosphere in
ultra-low attachment plate.

Microscopy images of the morphology of patient’s derived COAD cells grown as matrix-embedded cultures (tumor-
oids) or in ULA attachment plates (colospheres). Of note, primary cells grown as colosphere lead a visible compac-
tion area.
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Figure supplement 5. Lack of GCN2 activity triggers a TP53-dependent cell death upon low glutamine.

A HCT116 cell-death analysis following 4 days of GCN2i treatment in complete (-, 2mM Gin, 0.34mM Asn) or
starved for glutamine (GlIn, 0.1mM) or asparagine (Asn, 0.02mM) media.

B. Impact of inhibitors of necroptosis (Nec1, R3i) or apoptosis (z-VAD, QVD) on GCN2i-induced cell death follow-
ing a 48h deprivation of glutamine (0.1 mM)

C. Live-and-dead assays in HCT116, LoVo, HT29 and DLD1 spheroids treated for 3 days with vehicle (DMSO) or
GCN2i. Enlargment of the spheroids core is provided to visualize cell death.

D. Cell mass measurement of HCT116, LoVo, DLD-1 and HT-29 cells cultured in 2D conditions and treated with
DMSO or GCNZ2i for 48 h. Media were refreshed daily (black rounded arrow).

E. Western blot analysis of ATF4 and MDM2 amounts after 8h of glutamine starvation with or without GCN2i, in
HCT116 wild-type (WT) or knockout (KO) for TP53. Tubulin served as a loading control.
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Figure supplement 6. Lack of GCN2 activity impairs cell proliferation and spheroid formation.

A. Cell proliferation assessed by the confluency index of HT29, LoVo and DLD1 cells treated or not with GCN2i
for 96 hours.
B. Western blot analysis of P-elF2a and ATF4 amounts after 24 and 48h of culture of HCT116 cells. HCT116

deprived for leucine (Leu) for 8h were used as positive control. Tubulin served as a loading control.

C. Time course analysis of GCN2, ATF4 and BiP amounts in HCT116 cells. HCT116 deprived for leucine (Leu) or
glucose (Glc) for 8h were used as positive controls. Tubulin served as a loading control.

D. RT-gPCR analysis of ATF4 target genes (TRB3, CHOP and ASNS) in HCT116 cells grown in complete medium
and treated with DMSO or GCN2i for 48h.

E.  Cell proliferation measurement was assessed by the confluency index. HCT116 were treated or not with GCN2iB
for 72 hours and media were refreshed every 24 hours.

F. Spheroid formation assays of HT29 treated with DMSO or GCN2i. ATP content was measured after 7 days of
treatment. Treatment was initiated concomitantly to plating.
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Figure supplement 7. Lack of GCN2 activity induces an autophagic flux and mTORC1 inhibition in HT29 cells
grown in nutrient-rich conditions.

A. Autophagic flux analysis using HT29 cells stably expressing the GFP-LC3-RFP-LC3AG construct and treated with
GCN2i for 48 h. Cleavage of GFP-LC3 by autophagy released the RFP-LC3 as an internal control, thus reduction of the
GFP/RFP ratio illustrates induction of the autophagic flux.

B. Cell mass was measured in GCN2i-treated HT29 cells after 48 h in combination with chloroquine. Data are
expressed relative to the vehicle.

C. Western blot analysis of mTORC1 and autophagy markers (P-S6, P-4E-BP1, P-ULK1, LC3-1/Il) following GCN2i
treatment for 24h. Tubulin served as a loading control.

D. Western blot analysis of mTORC1 markers (P-S6, P-4E-BP1) following GCN2 silencing for 96h. Tubulin served as
a loading control.
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Figure supplement 8. Lack of GCN2 activity sensitizes COAD cells to oxaliplatin.

A.  Western blot analysis of P-S6 in HCT116 cells treated with or without GCN2i at the indicated time points.

B.  Immunocytofluorescence in HCT116 against fibrillarin and methionyl-tRNA synthetase (MetRS) associated to
Hoechst coloration.

C. Western blot analysis of MetRS amount in HCT116 cells transfected for 72h with a siRNA control (Ctrl) or against
MetRS.

D. Cell mass measurement of HCT116 silenced or not for GCN2 and treated for 48 h with actinomycin D (Act. D).
E. Cell mass measurement of HCT116 silenced or not for GCN2 and treated for 48 h with oxaliplatin (Oxa).

F.  Cell death measurement of HCT116 silenced or not for MetRS and treated for 48 h with oxaliplatin (Oxa).

G. Live-and-dead assays in HCT116 spheroids after 5 days of treatment with oxaliplatin (Oxa) and/or GCN2i. To facili-
tate the observation of cell death induction, staining of non-viable cells is also represented in shades of gray.

H. Schematic model illustrating the role of GCN2 in the control of 47S synthesis in proliferative cells.
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COAD ribosome dysfunction Amino acid deprivation | COAD Hypoxia | ATF4
Negatively-regulated genes ASNS BCCIP DDIT4
RPL34 ASS1 BNIP3L NARS1
RPL9 ATF3 GADD45B PSAT1
RPL21 ATF5 INSIG2 SREBF1
RPS25 CARSH1 MPHOSPH6 IARS1
RPL3 CBS TP53 IARS2
RPL11 CCNG2 MTHFD2
RPL26 CDKN1A EIF2AK4
RPL3L CEBPB ATF3
RPS4Y2 CHACH1 GFPT1
RPL15 CLEC7A WARS
RPL22 CTH WARS2
RPS4Y1 CXCL8 NFE2L2
RPL10L DDIT3 YARS
RPS27L DDIT4 YARS2
RPL36AL FYN

FAU GADDA45A

RPS29 MARS

RPS26 PPP1R15A

RPL15 PSAT1

RPS12 RETN

RPL10A SARS

RPS27A SESN2

RPS27 SLC38A2

RPS13 SLC7A11

RPS23 STC2

RPS3A TRIB3

RPL17 VEGFA

RPL39L WARS

Positively-regulated genes
RPL36A

RPS2

RPL22L1

RPL8

RPL28

RPLPO

RPS19
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Supplementary table 1. List of gene signatures used in the present study.




ALDH1A3

Fw: CTGCTACAACGCCCTCTATGCA
Rev: GTCGCCAAGTTTGATGGTGACAG

c-MYC

Fw: CCTGGTGCTCCATGAGGAGAC
Rev: CAGACTCTGACCTTTTGCCAGG

TRB3

Fw: TGGTACCCAGCTCCTCTACG
Rev: GACAAAGCGACACAGCTTGA

ASNS

Fw: CTGTGAAGAACAACCTCAGGATC
Rev: AACAGAGTGGCAGCAACCAAGC

P58IPK

Fw: GCTGAATGTGGAGTAAATGCAG
Rev: GTGCAGCTTTTGATTTGCCC

SESN2

Fw: AGATGGAGAGCCGCTTTGAGCT
Rev: CCGATGAAGTCCTCATATCCG

CHOP

Fw: GGTATGAGGACCTGCAAGAGGT
Rev: CTTGTGACCTCTGCTGGTTCTG

GADD34

Fw: CTGTGATCGCTTCTGGCA
Rev: GGAAGAAAGGGTGGGCATC

475

Fw: GTGCGTGTCAGGCGTTC
Rev: GGGAGAGGAGCAGACGAG

RPS11

Fw: TGACCTTGATTTATTTTGCATACC
Rev: CGAGCAAGACGTTCAGTCCT

Supplementary table 2. List of human primers used for RT-qPCR experiments.
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Actin | CGGTAGGACGCAGACCTGGACCGACCGGCCCTGG

5ETS | CGACTGTGCGACAGGAGACCGCTGGACAGCAGCCTCTCCAACCCGGAGGC

ITS2 | ACGCGCCGACCCCCAAGGGAGCGTC

Supplementary table 3. List of human probes used for Northern blotting.
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Supplemental movie 1. Live-imaging of cell death caused by the GCN2 inhibitor in combination with oxaliplatin.
Cell death visualization by incorporation of propidium iodide in HCT116 spheroids treated with the vehicule (DMSO) or
GCN2 inhibitor (GCN2i) in combination or not with oxaliplatin (time course of treatments: 120 hours).
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Materials and methods
Cell culture

The following cell lines were obtained from ATCC: HCT116, HT29, DLD1 and LoVo. HCT116
TP53 WT and HCT116 TP53 KO were generated previously by Dr B. Vogelstein, Ludwig Center at
Johns Hopkins, Baltimore (Bunz et al, 1998) and were kindly provided by Drs P. Mehlen and A. Paradisi
at CRCL, Lyon. HCT116 FUCCI were obtained by transducing HCT116 with the Cdt1-mKO and
Geminin-mAG constructs and FACS cell sorting. All cell lines were routinely cultured in McCoy medium
(ref 16600082, GIBCO, Thermo Fisher Scientific, Whaltam, Massachussets, USA), except DLD1
cultured in RPMI medium (ref 21875034, GIBCO, Thermo Fisher Scientific, Whaltam, Massachussets,
USA). Cell lines were tested for absence of mycoplasma after amplification. All media were
supplemented with 10% fetal bovine serum (FBS) and 1% v/v penicillin/streptomycin (ref 15140122,
GIBCO, Thermo Fisher Scientific, Whaltam, Massachussets, USA). Cells were maintained at 37°C in a
5% COz2 incubator. For 2D experiments, treatment was initiated the day after plating with daily
refreshment when indicated by a circular arrow. Glasstic slides (ref 87144, Kova International, Garden
Grove, California, USA) were used for cell counting.

For patient-derived tissue culture, after tumor dissociation using a mix of DNAse and
collagenase, individualized tumor cells were embedded in Matrigel matrix (ref 354234, Corning, New
York, USA) and cultivated as tumoroids using the Stemness system device and IntestiCult Organoid
Growth Medium (ref 06010, Stemcell, Saint Egréve, France). The collection and use of all patient tissue
specimens was carried out according to French laws and regulations in the frame of the ColonlM

protocol (NCT03841799).

Nutritional manipulation and reagents

Leucine starvation experiments were performed using a DMEM medium devoid of leucine,
lysine and arginine (ref 88425, GIBCO, Thermo Fisher Scientific, Whaltam, Massachussets, USA), in
which lysine (final concentration 0.8 mM) (ref L8662, Sigma Aldrich, Saint Louis, Missouri, USA),
arginine (final concentration 0.4 mM) (ref A6969, Sigma Aldrich, Saint Louis, Missouri, USA), non-
essential amino acids (ref 11140050, GIBCO, Thermo Fisher Scientific, Whaltam, Massachussets,
USA), 1% penicillin/streptomycin (ref 15140122, GIBCO, Thermo Fisher Scientific, Whaltam,

Massachussets, USA) and 10% dialyzed serum were subsequently added. The control medium for
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these experiments was supplemented with leucine (final concentration 0.45 mM) (ref L8912, Sigma
Aldrich, Saint Louis, Missouri, USA)

To perform experiments in condition of low asparagine or low glutamine medium, we used
Dulbecco’s Modified Eagle Medium devoid of glucose and sodium pyruvate (ref A1443001, GIBCO,
Thermo Fisher Scientific, Whaltam, Massachussets, USA), supplemented with 1%
penicillin/streptomycin (ref 15140122, GIBCO, Thermo Fisher Scientific, Whaltam, Massachussets,
USA), 1% sodium pyruvate (ref 11360070, GIBCO, Thermo Fisher Scientific, Whaltam, Massachussets,
USA), and 10% dialyzed FBS. The concentrations mentioned in Tajan et al. (Tajan et al, 2018) were
used to supplement control medium with glucose (final concentration 16 mM) (ref A2494001, GIBCO,
Thermo Fisher Scientific, Whaltam, Massachussets, USA) and the subsequent amino acids purchased
as powders from Sigma Aldrich (Saint Louis, Missouri, USA) : L-proline (0.15 mM, ref P5607), L-alanine
(0.15 mM, ref 05129), L-aspartic acid (0.15 mM, ref A8949), L-glutamic acid (0.03 mM, ref W328502),
L-asparagine (0.34 mM, ref A4159) and L-glutamine (2 mM, ref G3126). For nutrient scarce medium, L-
asparagine and L-glutamine were added respectively at the concentrations of 0.02 mM and 0.1 mM
based on the work of Pan et al (Pan et al, 2016).

GCN2 inhibitor (GCN2i) used this study was previously described as TAP20 in (Dorsch et al,
2014; Broer et al, 2019) and generously provided by Merck KGaA. The compound was resuspended in
DMSO and, if not mentioned otherwise, used at a final concentration of 5 yM. The GCN2iB was
purchased from MedChemExpress (Monmouth Junction, NJ) and also used at final concentration of 5
pM. Oxaliplatin was provided by the Centre Léon Bérard pharmacy, diluted in H20 and used at a final
concentration of 5 pM. ISRIB (ref SML0843, Sigma Aldrich, Saint Louis, Missouri, USA) dissolved in
DMSO was used at a final concentration of 200 nM. Chloroquine (ref C6628, Sigma Aldrich, Saint Louis,
Missouri, USA) was prepared in PBS pH5 and used at a final concentration of 20 yM. Rapamycin (ref
T1537, Euromedex, Souffelweyersheim, France) dissolved in DMSO was used at a final concentration
of 10 nM. Actinomycin D (ref A1410, Sigma Aldrich, Saint Louis, Missouri, USA) was diluted in DMSO
and treatments were performed at a final concentration of 1 nM.

Regarding RNA interference experiments, HCT116 cells were seeded onto 6-well plates (2.5 x
105 cells per well) and concomitantly transfected with non-targeting siRNA (sc-37007) or human GCN2
siRNA (sc-45644) or human ATF4 siRNA (sc-35112) or human MetRS siRNA (sc-75775) (Santa Cruz

Biotechnology, Dallas, Texas, USA). All siRNA transfections were performed using 50 nM siRNA and
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HiPerFect reagent (ref 301704, Qiagen, Hilden, Germany), according to the manufacturer’s traditional
transfection protocol. Day after transfection, media were changed and treatments were performed 48 h

later.

Cell cycle progression, Proliferation and Cytotoxicity assay in two-dimensional models

For cell cycle progression, HCT116 FUCCI cells were plated onto 6-well plate (2.50 x 10° cells
per well). The green and red fluorescence of the FUCCI reporter, indicative of the cell cycle phase, was
monitored and quantified over time using the Cellcyte X system (Cytena, Freiburg im Breisgau,
Germany). Then, the percentages of green and red fluorescence were estimated in each studied
condition to respectively evaluate the proportion of cells in G1 or G2/M phases of the cell cycle.

For proliferation and cell death assessment in 2D culture, colon cancer cells (1x10° cells/well)
were seeded onto a 24-well plate and subjected 24h later to the indicated treatment. Propidium iodide
was added in the media at 2.5 pg/mL final for apoptosis assay. Inhibitors of apoptosis Q-VD-OPh (QVD
20 pM, ref 1170-3) and Z-VAD-FMK (ZVAD, 20 uM, ref A12373-5), and inhibitors of necroptosis
necrostatin-1 (Nec1, 10 uM, ref A4213) and RIPKS3 inhibitor (R3i, 5 uM, ref 2673-5) were all purchased
from Clinisciences (Nanterre, France). Then, cell confluency and cell death were monitored over the
indicated period of time with data collection every hour using the Cellcyte X system (Cytena, Freiburg
im Breisgau, Germany). Death index was calculated using the formula "(Pl Foci Number/Confluency)

x100”.

Cell mass was assessed by using the sulforhodamine B (SRB) assay. Cells were seeded onto
6-well plates (2.50 x 10° cells per well) and treated the day after plating for 24 to 96 h at 37°C, 5% CO2
depending on the experiment. After removing the medium, wells were washed with PBS. Then, 1 mL of
10% trichloroacetic acid was added and after 1 h of incubation at 4°C, the plates were flicked and
washed three times with tap water before being dried at room temperature for 1 h. The wells were then
stained with 1.5 mL of SRB solution 0.057% in 1% acetic acid (ref 341738, Sigma Aldrich, Saint Louis,
Missouri, USA) for 30 min at room temperature under gentle agitation. Plates were flicked and washed
three times with 1% acetic acid and dried at 37°C for 1 h. Finally, 1.5 mL of 10 mM Tris base was added
and shaken vigorously for 15 min. The absorbance was measured using Tecan Infinite M200 Pro

(Tecan, Mannedorf, Switzerland) at a wavelength of 510 nm.
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Autophagic flux monitoring

To monitor autophagic flux, 293GP cells were transfected with a pMRX-IP-GFP-LC3-RFP-
LC3AG construct described in Kaizuka et al (Kaizuka et al, 2016). Then, viral supernatant was collected
to infect HCT116 and HT29 cells and generate stable cell lines carrying pMRX-IP-GFP-LC3-RFP-
LC3AG plasmid, subsequently renamed HCT116 pLC3 and HT29 pLC3. Cells were then grown on glass
coverslips with DMSO or GCN2i for 48h. After that, cells were fixed in 4% of paraformaldehyde in
phosphate-buffered saline (PBS). Coverslips were mounted on microscope slides using the
Fluoromount G mounting medium (ref 17984-25, EMS Diasum, Hatfield, Pennsylvania, USA). Nikon
ECLIPSE NI-E microscope with a 100X immersion objective (Nikon, Tokyo, Japon) was used to acquire
images. Final images were analyzed and cropped with the Fiji/lmageJ software (National Institutes of

Health, Bethesda, Maryland, USA).

Spheroid and tumoroid assays

For spheroid formation assays, drops of 10uL containing 3 x 10° cells were deposed on the lid
of plastic dishes. The lid was inverted and placed over the dish containing 5mL of sterile PBS in the
bottom. Treatment with GCN2i is concomitant to plating. Hanging drops were then maintained at 37°C
in a 5% CO2 incubator for 7 days.

For Live-and-Dead cell assays, 3 x 10° cells from patient primary cells or indicated cell lines
were plated per well in 96-wells ultra-low attachment plates (ref 650970, Greiner Bio-One, Les Ulis) 3
days before treatment. After 72 hours of treatment, viable and dead cells were stained using the
Live/Dead cell imaging kit provided by Thermo Fisher (ref R37601, Thermo Fisher Scientific, Whaltam,
Massachussets, USA) according to manufacturer’s instructions. Fluorescence microscope was used to
capture fluorescence signaling and then, pictures were colored and cropped with the Fiji/lmageJ

software (National Institutes of Health, Bethesda, Maryland, USA).

Amino acid profiling

Before analysis, a mix of 24 internal standards was added to cell extracts. After homogenization and
centrifugation, the supernatant was evaporated under nitrogen and the dry residue was resuspended in
200 pL mobile phase. Separation was performed by liquid chromatography on a Ultimate 3000 system

(ThermoFisher Scientific™, Bremen, Germany), using a Synergi HydroRP column (250 x 2; 4 um,
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Phenomenex) and 0.1 % of formic acid in water and methanol as mobile phases. The detection was
performed with a Q-Exactive Plus Orbitrap mass spectrometer (ThermoFisher Scientific™, Bremen,
Germany) equipped with a heated electrospray ionization source which operated in positive and
negative modes. Retention time, exact mass and isotopic pattern of the molecular ion, exact mass of
the fragments and comparison of the fragmentation spectrum with a homemade database were used
for identification of metabolites. The ratio (peak area of metabolites / peak area of internal standard)

was used for quantification.

RNA extraction and RT-gPCR

Total cellular RNA was extracted after the indicated period of treatment using TRIzol Reagent
(ref 15596026, Invitrogen, Carlsbad, California, USA) according to the manufacturer's protocol. For
cDNA synthesis, 0.5 ug of RNA were reverse transcribed using Superscript Il reverse transcriptase (ref
18064014, Invitrogen, Carlsbad, California, USA) with random primers (S0142, Thermo Fisher
Scientific, Whaltam, Massachussets, USA), according to the manufacturer’s instructions. cDNA was
then amplified by gPCR using specific primers listed in supplementary Table 1 and the SYBR Green
Master Mix (ref 1725274, Bio-Rad, Hercules, California, USA). gPCR was performed using the CFX
connect real-time PCR system (Bio-Rad, Hercules, California, USA). Relative quantification was
assessed using a standard curve-based method. Expression of target genes was normalized against
RPS11 mRNA levels used as an internal control. gPCR experiments were repeated at least three times

in duplicate.

Western blot analysis and SUnSET assays

To perform Western blot analysis, cells were seeded onto 100mm-diameter plates (1.50 x 108
cells per plate) and treated for the incubation period of corresponding figures. Whole cell extracts were
prepared from cultured cells lysed at 4°C in RIPA protein buffer containing protease and phosphatase
inhibitors (ref 11697498001, Roche, Béle, Switzerland), and obtained by centrifugation at 13,000 x g for
20 min at 4°C. Subcellular fractionation was performed as follows: cells were scratched on ice and
collected in cold PBS before centrifugation at 3,000 x g for 5 min a 4°C. The pellet was resuspended
and lysed on ice in a hypotonic buffer (10 mM Hepes pH 7.5, 10 mM KCI, 0.1 mM EDTA, 1 mM DTT,

0.5% NP-40 and protease/phosphatases inhibitors) for 15 min. Centrifugation was performed at 12,000
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x g for 5 min at 4°C and the supernatant containing the cytoplasmic fraction was collected and an equal
volume of Laemmli protein buffer 2X containing protease and phosphatase inhibitors was added. The
pellet, representing the nuclear fraction, was dissolved in the hypotonic buffer and centrifugated again
at 12,000 x g for 5 min at 4°C. The supernatant was removed and the pellet containing the nuclear
fraction was resuspended in Laemmli protein buffer 1X supplemented with protease and phosphatase
inhibitors. The nuclear fraction was obtained by centrifugation at 1500 x g for 30 minutes at 4°C. Tubulin
and Histone H3 were used as loading control for purity of cytoplasmic and nuclear fractions, respectively.

Protein concentrations of the cellular extracts were determined using the DC Protein Assay (ref
5000112, Bio-Rad, Hercules, California, USA). Equal amounts of proteins (20 ug) were separated by
SDS-PAGE and then transferred onto nitrocellulose membranes (ref 1704271, Bio-Rad, Hercules,
California, USA). Membranes were incubated in blocking buffer, 5% milk or Bovine Serum Albumin
(BSA) in Tris-Buffered Saline/Tween 20 (TBST), for 1 h at room temperature, then incubated overnight
at 4°C with the appropriate primary antibodies diluted in TBST containing 5% milk or BSA. Membranes
were washed three times with TBST, incubated for 1 h at room temperature with the appropriate
secondary antibodies, diluted in TBST containing 5% milk, and again washed three times with TBST.
Detection by enhanced chemiluminescence was performed using the Immobilon Forte HRP Western
substrate (ref WBLUF0500, Merck Millipore, Darmstadt, Germany) or SuperSignal West Femto
Maximum Sensitivity Substrate (ref 34096, Thermo Scientific, Thermo Fisher Scientific, Whaltam,
Massachussets, USA). Tubulin was used as a loading control. The primary antibodies used were
purchased either from Santa Cruz Biotechnology (Dallas, Texas, USA): TP53 (sc-47698) and CHOP
(sc-7351); from Cell Signaling Technology (Danvers, Massachussets, USA): Tubulin (2146), Histone H3
(4499), BiP (3177), P-elF2a (3398), ATF4 (11815), LC3 (2775), P62 (5114), P-S6 (4858), P-4EBP1
(2855), P-Ulk1 (14202) and GCNZ2 (3302); from Merck Millipore (Darmstadt, Germany): Puromycin clone
12D10 (MABE343); from ABclonal Technology (Woburn, Massachussets, USA): MetRS (A9938); or
from Calbiochem (San Diego, California, USA): MDM2 clone 4B2C1.11 (OP145). The HRP-conjugated
secondary antibodies (anti-rabbit and anti-mouse antibodies, respectively ref 7074 and 7076) were

supplied by Cell Signaling Technologies (Danvers, Massachussets, USA).

Rates of nascent protein synthesis were evaluated using the surface sensing of translation
(SUNnSET) method as previously described by Schmidt et al. (Schmidt et al, 2009). Cells were seeded

onto 6-well plates (2.50 x 10° cells per well) and treated the day after plating with GCN2i for 48 h at
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37°C, 5% CO2. 15 min before being harvested and processed to prepare whole cell extracts in RIPA
buffer, cells were incubated with 5 pg/mL of puromycin (ref P9620, Sigma Aldrich, Saint Louis, Missouri,
USA\) directly added into the medium. The amount of puromycin incorporated into nascent peptides was
then evaluated by Western blot analysis on 20 ug of proteins using anti-puromycin antibody (ref

MABE343) purchased from Merck Millipore (Darmstadt, Germany).

Immunohistochemistry and immunofluorescence staining

HCT116 cells were plated (3 x 10® cells/well) and grown for 3 days in 96-wells ultra-low
attachment plates (ref 650970, Greiner Bio-One, Les Ulis) before treatments. 72h after being treated,
samples were formalin-fixed, embedded in paraffin and stained with antibodies purchased at Cell
Signaling Technology (Danvers, Massachussets, USA): cleaved caspase 3 (9664), cleaved PARP
(5625), P-S6 (4858). Immunohistological analyses were performed at the Plateforme
Anatomopathologie Recherche of the Centre de recherche en cancérologie de Lyon (CRCL).

Colon Disease spectrum tissue microarray (TMA) was obtained from US Biomax (ref BC5002b,
Derwood, Maryland, USA) as fresh-cut slides. The tissue microarray containing Colon Malignant and
Normal Adjacent Tissue cores was stained against GCN2 (Cell Signaling Technology, 3302) by
immunohistochemistry. The analysis of the IHC-stained TMA slide was performed using QuPath0.3.2
software (Bankhead et al, 2017). Slides were scanned and imported into the program. Positive cells
detection was performed following QuPath established method and then, rigorous quality control (QC)
steps were taken to remove necrosis or keratin and tissue folds. IHC staining was scored for each TMA
core using the built-in scoring tool. This analysis was double-checked by an anatomopathologist.

For immunofluorescence assays, cells were grown on glass coverslips, fixed in 4% of
paraformaldehyde in phosphate-buffered saline (PBS) before permeabilization with 0.5% Triton X-100
in PBS. Fibrillarin were detected using the anti-FBL mouse polyclonal antibody (ref ab4566, Abcam,
Cambridge, England) diluted at 1:500. Secondary Antibody Alexa Fluor 488 Goat anti-mouse IgG (ref
A-11029, Life Technologies, Carlsbad, California, USA) was used at 1:800. Nucleus were stained for 5
min with Hoechst n°33342 (ref H3570, Invitrogen, Carlsbad, California, USA) at 1:2000. Coverslips were
mounted using the Fluoromount G mounting medium (ref 17984-25, EMS Diasum, Hatfield,

Pennsylvania, USA). Nikon ECLIPSE NI-E microscope with a 100X immersion objective (Nikon, Tokyo,
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Japon) was used to acquire images. Final images were analyzed and cropped with the Fiji/lmageJ

software (National Institutes of Health, Bethesda, Maryland, USA).

Northern blot analyses

For rRNA transcription/processing analysis, HCT116 cells were cultivated with treatments as
previously described for the indicated period. Then, total RNA was extracted with TRIzol according to
manufacturer’'s instruction as described before. Purified RNAs were resuspended in water and
quantified by spectrophotometry. Briefly, 10 or 5 pg of total RNA was denaturated in formamide loading
buffer and electrophoresed in denaturating agarose gel. Then, separated RNAs were transferred and
crosslinked on a nylon zeta-probe membrane before hybridization with 5’ETS probes coupled with
infrared-emitting fluorophores (sequences provided in supplementary table 3). Blots were acquired

using Chemidoc MP Imaging System and analyzed with ImageLab software.

RNA sequencing

For RNA sequencing, HCT116 cells were transfected with a control siRNA or human GCN2
siRNA as previously described. RNA was extracted 48h later using NucleoSpin RNA kit (ref 740955,
Macherey-Nagel, Diiren, Germany).
Library preparation and RNA sequencing were performed at the ProfileXpert platform (UCBL, Lyon).
Quality of samples was checked by Bioanalyzer 2100 (Agilent technologies, Santa Clara, California,
USA) and RNA was quantified by Quantifluor RNA kit (Promega, Madison, Wisconsin, USA). First,
mRNA was enriched from 1 pg of total RNA, then library preparation was realized with the NextFlex
Rapid Directional mRNA-Seq kit (Bioo-Scientific, Perkin-Elmer, Walthman, Massachusetts, USA).
Quality of libraries were checked by Fragment Analyzer (Agilent technologies, Santa Clara, California,
USA) and quantified by gPCR. Samples were put on Flow Cell High Output. Amplification and
sequencing were performed with lllumina NextSeq500: run Single Read 76 bp was performed. After
demultiplexing of the data with Bcl2fastq v2.17.1.14, trimming was performed using cutadapt v1.9.1
software. Then the reads were mapped using Tophat2 v2.1.1 software with default parameters on the
human genome GRCh38. The Fragments Per Kilobases of exon per Million mapped reads (FPKM)
values were then computed for each gene using Cufflinks v2.1.1 software. Genes with a FPKM inferior

to 0.01 were substituted by 0.01. Differential expression was estimated with a t-test with unequal
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variance and p-value were corrected by Benjamini and Hochberg unsing the False Discovery Rate
(FDR) controlling procedure. Genes were considered as differentially expressed if the absolute value
was greater than or equal to 1.5 and p-value was less than 0.05. For each comparison, transcript was
considered if the coverage was greater than or equal to 1 for all samples of at least one group. VolcanoR

was used to perform the enrichment analysis (Naumov et al, 2017).

Patients’ survival and expression data analyses.

Disease-specific survival were determined by using the Long-term Outcome and Gene
Expression Profiling Database of pan-cancers (http://bioinfo.henu.edu.cn/DatabaseList.jsp) and the
TCGA COAD cohort. GCN2 expression and respective statistical analyses were performed by using:
the Cancertool interface (Cortazar et al, 2018) for Marisa et al. data (Marisa et al, 2013), UALCAN
(Chandrashekar et al, 2017) for analyzing expression of GCN2 in COAD according to the stage of the
disease (TCGA data), Colonomics (https://www.colonomics.org/expression-browser) for the paired
samples comparison. USCS Xena Browser (Goldman et al, 2020) was used to perform Gene Ontology
enrichment analysis on the TCGA database, comparison of genes expression and correlation between
genes signatures. Enrichement of gene ontology analyses were performed by using the application

Enrichr (Kuleshov et al, 2016).

Statistics

All of the statistical analyses were performed using GraphPad Prism version 6.0 (GraphPad
Software, San Diego, CA, USA) by using unpaired t-test or one-way ANOVA. Survival analysis was
performed by Kaplan—Meier and Log-rank test. p-values less than 0.05 were considered statistically

significant.
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DISCUSSION & PERPESCTIVES

The main objective of this study was to investigate: i) the consequences of GCN2 loss on cellular
outcome according the nutritional context (nutrient deprived or rich conditions), ii) whether
these functions rely on the regulation of the ribosome biogenesis in colon cancer cells. This
research project revealed that GCN2 ensures cellular plasticity, by maintaining the nucleolar
integrity through the regulation of ribosome biogenesis flexibility. These novel functions for
GCN2 opens new avenue in the understanding of cancer progression, tumor cell plasticity and
mechanisms underlying chemoresistance. It also questions about the transposition of these
results in other pathophysiological contexts. In this section, | will discuss the integration of my

results in the current challenges in cancer biology and beyond.

1. GCN2-MetRS at the interplay between ribosome biogenesis and DNA damages

Diverse RNA Pol | inhibitors have been developed and showed promising results in pre-clinical
studies although they mainly impair the cell proliferation (143,218-220). This effect is likely
attributed to the need of biomass generation and subsequent translational upregulation. For
instance, treatment with derivatives of rapamycin (rapalogs: everolimus and temsirolimus) that
inhibit the RNA Pol | activity through mTORC1 repression, have moderate impacts on patients’
solid tumors (169). Nonetheless the RNA Pol | inhibitors currently under clinical trials still lead
to cell death in preclinical settings. The mechanism by which these compounds kill the tumor
cells might rather be attributed to their capabilities to induce DNA damages.

Indeed, pharmacological RNA Pol | inhibitors (actinomycin D, CX-5461, BMH-21) also associate
to and stabilize particular structures in the DNA named G-quadruplex (G4) that accumulate in
tumor cells (221-223). The non-resolution of G4 structures results in DNA replication stalling
and DNA damages, promoting genome instability and tumorigenesis (223). Actually, the CX-
5461 sensitizes tumor cells to radiations through its capacity to induce DNA damages,
questioning the critical role of the RNA Pol | inhibition in the cell outcome (224). Similarly,
oxaliplatin and glutamine deprivation trigger both RNA Pol | impairment and DNA damages

(126,225).
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If not associated to cytotoxicity, the repression of the ribosome biogenesis might act as an
adjustment variable to divert the nucleotide pools into the DNA Damages Response (DDR)
pathway rather than in rRNA transcription. In this case, the inhibition of the RNA Pol | as a
protective response.

For instance, upon pharmacologically induced nucleotide depletion, impairment of ribosome
biogenesis is the primary adaptive mechanism to trigger cell cycle arrest. This impaired
ribosome biogenesis prevents the DNA replication and cell death caused by excessive DNA
damages (148). Glutamine, and by extension, its conversion into nucleotides (Figure 23)
represents one of the main substrates for the DNA repair machinery. Blocking this metabolic
pathway thus represent an appealing approach for lowering the cellular ability to preserve the
genomic integrity. In line with this hypothesis, the glutaminase inhibitor CB-839 blocks the
conversion of glutamine into glutamate and thus the nitrogen supply, essential for nucleotides
synthesis. Interestingly CB-839 potentiates the action of alkylating agents and irradiation

(225,226).
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Figure 23: The pyrimidine and purine synthesis pathways.

A) Representation of the de novo pyrimidine synthesis pathway. Enzymes: CAD: Carbamoyl-Phosphate Synthetase 2, Aspartate
Transcarbamylase, And Dihydroorotase; DHODH: Dihydroorotate Dehydrogenase; UMPS: Uridine Monophosphate Synthetase.
B) The de novo and purine salvage pathways. Enzymes: PPAT: phosphoribosyl pyrophosphate amidotransferase; GART:
Glycinamide Ribonucleotide  Transformylase; PFAS: Phosphoribosylformylglycinamidine  Synthase; PAICS:
Phosphoribosylaminoimidazole Carboxylase And Phosphoribosylamino-imidazolesuccinocarboxamide Synthase; ADSL:
Adenylosuccinate Lyase; ATIC: 5-Aminoimidazole-4-Carboxamide Ribonucleotide Formyltransferase; IMPDH: Inosine
Monophosphate Dehydrogenase; GMPS: Guanine Monophosphate Synthase; ADSS: Adenylosuccinate Synthase; HPRT:
hypoxanthine phosphoribosyltransferase; APRT: adenine phosphoribosyltransferase.

Extracted from (227).
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Thus, nucleotide exhaustion is an efficient manner to greatly improve cell death upon DNA
damaging conditions (metabolic stress or treatment). My results argue in favor of GCN2
inhibition as a relevant strategy to achieve nucleotides exhaustions and impairment of the DDR
upon stress.

Indeed, at least upon chemotherapeutic stress, we demonstrate that the determinant
protective effects of GCN2 is ensured by the MetRS branch rather than the canonical ISR axis.
Existing data already established this connection upon UV treatment, MetRS phosphorylation
by GCN2 promoting the nuclear translocation of AIMP3 to activate the ATM/ATR pathway
(212). Moreover, activation of GCN2 upon UV requires the DNA-depend protein kinases DNA-
PKcs, also involved in the DNA damages response, strengthening the link between the GCN2
and the DDR pathways (228).

The interest of this connection in clinics is still unknown. More intriguingly, the molecular
coordination between repression of the ribosome biogenesis and induction of the DDR by the
GCN2-MetRS axis is also undescribed. My results support the hypothesis that, in proliferating
cells, GCN2-MetRS supports the ribosome biogenesis; but upon stress, a molecular shift,
ensured by GCN2, prevents MetRS relocalization to the nucleolus to both: i) limit the RNA Pol |
transcription and ii) promote the DDR pathway. At the contrary, cell death observed upon
inhibition of GCN2 in stressed conditions might be explained by both: i) recovery of the RNA
Pol | transcription and subsequent exhaustion of intracellular nucleotides pools and, ii) the

molecular incapacity to trigger the DDR pathway (Figure 24).
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Figure 24: Hypothesis scheme for the pivotal role of the GCN2-MetRS axis in cancer cells.

A) GCN2 is constitutively bound to MetRS at translating ribosomes in proliferative cells, promoting ribosome biogenesis through
an unknown mechanism (left panel). In condition of stress (i.e., RNA Pol | repression by chemical agents or nutritional stress),
the ribosomal stress activates GCN2 that phosphorylates MetRS, allowing the repression of ribosome biogenesis and activation
of the DDR pathway (right panel). B) In proliferative cells, loss of GCN2 prevents the relocalization of MetRS, impairing the
ribosome biogenesis and leading to a cell cycle arrest (left panel). In condition of stress (i.e., RNA Pol | repression by chemical
agents or nutritional stress), the impossibility for GCN2 to phosphorylate MetRS leads to a de-repression of the ribosome
biogenesis and an incapacity to induce the DDR, resulting in cell death.

Further investigations are required for understanding i) how the GCN2-MetRS is activated in
nutrient rich conditions and ii) the MetRS-dependent mechanism governing the coordinated
shift towards DDR activation and concomitant RNA Pol | inhibition upon stress.

To this end, we are currently performing immunoprecipitations of the endogenous MetRS and
GCN2 in HCT116 cells treated or not with the CX-5461, at different time points, in order to
identify: i) the partner proteins for each factor and their dynamics along the stress, ii) the
evolution of the GCN2-dependent phosphorylation of MetRS in the same conditions. The
samples will then be analyzed by mass spectrometry. We expect to find novel partners within
the GCN2 complex that will then be validated by biochemistry and functionally for their

implication in stressed and non-stressed conditions.
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2. The GCN2-MetRS axis as a new target in cancer

- Relevance of targeting the DDR axis rather than the canonical ISR and revisiting

the modalities of GCN2 activation.

Regarding the translational aspect of this work, my results argue in favor of accelerating the
transfer of GCN2 inhibitors to patients. To date, three GCN2 inhibitors are available for pre-
clinical studies: GCN2iB provided by Takeda, A92 and GCN2iA (also called TAP20, used in my
study) both synthesized by Merck.

However, our preliminary results show profound discrepancies in the mode of action of the
three compounds. Although they all block the ISR induction upon amino acids restriction, only
A92 and GCN2iA efficiently: i) impair cell proliferation and the induction of the ATM pathway
upon glutamine starvation or BMH21/CX-5461 treatment, ii) induce cell death upon stress
(Figure 25). In line with our observations, Dr Simons’ team recently demonstrated that GCN2iB
induces senescence, but not cell death, in hepatocarcinoma cells starved for arginine, another

DNA-damaging stressor (229,230).

Kk kK

Z
Z

/'0\100 -~ Untreated 2007 T aam
&\, A92 x
| O 1504
> ¥ GCN2iB i)
LC) cC
- "~ 100+
o 5 <
= ©
c @ 504
O ()] _ns_
O 0 T T 1 0=
0 24 48 72 BMH21 - + - + - +
Hours A92 GCN2iB

Figure 25: Discrepancies between different GCN2 inhibitors.

A) Impact of the different GCN2 inhibitors on cell proliferation. B) Cell death index upon RNA Pol | inhibitor (BMH21) combined
to different GCN2 inhibitors (A92 and GCN2iB). Preliminary internal results.

128



The discrepancies observed between these inhibitors raise questions about the essentiality of
the two axes triggered by GCN2 and thus, the relevance of their respective inhibition in cancer.
Indeed, we did not detect any induction of cell death in spheroids upon ISRIB treatment, an
inhibitor of P-elF2a, suggesting that impairing the ISR is not sufficient to trigger apoptosis in a
complex deprived metabolic environment as observed in tumors. In addition, if both axes are
enabled by GCN2 upon metabolic stress, BMH-21 intriguingly activates only the GCN2-MetRS
branch without triggering the ISR (Figure 26). Thus, the mechanisms of GCN2 activation differ

according the nature of the stress.
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Figure 26: Activation of the DDR upon RNA Pol | inhibitor according GCN2 status.

Upon RNA Pol | inhibitor (BMH-21), P-ATM is induced as a sign of DDR activation whereas the ISR marker ATF4 remains
unchanged. Glutamine Induction induces both the DDR and the ISR. Yet, activation of P-ATM is reduced in GCN2 -/- MEF cells.
Preliminary internal results.

Despite the strong connection between stresses inducing eventually DNA damages, we do not
think that GCN2 activation is directly caused by the DNA damages considering its predominant
cytoplasmic localization. However, this assumption requires experimental validations.

GCN2 is indeed activated by a wide range of nutritional starvation (i.e.; leucine, glutamine,
arginine) that are demonstrated for inducing DNA damages. Similarly, rapamycin treatment
activates the DDR, however it does not induce DNA breaks (231-235). Yet, the contribution of
GCN2 in the rapamycin-induced DDR has to be tested. Thus, we hypothesize that GCN2, in all
stressed conditions, is rather activated by the ribotoxic stress caused by the ribosome

biogenesis impairment.
Furthermore, the contribution of accumulated uncharged tRNAs (historical model of GCN2

activation) should be addressed in stresses upon ribosome biogenesis alteration. Previous

studies suggest that ribosome stalling, caused by UV exposure activates GCN2 independently
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of an impairment of tRNAs charging and leads to the dual activation of the DDR and the ISR
axes (166,186). In our preliminary results as well, it is unlikely that BMH-21 treatment or other
pharmacological stressors leads to uncharged tRNAs accumulation so rapidly (4h post
treatment) in our experimental settings. | rather propose that the impairment of RNA Pol |
transcription slows down translating ribosomes and consequently induces a low level of
ribosomal stress sufficient to activate the DDR without DNA breaks, but not sufficient for

triggering the ISR.

According to our model, impairment of the RNA Pol | by rapamycin or BMH-21 and activation
of GCN2, through moderate ribosomal stress, is sufficient for activating the DDR without the
ISR. Further mechanistical experiments are yet required to clarify the modalities underlying
GCN2 pathways activation according the different stressors. Time-course analyses of the
appearance of DNA damages and/or ribosomal stress upon the exposure to different stressors
(RNA Pol | inhibitors, oxaliplatin, etoposide) will be performed and analyzed in regard of the

activation of both GCN2 pathways.

To conclude on this part, the rationale behind the interest of blocking GCN2 activity has always
been seen through the prism of the ISR downregulation. My results clearly question this dogma
and rather argue in favor of the development of GCN2 inhibitors satisfying the physicochemical
requirements for in vivo applications and targeting, at least, the GCN2-MetRS-DDR axis.

Unfortunately, the GCN2iB, that is not targeting this branch, is the only inhibitor qualified for
in vivo application. Current chemical optimization of the A92 to improve its physicochemical

properties are under development in our lab for testing its impact on tumor growth in vivo.
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- Prognostic biomarkers for GCN2 inhibitors and patients’ stratification

Although the GCN2-MetRS can appear as a promising target in cancer, my results clearly
demonstrate that tumors with specify biology and genetic alterations might be more sensitive
to the inhibition of this axis. Thus, biomarkers allowing the identification of patients’ subgroups
susceptible to respond to this drug are required. For instance, as illustrated in my project, colon
adenocarcinomas display a specific dysregulation of ribosome biogenesis, providing a rationale
for investigating the function of GCN2 in this specific type of tumors. However, other types of
molecular characteristics, and particularly genetic alterations, can be of interest for identifying

the patients susceptible to respond the best to GCN2 inhibitors.

Considering that loss of GCN2-MetRS interaction impairs the DDR response, the genomic
instability might be proposed as an interesting susceptibility biomarker for GCN2 inhibition.
Basically, genomic instability raises from errors in the DNA leading to a replicative stress
diverting DNA repair pathways to finally promote tumorigenesis.

Interestingly, the accumulation of DNA damages during replication stress mostly promotes
chromosomal instability in mismatch repair (MMR) proficient cells (236,237). In the contrary,
MMR-deficient cells suppress chromosomal instability and rather display an instability of
specific repeated sequences along the genome, resulting in a molecular phenotype called
microsatellite instability (MSI) (236—238). The mechanisms required to adapt and survive to
genotoxic stress appear then to differ according the abilities of the cell to repair DNA damages
and result in different genomic instability pattern, rather promoting either chromosome or
microsatellite instability (236).

MSI high tumors are associated to poor sensitivity to 5-FU, low frequency of TP53 mutations,
and strong immunogenicity sustained by the production of neoantigens recruiting T-cells (238—
240). In our study, we demonstrated that MSI-high HCT116 cell line is sensitive to GCN2
targeting, independently of the ISR, particularly upon ribosome functions and situations
challenging DNA damages repair (i.e.,, combination of GCN2i + oxaliplatin, glutamine

deprivation, RNA Pol | inhibitors, or 5-FU).
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This result supports that the GCN2-MetRS axis might be involved in the adaptation to the
genotoxic stress displayed by MSI-high colon tumor cells. The high mutation burden in MSI-
high tumor cells could be predictive of an enhanced cytotoxicity of GCN2 targeting because of
their dependency towards the DDR. Consistently, MSI tumors in COAD display a higher
enrichment for gene signature related to starvations, suggesting a high dependency for GCN2

in this specific subgroup (Figure 27).

Amino Acid
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Figure 27: Association between amino acid deprivation signature and MSI status in colorectal cancer.
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RNA-seq datasets from the TCGA database were analyzed to evaluate the association between GCN2 and
amino acid deprivation gene signatures in MSI (n=82) vs MSS (n=81) colorectal cancers. Preliminary internal
results.

To test this hypothesis, we propose to first validate the association between alterations of the
metabolic microenvironment and higher dependency to the DNA response pathway, assessing
markers nutritional stress (hypoxia CAIX, vascularization CD31, proteotoxic stress AGR2,
aggresomes) and of the DDR pathway (P-ATM, yH2Ax), including markers of the GCN2-MetRS
pathway, previously identified by mass spectrometry in MSI tumors compared to MMR-
proficient tumors samples. Then, a panel of MSS (such as HT29) or MSI (such as HCT116) cellular
models will be subjected to nutritional stress in vitro in combination with A92 or GCN2IB to test

their dependency towards the MetRS branch.
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Cancer cells are exposed to a chronic replicative stress, consequently they face new genetic
threat every day that enables the emergence of clonal population with mutations in TP53 with
enhanced resistance abilities and higher probably to survive to the next stress (236,237). In our
study as well, the survival of TP53-mutant cells exposed to stress conditions is not compromised

by GCN2 inhibitor despite MSI high status for some of them (DLD1, SW480).

We still observed an antiproliferative effect and mTORC1 repression in TP53-mutant or null cell
lines treated with GCN2i, suggesting that the impairment of ribosome biogenesis is effective in
both genetic contexts. Yet, loss of GCN2 with or without additional stress (low glutamine or
oxaliplatin) does not induce cell death in TP53-mutated cells, demonstrating that a functional
TP53 pathway is required for fully inducing apoptosis. This is consistent with its function of

guardian of the nucleus integrity and apoptosis inducer upon nucleolar stress (98).

Moreover, TP53-mutant tumor cells enhance autophagy and stemness features, favoring
resistance to ribosome impairment such as upon asparaginase or oxaliplatin treatment
(241,242). Similarly, in our study, GCN2i failed to induce cell death: i) in the core of TP53 mutant
cell lines derived spheroids, a compartment associated with deprivation in oxygen and
nutrients promoting stemness, and ii) in TP53-mutant proliferative cells, probably partly
because of the enhanced capacities to induce protective autophagy compared to wild-type
colon cancer cells, eventually contributing to restore pools of amino acids and resist. Hence,
TP53 wild-type status is a relevant marker for the prediction of cells’ response upon GCN2

inhibitors.

Investigating why the impairment of the GCN2-MetRS axis in TP53 mutant cells is not
deleterious when exposed to ribosomal stress could: i) help deciphering molecular pathways
diverted by the cell to cope with the situation and, ii) eventually lead to the identification of

new targets to overcome the resistance.
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Finally, our results show that a non-negligible proportion of COAD tumors were negative for

GCN2. Similarly, in a lung adenocarcinoma (LUAD) TMA covering 152 tumors, we estimated at

20% the percentage of tumors without GCN2 expression (Figure 28). Consequently, these

tumors cannot be targeted with GCN2 inhibitors. However, these observations question the

specificity of this subgroup of tumors.

Although we were not able to find specific mutations within the GCN2 gene, intriguingly, we

identified subgroups of tumors with one or two GCN2 alleles deleted. In these subgroups, loss

of GCN2 was associated to the downregulation of DNA repair, an increased genome instability

and perturbation of the nucleolar protein expression.
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Figure 28: Genetic loss of GCN2 and genomic instability.
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A) Analysis of GCN2 amounts in LUAD TMA. B) Low expression of GCN2 is associated to downregulation of nucleolar
homeostasis and DNA damages response signature in LUAD and COAD tumor samples. C) Fraction Genome Altered (FGA)
according to genetic deletion of GCN2 in all cancers, LUAD, or COAD. Preliminary internal results.
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Interestingly, we observed a trend in the association of higher levels of TP53 mutation and low
expression of GCN2 that could be associated to a drift towards chromosomal instability, such
as it can be observed upon mutations in BRCA1 and BRCA2. Altogether, it suggests to
investigate the suspected participation of the GCN2-MetRS pathway in the resolution of
double-strand breaks during replication stress along tumorigenesis and the acquisition of either
chromosomal aberrations or microsatellite mutations. Analyzing whether allelic loss of GCN2 is
associated to: i) loss of the corresponding protein and li) clinical outcome would be of interest.
A PCR test is under development for assessing the genetic status of GCN2 in the LUAD tumors
included in the presented TMA. The presence or absence of the GCN2 alleles will then be

correlated to the status markers of the DDR (P-ATM, yH2Ax) and clinical data.

Finally, considering that loss of GCN2 represents a vulnerability for both stressed and
proliferative cells, the prognostic value of its allelic deletion should be examined as a biomarker
of tumor sensitivity to drugs targeting concomitantly DNA repair and ribosome biogenesis (i.e.,
oxaliplatin, 5-FU...). Functionally, we have crossed the KRAS?%* the mice model developing
spontaneously lung tumors with mice invalidated for GCN2. Although the tumor incidence is
drastically reduced in the GCN27- KRAS"2%* compared to the wild-type, these mice still develop
tumors. The characterization of the DDR in the WT and KO mice are currently under

investigation and the effect of CX-5461 in the two models will be tested.
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3. The GCN2-MetRS axis, a hidden partner-in-crime in inflammatory diseases?

Despite the strong recruitment of immune cells, about 30-50% of metastatic MSI colorectal
tumors display innate or acquired resistance to immune checkpoints inhibitors (243). A strong
inflammatory response underlies the decreased efficiency of immune checkpoints inhibitors
unveiling questions regarding the mechanisms involved in this decreased sensitivity (244).
Dysregulation in the GCN2 signaling should be investigated in such context considering its dual
role in promoting DNA damages repair through MetRS and buffering proteotoxic stress through
the ISR. | make the hypothesis that loss of GCN2 function or either independence from the
GCN2 pathway could lead to an accumulation of DNA damages and chronic inflammation
gradually promoting the instauration of an immunosuppressive environment, favoring
resistance.

Consequently, | propose to investigate the potential dysregulations of the GCN2 signaling and
eventual association with an inflammatory context in tumor tissues samples. Assessment of the
different populations in the immune infiltrate, as well as markers of the inflammation
(cytokines, NF-kB, P38) and of the GCN2 pathway might provide first clues to support or not

this hypothesis.

This under described function for GCN2 is not only critical for the understanding of the biology
of cancer and predictions of sensitivity to agents targeting the ribosome biogenesis / DNA
damages response control axis. The unclear non-canonical functions of GCN2 could also have
implications for several other diseases. The most common risk factor for the development of
diseases is aging, sharing many common features with cancer among which dysregulated
nutrient sensing, proteostasis stress and genomic instability (245). Interestingly, dietary
restriction is associated to increased lifespan and a protective role of GCN2 in the context of
aging has been proposed in several studies (246—249). Yet, the contribution of the ISR in this
process remains controversial and unclear. For instance, activation of GCN2 has been reported
in old yeast compared to young ones, independently of a nutrient deprivation and of the
expression of the ISR effector ATF4 (246).

Instability of genomic information encountered throughout life is setting up a favorable
environment for the emergence of diseases associated with senescence and inflammation.

Evidences in the literature suggest to investigate: i) the role of the GCN2-MetRS axis in the
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protection against DNA damages cells have to face every day through the maintenance of the
nucleolar integrity, and ii) implications of its dysfunction in the development of diseases.

Likewise, in patients with ulcerative colitis or Crohn’s diseases, increased expression of GCN2
and other kinases of elF2a (PERK and PKR) were observed compared to normal tissue. However,
in a mice model of DSS-induced inflammation, the colitis was more severe and associated with
high levels of oxidative stress in mice lacking GCN2 compared to mice lacking PERK or elF2a
phosphorylation (250). These observations argue in favor of the implication of the GCN2-MetRS
axis in inflammatory diseases and aging likely to prevent genomic instability and ultimately the

drift towards cancer.

The implication of the GCN2-MetRS axis should be also investigated in the development of the
pulmonary veno-occlusive disease (PVOD), a rare form of pulmonary hypertension
characterized by fibrosis and obliteration of small pulmonary vessels. Indeed, the biallelic
mutations of the EIF2AK4 gene, leading to loss of function of GCN2 and development of the
disease, suggests an implication of defective MetRS response that should be investigated in this
inflammatory context (251,252). Exposition to chemotherapeutic agents such as mitomycin C
can also induce PVOD, and is associated to a decrease in GCN2 protein levels. However, the
phosphorylation of elF2a was not affected (253), suggesting that loss of GCN2, through genetic
deletions or enhanced degradation, favors inflammation and the PVOD onset independently of
elF2a signaling. Likewise, interestingly, young patients bearing a rare mutation in MARS gene
(MetRS alias) display multi-organ dysfunctions among which interstitial lung disease, another

pulmonary disease associated to fibrosis and inflammation (254,255).

Altogether, my findings underscore that there are open new avenues in evaluating the role of

GCN2 in diseases, particularly related to inflammation, in which the genomic integrity is

threatened.
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ANNEXES

a. Article 2

CONTEXT OF THE STUDY

Translational reprogramming represents a crucial event underlying tumor cell adaptive
response to extrinsic cues. It is now clearly demonstrated that some nutrient sensors
controlling this reprogramming are also modulated by chemotherapeutic agents. Briefly, it was
previously described that gemcitabine can increase the amounts of P-elF2a (256), pemetrexed
represses mTOR signaling (257), and doxorubicin disturb both of these two axes (258). This
highlights that metabolic and therapeutic stresses, independently of the pharmacological class,
share common molecular pathways involved in the regulation of proteostasis. Hence, both
stresses contribute to the translational adaptation of cancer cells and so, to the acquisition of
pro-survival features (256,258,259). Not surprisingly, resistance to therapies is associated with
dysregulation of the molecular pathways controlling translational processes. For instance,
hyperactivation of mTOR pathway (260,261) or increased phosphorylation of elF2a (256,262)
impairs treatments cytotoxicity.

However, most of the studies describing the influence of drugs on the activity of the nutritional
sensing pathways do not take into consideration the deprived intratumoral microenvironment
and are mainly performed on in vitro cellular models with aberrant proliferation rates. Thus,
how this crosstalk between chemotherapeutic cues and metabolic stress can affect the
regulation of protein synthesis in tumor cells exposed to low nutrients conditions remain

unknown.

Lung adenocarcinoma (LUAD) is characterized by heterogenous perfusion rate (7) and chronic
ER stress as illustrated by elevated amounts of P-elF2a correlated with lower survival in patients
(45). Thus, this type of cancer constitutes a paradigm of metabolic stress-driven tumorigenesis.
In parallel, lung cancer cells are also exposed to therapeutic agents. Among them, pemetrexed
is an antifolate treatment prescribed as a maintenance therapy for locally advanced and

metastatic lung cancer (263). Its cytotoxic effect is based on its folate antagonist capacity,
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resulting in the inhibition of several enzymes (thymidylate synthase, dihydrofolate reductase
and glycinamide ribonucleotide formyltransferase) involved in folate metabolism and purine
and pyrimidine synthesis (264). Consequently, pemetrexed results in the reduction of the pools
of folates and nucleotides. Thus, we hypothesized that inhibiting the generation of precursors
required for DNA replication and RNA synthesis might in turn also affect the protein synthesis
pathway. Consistently, Reich et al. demonstrated that chemical induction of the UPR with
thapsigargin or tunicamycin triggers PERK/elF2a axis activation and its translational

consequences results in resistance to antifolate treatment such as pemetrexed (265).

Hypothesis: considering elF2a as a central integrator of microenvironmental cues and
therapeutic stress, my work aimed at defining: i) whether this stress factor was localized at the
crossroad of metabolic and therapeutic stresses and ii) its role on the proteosynthesis rewiring

in proliferative or stressed cells.

RESULTS

“Pemetrexed Hinders Translation Inhibition upon Low Glucose in Non-Small Cell Lung Cancer
Cells.”

Piecyk M, Triki M, Laval PA, Dragic H, Cussonneau L, Fauvre J, Duret C, Aznar N, Renno T, Manié
SN, Chaveroux C, Ferraro-Peyret C.

Metabolites 2021, 11, 198. doi.org/10.3390/metabo11040198
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Abstract: Genetic alterations in non-small cell lung cancers (NSCLC) stimulate the generation of
energy and biomass to promote tumor development. However, the efficacy of the translation
process is finely regulated by stress sensors, themselves often controlled by nutrient availability
and chemotoxic agents. Yet, the crosstalk between therapeutic treatment and glucose availability
on cell mass generation remains understudied. Herein, we investigated the impact of pemetrexed
(PEM) treatment, a first-line agent for NSCLC, on protein synthesis, depending on high or low
glucose availability. PEM treatment drastically repressed cell mass and translation when glucose
was abundant. Surprisingly, inhibition of protein synthesis caused by low glucose levels was
partially dampened upon co-treatment with PEM. Moreover, PEM counteracted the elevation of
the endoplasmic reticulum stress (ERS) signal produced upon low glucose availability, providing
a molecular explanation for the differential impact of the drug on translation according to glucose
levels. Collectively, these data indicate that the ERS constitutes a molecular crosstalk between

microenvironmental stressors, contributing to translation reprogramming and proteostasis plasticity.

Keywords: protein synthesis; pemetrexed; glucose availability; ER stress signaling; NSCLC

1. Introduction

Non-small cell lung cancers (NSCLC), as many solid tumors, are characterized by
genetic alterations causing metabolic rewiring [1]. A well-known example of this is that
enhancement of glucose uptake and aerobic glycolysis favors the generation of energy and
biomass, subsequently promoting tumor development [1-6]. However, poorly vascular-
ized regions and the exacerbated metabolism of tumor cells can disrupt the nutritional
homeostasis within the tumoral microenvironment, leading to decreased concentrations
of several nutrients. Accordingly, glucose availability is often lower in different types
of solid tumors [7-9]. Cell adaptation and tumor progression will thus depend on the
cellular capacity to orchestrate a molecular and metabolic program to cope with such
metabolic stress. One major key in this process relies on the level of activation of the
nutrient sensors and their downstream molecular pathways that will modulate the cell
response. The unfolded protein response (UPR) is one of those pathways. In response to
glucose deprivation, UPR transiently inhibits protein synthesis and induces the production
of chaperone molecules in order to restore endoplasmic reticulum (ER) homeostasis and
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promote cell survival [10]. The failure of this rescue mechanism results in apoptotic cell
death [11]. Three ER stress (ERS) transducers, controlling three distinct axes of the UPR,
have been identified so far. Each branch is defined by a class of transmembrane ER-resident
signaling components: IRE1 (inositol requiring enzyme 1), PERK (double-stranded RNA-
activated protein kinase (PKR)-like ER kinase), and ATF6 (activating transcription factor
6) [12]. The activation of the PERK axis plays a pivotal role for pulmonary cell outcome upon
metabolic stress, particularly the phosphorylation of its substrate, the translation initiation
factor elF2a (eukaryotic initiation factor 2a) [13-15]. Indeed, elF2a phosphorylation provokes
a cytoprotective repression of protein synthesis and cell cycle arrest [16,17]. Conversely, upon
prolonged stress, recovery of protein synthesis mediated by dephosphorylation of elF2a and
mTORCI (mechanistic target of rapamycin complex 1) activation triggers cell death [18,19].

In addition to intrinsic metabolic stress, NSCLC cells are subjected to chemotherapeutic
cues. Interestingly, some of those are now described for modulating PERK signaling in non-
limiting nutrient conditions. For instance, in lung cancer cells, cisplatin treatment induces a
protective response mediated by ERS [20]. Therefore, elF2a represents a common integrator
of signals arising from microenvironmental and therapeutic stresses to control translation.

Pemetrexed (PEM) is one of the most-extensively prescribed antifolate chemother-
apeutic drugs for maintenance therapy of patients with locally advanced or metastatic
NSCLC [21,22]. This agent impedes the synthesis of the pool of folate and purine, which
is crucial for the generation of nucleotides and cell replication. In addition, production
impairment of the pool of purine by PEM leads to ATP depletion [23]. Although protein
synthesis and biomass generation represent the most consuming energy pathway in the cell,
the impact of PEM on translation remains unclear in nutrient rich conditions. Furthermore,
chemical activation of the PERK-elF2a-ATF4 axis protects tumor cells from antifolate treat-
ment through the induction of carbon metabolism [24]. However, whether protein synthesis
may be differently modulated by PEM when elF2a is phosphorylated remains unknown.

In this study, we thus determined the consequences of PEM on biomass and translation
in glucose-abundant or scarce conditions. We show that NSCLC cells, treated with PEM,
are prone to a de-repression of the rate of protein synthesis under low glucose availability.
Our molecular investigations revealed that this effect is associated with a down-regulation
of the UPR level.

2. Results
2.1. Pemetrexed Partially Reverts Low Glucose Inhibition of Protein Synthesis

To evaluate the effect of PEM on protein synthesis when glucose availability is low, we
first set up experimental conditions reflecting glucose availability in tumors in vivo. To this
end, A549 NSCLC cells were cultivated in medium containing 10 mM or 1 mM of glucose.
These concentrations are proportional to those measured respectively in the plasma and
tumor interstitial fluids of mice bearing xenografts [9]. Cell mass monitoring revealed an
impairment by low glucose at 72 h (Figure 1a). To avoid data misinterpretation between loss
of viability and biomass, we performed our experiments at 72 h, prior to proliferation arrest
or standard cell death. At this specific time point, cell counting revealed that the number of
viable A549 cells in 1 mM of glucose was similar to that in the 10 mM condition, irrespective
of the treatment administered (Figure 1b,c). Western blot analysis confirmed that a 72 h-
glucose starvation did not lead to caspase 3 and PARP cleavage (Figure 1d) [25,26]. This
result is in accordance with the previously published data indicating that NSCLC cells
are resistant to glucose metabolism impairment [27]. However, upon PEM, the apoptotic
activation process was lower in starved cells compared to the normal condition, suggesting
a protective role for glucose deprivation at later time points.

Then cells were treated with PEM for 72 h, concomitantly to glucose starvation, and
total protein mass was measured in each condition (Figure 2a). As previously observed,
we found a significant loss of biomass when A549 cells were cultured in 1 mM of glucose
compared to their counterparts cultivated in 10 mM. This demonstrates that low glucose
alone reduces protein content by up to 43%. PEM treatment led to a 75% reduction in
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protein mass in the 10 mM glucose condition. However, in low glucose medium, PEM
caused a lower decrease (50%) in protein mass compared to the vehicle, suggesting that
this drug dysregulated the effect of low glucose on protein homeostasis.
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Figure 1. Experimental settings for assessing the impact of pemetrexed treatment on biomass
independently of cytotoxicity. (a) Time course analysis of cell mass monitored by sulforhodamine B
(SRB) assay performed on A549 cells cultured in 1 mM for the indicated time points. Control (CTRL)
is referred to as the time point 0 h of deprivation. Data represent the mean of four independent
experiments + SEM. Cell viability was assessed using trypan blue exclusion assay after 72 h of
culture in medium containing 10 mM or 1 mM glucose and treated with (b) DMSO or (c) PEM (4 uM).
(d) Western blot analysis of apoptotic markers: cleaved forms of caspase 3 (c-CASP3) and PARP
(c-PARP). For Western blotting, the most representative result from three independent experiments
is displayed. Quantitative analysis was performed by comparing signals obtained in PEM-treated
conditions normalized to tubulin using ImageJ software. ** p < 0.01, *** p < 0.001, ns: not significant.

To confirm that the PEM-mediated reduction in cell mass relied on an impaired
translation, the rate of protein synthesis was assessed by using the SUnSET assay in the
experimental conditions described above (Figure 2b). As expected, glucose deprivation
provoked a dramatic (83%) decrease in puromycin incorporation. In non-limited glucose
condition, PEM alone led to the repression (72%) of protein synthesis confirming that the
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reduction in biomass in response to the drug could be attributed to the repression of protein
translation. However, when PEM-treated cells were maintained in 1 mM glucose, the rate
of protein synthesis was significantly higher than that in the glucose-starved condition
alone. These results show that PEM treatment partially relieves translation inhibition
caused by low glucose.
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Figure 2. Protein synthesis is differently modulated according to glucose availability and pemetrexed
treatment. (a) After 72 h, in 10 mM or 1 mM glucose-containing medium, A549 cells were treated or
not with PEM (4 uM), and protein mass was measured using a SRB assay. SRB staining was imaged
before measuring the corresponding absorbance. Control (CTRL) is referred to as the 10 mM without
PEM condition. Data represent the mean 4= SEM (n = 8). (b) The protein synthesis rate was assessed
by SUnSET assay and quantified by measuring the ratio of puromycinated proteins normalized
against tubulin using the Image] software. Quantification data represent the mean 4 SEM (n = 3).
*p <0.05,** p <0.01, ** p < 0.001, ns: not significant.

Altogether, those data show that PEM differentially impacts the rate of protein synthe-
sis according to the glucose availability.

2.2. Pemetrexed Treatment Alleviates UPR Induction in Low Glucose Condition

Next, we sought to determine the underlying mechanism by which PEM prevents low
glucose-induced inhibition of protein synthesis. In glucose-starved cells, repression of pro-
tein synthesis is a consequence of various signaling pathways, including ERS signaling [28].
Particularly, activation of the PERK branch of the UPR leads to the inhibition of translation
initiation and a selective elevation of the terminal transcription factor ATF4 (activation
transcription factor 4). Thus, to investigate whether the UPR is affected in the different
conditions, we first analyzed the degree of activation of ERS pathway at the studied time
points (Figure 3a). We observed that ATF4 and ERS canonical target genes, CHOP (C/EBP
homologous protein) and BiP (binding immunoglobin protein), increased after 48 h of
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glucose deprivation. Unlike CHODP, levels of ATF4 and BiP then decreased at 72 h, likely
due to the action of molecular feedbacks on the UPR pathways [29,30], indicating that the
peak of activation for ERS signaling occurs before 72 h of glucose starvation. Therefore,
we then addressed whether induction of the UPR is impaired when glucose scarcity is
associated with PEM at 48 h (Figure 3b). Glucose deprivation led to the activation of the
ERS, as evidenced by a slower mobility of PERK, in addition to the accumulation of both
ATF4 and CHOP and the canonical ATF6 marker BiP. PEM alone, compared to the vehicle,
did not trigger ERS, as no change in these markers was observed. However, when glucose
is low, PEM limits the increase in phosphorylated elF2a, ATF4, CHOP, and BiP, further
indicating that the weaker inducibility of the UPR by the agent is not restricted to the PERK
axis. Expression analysis of canonical target genes of ATF4 (ASNS (asparagine synthetase),
TRB3 (tribble-3 related protein)) and ATF6 (BIP) confirmed the functional impairment of
UPR signaling by PEM in deprived cells (Figure 3c). Indeed, although these three genes
were upregulated upon low glucose, their inducibility was dramatically reduced when
starvation was combined with PEM treatment.
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Figure 3. Pemetrexed constrains unfolded protein response (UPR) activation by glucose starvation.
(a) Time course analysis of three ERS markers (ATF4, CHOP, BiP) at 48 h and 72 h following glucose
deprivation. Quantification data represent the mean + SEM (n = 3). (b) A549 cells were grown for
48 h in 10 mM or 1 mM glucose-containing medium combined or not with PEM (4 uM). Western blot
analysis of UPR markers: PERK, phospho-elF2a, ATF4, CHOP and BiP. O, inactivated and P, activated
PERK. Quantification data represent the mean & SEM (n = 3). For all Western blotting, the most
representative result from three independent experiments is displayed, quantification of each marker
was performed using the Image J software, and data are represented as fold change relative to the
indicated condition. (c) Expression measurements of canonical UPR-target genes ASNS, TRB3, and
BIP. QPCR data represent mean + SEM (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001, ns: not significant.
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Taken together, these results indicate that PEM limits UPR activation by low glucose
levels, providing a mechanistic explanation as to the lower translation repression by the
drug when glucose is scarce.

3. Discussion

This study aimed at determining whether PEM impairs protein homeostasis, and
to unravel its crosstalk with glucose availability. Our data revealed that PEM treatment
decreases translation activity in nutrient-rich conditions. However, in the context of
repressed translation by glucose scarcity, PEM treatment dampened UPR activation and
partially restored protein synthesis.

Our results provide a novel insight into the mode of action of PEM by showing
that the drug counteracts protein biosynthesis when cells have a non-limited access to
nutrients in a mechanism that is independent of the ERS signaling. In this context, the
mode of action of PEM could implicate several molecular events converging to repressing
protein synthesis. Knowing that PEM targets enzymes involved in decreasing nucleotide
biosynthesis and pool, one could expect an alteration of mRNA synthesis [31-34]. However,
this agent leads to an induction of PD-L1 expression in NSCLC cells, indicating that gene
expression upon PEM is not totally repressed and might be selective [35]. As methotrexate,
another antifolate compound, increases the AMP/ATP ratio, indicating that it depletes
cells of ATP [23], PEM-induced reduction of the cellular pool of tetrahydrofolate likely
diminishes the pool of ATP provoking a dysfunction of protein biosynthesis, one of the
most consuming metabolic pathways [36]. Furthermore, alteration of energy metabolism
represses the molecular axis that could contribute to translation inhibition. Indeed, several
studies performed in complete medium reported that PEM inhibits mTORCI signaling, a
key regulator of cell growth, in an AMPK-dependent manner [37]. Repression of mTORC1
compromises the initiation and elongation stages through the dephosphorylation of 4EBP1
and S6K1/2 and by impairing ribosome biogenesis [38—40].

The nutritional context is emerging as a determinant of anticancer drug efficacy. Tu-
mor cells evolving in nutrient-poor regions undergo dedifferentiation [41]. Acquisition
of stemness features driven by metabolic stress including glucose starvation or hypoxia,
triggers lower translation rates, particularly provoked by the repression of the mTOR
pathway and phosphorylation of elF2a [42,43]. Accordingly, rapamycin treatment, which
mimics a starvation situation, antagonizes the cytotoxic effect in NSCLC cells [44,45]. The
subsequent proliferation arrest and changes in tumor cell phenotype under stressed condi-
tions might explain the resistance to PEM. Indeed, under severe hypoxia, expression of
key enzymes and transporters in folate metabolism and nucleoside homeostasis is down-
regulated [46]. Raz et al. showed that hypoxia in solid tumors, by inducing cell cycle
arrest, prevents antifolates from inducing DNA damage and apoptosis [47]. Furthermore,
a recent work by Postovit’s group showed that the repression of mTOR caused by hy-
poxia or paclitaxel treatment promotes a 5UTR selective translation of NANOG, SNAIL,
and NODAL isoforms and the acquisition of stem-cell phenotypes and resistance to the
drug [43]. Nonetheless, sensitivity to chemotherapy is restored upon ISRIB administration,
a small molecule preventing elF2a phosphorylation, by alleviating translation repression
caused by stress [43].

Overall, further investigations are needed to comprehend whether the nutritional
context impairs the efficacy of PEM treatment in clinics. In line with a previous study
describing a protective role for the PERK pathway upon antimetabolites treatment [24],
our results indicate that harsh nutritional microenvironment, reflecting the tumor glucose
concentration, indeed protects against PEM in a lung cancer model mutated for KRAS. At
the clinical level, these results propose the importance of assessing the stress degree in
tumors for patient stratification and personalized adaptation of chemotherapeutic regimens.
Recent data presented by the group of Dr. Koromilas confirm that increased phospho-elF2a
is associated with a poorer survival of patients [48]. Functionally, its pharmacological
blockade by ISRIB prolonged survival of NSCLC mice models. These data, in conjunction
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with our findings, provide strongly compelling evidence to assess phospho-elF2a in NSCLC
tumors as a prognostic and stratification marker for PEM eligibility. Furthermore, the
moderate translation recovery in starved cells upon PEM treatment attributed to partial
induction of phospho-elF2a axis likely participate in PEM resistance. Complete abolition
of this stress integrator by ISRIB might represent a therapeutic vulnerability to ameliorate
PEM sensitivity to NSCLC cells.

4. Materials and Methods
4.1. Cell Culture and Treatments

A549 cells were purchased from the ATCC. They were routinely cultured in Dulbecco’s
Modified Eagle Medium DMEM high glucose (GIBCO) supplemented with 10% fetal
bovine serum (FBS) and 1% v/v penicillin/streptomycin (GIBCO) and were maintained
at 37 °C in a 5% CO; incubator. All of the treatments (chemotherapy and/or glucose
deprivation) were performed the day after plating. Glucose deprivation was performed
using Dulbecco’s Modified Eagle Medium devoid of glucose and sodium pyruvate (GIBCO).
One percent penicillin/streptomycin (GIBCO), 1% sodium pyruvate, and 10% dialyzed FBS
were subsequently added. The respective control medium for these experiments were also
supplemented with glucose 200 g/L (GIBCO) to reach a final concentration of 10 or 1 mM.
When necessary, chemotherapeutic treatment was performed daily using Pemetrexed
generously provided by the Centre Léon Bérard at a final concentration of 4 uM.

4.2. Cell Extracts and Western Blot Analysis

To perform Western blot analysis, A549 cells were seeded onto 6-well plates (2.50 x 10°
cells per well). Then, cells were treated with Pemetrexed and/or deprived of glucose for
72 h. Whole cell extracts were prepared from cultured cells lysed in RIPA protein buffer
containing protease and phosphatase inhibitors (Roche) at 4 °C and obtained by centrifu-
gation at 13,000 ¢ for 20 min at 4 °C. Protein concentrations of the cellular extracts were
determined using the DC Protein Assay (Bio-Rad, Hercules, CA, USA). Equal amounts
of proteins (40 pg) were separated by SDS-PAGE and then transferred onto nitrocellu-
lose membranes (Bio-Rad). Membranes were incubated in blocking buffer, 5% milk or
Bovine Serum Albumin (BSA) in Tris-Buffered Saline/Tween 20 (TBST), for 1 h at room
temperature, then incubated overnight at 4 °C with the appropriate primary antibodies,
diluted in TBST containing 5% milk or BSA. Membranes were washed three times with
TBST, incubated for 1 h at room temperature with the appropriate secondary antibodies,
diluted in TBST containing 5% milk, and again washed three times with TBST. Detection by
enhanced chemiluminescence was performed using the Clarity Western ECL substrate (Bio-
Rad). Tubulin was used as a loading control. The primary antibodies used were purchased
with the indicated dilution either from BD Biosciences: BiP (1/1000, 610978); Santa Cruz
Biotechnology: ATF4 (1/1000, sc-200 and sc-390063), CHOP (1/200, sc-7351) and «-Tubulin
(1/1000, sc-23950); from Cell Signaling Technology: PERK (1/1000, 3192S), c-Caspase 3
(1/1000, 9664), c-PARP (1/1000, 5625S), phospho-elF2a (1/1000, 3398S); or from Millipore:
Puromycin clone 12D10 (1/10,000, MABE343). The HRP-conjugated secondary antibodies
were supplied by Cell Signaling Technology (1/10,000, anti-rabbit and anti-mouse anti-
bodies, respectively, 7074S and 7076S). Western blot images are representative of three
independent experiments.

4.3. SUnSET Assay

Rates of protein synthesis were evaluated using the surface sensing of translation
(SUnSET) method as previously described [49]. A549 cells were seeded onto 6-well plates
(2.50 x 10° cells per well) and treated with Pemetrexed and/or deprived of glucose for
72 h at 37 °C, 5% COx. Fifteen minutes before being harvested and processed to prepare
whole cell extracts in RIPA buffer, cells were incubated with 5 ug/mL of puromycin (Sigma
P9620), directly added into the medium. The amount of puromycin incorporated into
nascent peptides was then evaluated by Western blot analysis on 15 pug of proteins using
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anti-puromycin antibody purchased from Millipore (MABE343) and quantified with the
Image] software (National Institutes of Health, Bethesda, MD, USA).

4.4. RNA Extraction and RT-gPCR

Total cellular RNA was extracted after 48 h of treatment using TRIzol Reagent (Life
Technologies) according to the manufacturer’s protocol. For cDNA synthesis, 0.5 pug of
RNA were reverse transcribed using Superscript II reverse transcriptase (Invitrogen, ref:
18064014) with random primers (Invitrogen, ref: 50142), according to the manufacturer’s
instructions. cDNA was then amplified by qPCR using specific primers listed below and
the SYBR Green Master Mix (Bio-Rad). qPCR was performed using the CFX connect
real-time PCR system (Bio-Rad). Relative quantification was assessed using a standard
curve-based method. Expression of target genes (TRB3 Fw: TGGTACCCAGCTCCTCTACG
Rev: GACAAAGCGACACAGCTTGA; BIP Fw: CTGTCCAGGCTGGTGTGCTCT Rev:
CTTGGTAGGCACCACTGTGTTC; ASNS Fw: CTGTGAAGAACAACCTCAGGATC; Rev:
AACAGAGTGGCAGCAACCAAGC) was normalized against 3 endogenous mRNA levels
(18S Fw: GAACGCCACTTGTCCCTCTA Rev: GTTGGTGGAGCGATTTGTCT, Actin Fw:
TCCCTGGAGAAGAGCTACGA Rev: AGCACTGTGTTGGCGTACAG, HPRT Fw: TGAC-
CTTGATTTATTTTGCATACC Rev: CGAGCAAGACGTTCAGTCCT), used as internal
controls. QPCR experiments were repeated at least three times in duplicate.

4.5. Cell Mass Assay

Cell mass biosynthesis was assessed by using the sulforhodamine B (SRB) assay. A549
cells were seeded onto 6-well plates (2.50 x 10° cells per well) and treated with Pemetrexed
and/or deprived of glucose for 24 to 72 h at 37 °C, 5% CO,. After removing the medium,
wells were washed with PBS. Then, 1 mL of 10% trichloroacetic acid was added and after
1 h of incubation at 4 °C, the plates were flicked and washed three times with tap water
before being dried at 37 °C for 1 h. The wells were then stained with 1.5 mL of SRB solution
(0.057% in 1% acetic acid) for 30 min at room temperature under gentle agitation. Plates
were flicked and washed three times with 1% acetic acid and air-dried for at least 1 h.
Finally, 1.5 mL of 10mM Tris base was added and shaken vigorously for 15 min. The
absorbance was measured using Tecan Infinite M200 Pro at a wavelength of 510 nm.

4.6. Cell Viability Assay

Cell viability was measured using the trypan blue dye exclusion assay. A549 cells
were seeded onto 6-well plates (2.5 x 10° cells per well) and treated with Pemetrexed
and/or deprived of glucose for 72 h at 37 °C, 5% CO,. First, the medium was collected
and centrifuged twice at 500x g for 5 min. Dead cells were then resuspended in 100 pL
and counted. Second, adherent cells were washed with PBS and detached with 500 puL of
accutase (ref 11-007, GE Life Sciences/PAA Laboratories) for 10-15 min at 37 °C. Detached
cells were resuspended in trypan blue dye at a ratio of 1:1. After 5 min of incubation,
viable (stainless) and non-viable (blue) cells were counted in all studied conditions using a
Glasstic slide from Kova International (ref: 87144).

4.7. Statistical Analyses

Statistical analyses were performed using the SigmaPlot software (Systat Software, San
Jose, CA, USA) via one-way ANOVA with Tukey’s or Kruskal-Wallis multiple comparisons
test. All data are expressed as means + SEM of the indicated number of experiments,
*p <0.05,** p <0.01, ** p < 0.001.
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b. Article 3

CONTEXT OF THE STUDY

Cells exposed to nutrient scarcity have to face endoplasmic reticulum stress and increased ROS.
In this study, our group demonstrated that the stress response induced by the endoplasmic
reticulum resident protein PERK contributes to the antioxidant response upon metabolic stress
not only through the direct activation of NRF2, a major actor involved in the response to
oxidative stress, but also by promoting NRF2 expression through the induction of the

transcription factor ATF4.

RESULTS
"ATF4-Dependent NRF2 Transcriptional Regulation Promotes Antioxidant Protection during

Endoplasmic Reticulum Stress.

Sarcinelli C, Dragic H, Piecyk M, Barbet V, Duret C, Barthelaix A, Ferraro-Peyret C, Fauvre J,
Renno T, Chaveroux C, Manié SN. Cancers (Basel). 2020 Mar 1;12(3):569. doi:
10.3390/cancers12030569.
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Abstract: Endoplasmic reticulum (ER) stress generates reactive oxygen species (ROS) that induce
apoptosis if left unabated. To limit oxidative insults, the ER stress PKR-like endoplasmic reticulum
Kinase (PERK) has been reported to phosphorylate and activate nuclear factor erythroid 2-related
factor 2 (NRF2). Here, we uncover an alternative mechanism for PERK-mediated NRF2 regulation
in human cells that does not require direct phosphorylation. We show that the activation of the
PERK pathway rapidly stimulates the expression of NRF2 through activating transcription factor
4 (ATF4). In addition, NRF2 activation is late and largely driven by reactive oxygen species (ROS)
generated during late protein synthesis recovery, contributing to protecting against cell death. Thus,
PERK-mediated NRF2 activation encompasses a PERK-ATF4-dependent control of NRF2 expression
that contributes to the NRF2 protective response engaged during ER stress-induced ROS production.

Keywords: NRF2; ROS; ER stress; PERK; ATF4

1. Introduction

The endoplasmic reticulum (ER) orchestrates protein folding and export. This function is sensitive to
cellular alterations in energy levels, redox status, or calcium homeostasis [1], resulting in accumulation of
misfolded proteins in the ER lumen, a condition known as ER stress [2]. The detection and resolution of
ER stress relies on three major ER-spanning transmembrane proteins, PERK, inositol requiring enzyme 1
(IRE1) and activating transcription factor 6 (ATF6), which trigger the unfolded protein response (UPR).
The UPR induces global translational and transcriptional changes to improve the ER protein-folding
capacity. However, if ER stress cannot be resolved, the UPR shifts from pro-survival to pro-apoptotic
signaling pathways [2]. Several lines of evidence suggest a pivotal role for the PERK branch in the cellular
outcome of ER stress [3]. Activated PERK phosphorylates the alpha subunit of eukaryotic translation
initiation factor 2 (elF2«x) that reduces protein synthesis but paradoxically increases the translation of
mRNAs such as that of ATF4. ATF4 in turn initiates a transcriptional program including the up-regulation
of the transcription factor C/EBP homologous protein (CHOP). ATF4 and CHOP cooperatively stimulate

Cancers 2020, 12, 569; doi:10.3390/cancers12030569 www.mdpi.com/journal/cancers
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the expression of genes encoding functions in protein synthesis, and the reactivated translation rate
generates significant amounts of reactive oxygen species (ROS) that induce apoptosis [4,5]. As part of
the mechanisms engaged to limit oxidative insults, PERK has been shown to directly phosphorylate
the master regulator of the cellular antioxidant response nuclear factor erythroid 2-related factor 2
(NRF2), leading to NRF2/Kelch-like ECH-associated protein 1 (KEAP1) complex dissociation and NRF2
stabilization and activation [6]. In addition, IRE1 can also activate the NRF2 and the subsequent oxidative
stress response [7], indicating that the molecular events governing NRF2 activity upon ER stress are
multifaceted. Apart from the classical activation of NRF2 relying on the induced-dissociation of the
NRF2/KEAP1 complex, evidence suggests that NRF2 regulation also occurs at the transcriptional level and
that increased transcription promotes resistance to ROS [8-10]. Notably, chromatin immunoprecipitation
(ChIP) sequencing data from human mammary cells have exposed the direct binding of ATF4 to the
promoter of the NRF2 gene (NFE2L2) upon ER stress [11], suggesting that PERK-mediated regulation of
NREF2 might be more complex than previously anticipated.

Herein, we present an alternative mechanism to the direct phosphorylation by PERK that
contributes to the protective NRF2-induced antioxidant response upon PERK activation.

2. Results

2.1. ER Stress-Independent PERK Activation Recapitulates ROS Production and NRF2 Activation

In order to investigate PERK-ATF4-dependent regulation of the NRF2 oxidative stress response,
which can also be activated by IRE1 [7], we exclusively triggered the PERK pathway uncoupled from the
other arms of the UPR to provide a simplified cellular context. To do so, the human cell line NCI-H358
was engineered to stably express the chimeric Fv2E-PERK protein in which the cytosolic PERK kinase
domain is fused to a dimerization domain (Fv2E) with high affinity for the drug AP20187 (AP) [12].
This system allows the selective activation of the PERK signaling pathway uncoupled from the IRE1 and
ATF6 arms of the UPR. Treatment of these modified NCI-H358 cells with AP resulted in an activation
of the Fv2E-PERK construct, as revealed by a phosphorylation-induced shift in the migration of the
protein, the phosphorylation of elF2x and the accumulation of ATF4 (Figure 1a). In contrast, the two
other UPR markers p58IPK and BiP reflecting the activation of the IRE1 and ATF6 branches of ER
stress, respectively [13], were not affected. Next, we used the surface sensing of translation (SUnSET)
approach [14], to monitor the rate of protein synthesis following Fv2E-PERK activation. We observed
the partial inhibition of protein translation between 3 and 6 h of AP treatment, and its recovery at 24 h
(Figure 1b). In line with published results [4], the recovery phase was concomitant with an increase
in intracellular ROS (Figure 1c). We then assessed NRE2 protein amounts. NRF2 abundance, which is
maintained low in unstressed conditions through Kelch-like ECH-associated protein 1 (KEAP1)-mediated
proteasomal degradation, increased as early as 6 h after Fv2E-PERK stimulation and peaked at 24 h
(Figure 1d). Comparable results were obtained in response to classical ER stress inducers, namely
tunicamycin and thapsigargin (Figure le,f). To assess if this increase in NRF2 proteins contributed
to buffer AP-induced ROS, we silenced NRF2 expression using siRNA. While NRF2 knockdown did
not affect intracellular ROS levels under basal growth conditions, loss of NRF2 consistently increased
amounts of ROS following Fv2E-PERK activation (Figure 1g). Finally, Fv2E-PERK activation reduced cell
viability, which was further increased upon NRF2 silencing, and these effects relied on ROS production,
as they are alleviated by treatment with the ROS scavenger N-acetylcysteine (NAC) (Figure 1h).

Therefore, the activation of the artificial e[F2« kinase recapitulates ROS production and NRF2
activation under conditions in which other ER stress-induced signaling pathways were not activated.
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Figure 1. The sole activation of PERK recapitulates reactive oxygen species (ROS)-mediated cell death
upon endoplasmic reticulum (ER) stress. (a) Time course analysis of Fv2E-PERK and unfolded protein
response (UPR) markers following AP20187 (AP) treatment of NCI-H358 cells. Fv2E-PERK activation was
assessed by monitoring changes in Fv2E-PERK band mobility upon AP treatment. P = phosphorylated
and 0 = non-phosphorylated form of the protein. (b) Protein synthesis rate measurement by SUnSET
assay. (c) Intracellular ROS measurement by fluorescence detection. Cells were treated with AP for 6
and 24 h. ROS fold increase per cell is reported. Time course analysis of Fv2E-PERK, P-elF2a, ATF4,
CHOP and NRF2following treatments with (d) AP, (e) tunicamycin or (f) thapsigargin. * = non-specific
bands (g) Cell viability of NCI-H358 cells silenced for NRF2 upon PERK activation. NRF2 knockdown
was confirmed by Western blot analysis. * = non-specific bands. (h) Cell viability of NCI-H358 cells
silenced for NRF2 and treated with or without AP or N-Acetylcysteine (NAC). NAC was added to cell
culture 1 h prior to adding AP for 24 h. Data are expressed as means + SEM of at least three independent
experiments, * p < 0.05, ** p < 0.01, ** p < 0.001.

2.2. ROS Generated during Protein Synthesis Recovery Contribute to NRF2 Activation

We next investigated the mechanism(s) of NRF2 activation. Although accumulation of ATF4 and
NREF2 occurred concomitantly upon AP treatment, induction of their respective transcriptional program
was delayed. Indeed, ATF4-regulated genes such as TRB3, GADD34, CHOP were induced from 6 h of
AP treatment onwards (Figure 2a), whereas induction of NRF2 canonical target genes such as NQO1,
HOI1 and GCLC, was observed only at 24 h (Figure 2b). In this latter case, the slight but significant
augmentation of HO1 expression observed at 6 h, is likely due to the rapid onset of ATF4 activity since
this gene is also positively-regulated by ATF4 [15]. These results indicate that even though the amounts
of both ATF4 and NRF2 proteins increase 6 h following PERK activation, detectable NRF2 activity is
delayed by 24 h compared to that of ATF4.

To assess whether this increase in NRF2 is regulated by the canonical KEAP1 complex,
we monitored NRF2/KEAP1 complex disruption using the Neh2-luc reporter. In this construct,
the Neh2 domain of NRF2 responsible for its interaction with KEAP1, was fused to firefly luciferase and
the protein stability of the reporter directly depends on its interaction with endogenous KEAP1 [16].
Figure 2c shows that the increase in Neh2-luc luminescence was not detectable at 6 h, but occurred
after 24 h of AP stimulation. This result corroborates the measurement of NRF2 target gene expression
presented above. Notably, PERK-mediated phosphorylation of NRF2 on threonine residues after 6 h
of AP stimulation was not detected (Figure S1). Rather, NRF2 activation was correlated with protein
synthesis recovery and ROS production. Indeed, the rise in Neh2-luciferase signal was alleviated by
NAC treatment, indicating that oxidative stress is implicated in NRF2/KEAP1 dissociation (Figure 2c).
Consistently, accumulation of activated NRF2 in the nucleus was mainly observed after 24 h of AP
stimulation (Figure S2), and NAC reduced both NRF2 nuclear translocation (Figure 2d) and the
induction of NRF2 canonical target genes (Figure 2e). In line with these results, leucine deprivation that
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triggers the elF20-ATF4 axis independently of PERK [17], also induced a concomitant ROS production
and NRF2 nuclear translocation (Figure S3). Of note, protein kinase C-mediated phosphorylation of
NRF2 Ser40 was decreased upon AP treatment (Figure 2d), suggesting that this mechanism for NRF2
activation is not engaged. To rule out the possibility that ROS-mediated NREF2 activation is specific to
ER stress-independent PERK activation and/or to NCI-H358 cells, we used tunicamycin that activates
PERK in a context of ER stress. Tunicamycin-induced NRF2 target genes were also strongly reduced
by NAC in NCI-H358 cells (Figure 2f) or in HBEC-3KT cells (Figure S4).
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Figure 2. NRF2 activation by PERK partially relies on ROS generation during protein synthesis
recovery. NCI-H358 cells were treated with AP over a time course of 24 h and RT-qPCR analysis
were performed on canonical (a) ATF4-target genes (TRB3, GADD34, CHOP) or (b) NRF2-target genes
(NQO1, HO1, GCLQ). (c) Time course analysis of the KEAP1/NRF2 complex dissociation following
AP treatment. CI-H358 cells were transiently co-transfected with the Neh2-Luc reporter and Renilla
vectors and treated with NAC for 1 h prior to the addition of AP for the indicated periods of time. Data
were normalized against the Renilla luciferase activity for each condition. Activity fold increase is
reported. (d) Western blot analysis of ATF4, NRF2 and CHOP in cytoplasmic and nuclear fractions
upon AP-mediated Fv2E-PERK activation with or without NAC. * = non-specific bands. (e) RT-qPCR
analysis of NQO1, HO1 and GCLC expression levels. NCI-H358 cells were treated with or without
NAC for 1 h prior to the addition of AP for 24 h. (f) RT-qPCR analysis of NQO1, HO1 and GCLC
expression levels. NCI-H358 cells were treated with or without NAC for 1 h prior to the addition of
tunicamycin for 24 h. Data are expressed as means + SEM of at least three independent experiments,
*p <0.05,* p <0.01, ** p <0.001.

Collectively, these data demonstrate that following PERK activation, ROS generated during
protein synthesis recovery contribute to activating NRF2. Therefore, NRF2 activation by the PERK
pathway also relies on a complementary and/or alternative mechanism to its direct phosphorylation
by PERK.

2.3. The PERK Pathway Induces a Rapid ATF4-Dependent NRF2 mRNA Increase

Given that ATF4 can bind to the promoter of the NRF2 gene (NFE2L2) upon drug-induced ER
stress [11], we next assessed whether the PERK pathway could also regulate NRF2 at the transcriptional
level. We initially confirmed this hypothesis by showing that (i) tunicamycin induced a rapid increase
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in NRF2 mRNA, (ii) Fv2E-PERK activation and leucine deprivation, resulted in a similar induction
(Figure 3a—c). These findings, in particular the latter also strongly suggested that the mechanism(s)
controlling NRF2 mRNA increase is independent of PERK-mediated phosphorylation of NRF2.
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Figure 3. ATF4 directly controls NRF2 expression. Time course analysis of NRF2 mRNA levels in
NCI-H358 cells upon (a) addition of tunicamycin (Tm), (b) AP treatment, or (c) leucine deprivation
(-Leu). (d) NRF2 and TRB3 mRNA levels in NCI-H358 cells transfected with a siRNA Ctrl or directed
against ATF4 and subjected to AP treatment for 6 h. (e) NRF2 mRNA levels in NCI-H358 cells transfected
with a siRNA Ctrl or directed against ATF4 and subjected to tunicamycin treatment for 6 h. Kinetics
analysis of ATF4 and NRF2 amount from NCI-H358 cells transfected with a siRNA Ctrl or directed
against ATF4 and treated (f) with AP or (g) tunicamycin. * = non-specific bands. (h) Immunoblot
analysis of ATF4 and NRF2 amounts from NCI-H358 cells transfected with a siRNA Ctrl or directed
against ATF4 and leucine-starved for 6 h. (i) Chromatin immunoprecipitation (ChIP) analysis of ATF4
binding to a putative CARE located within the human Nfe2]2 promoter (-281bp upstream the TSS,
negative sense). NCI-H358 cells were treated with AP for 6 h. Trib3 and Neg primers were used as
positive and negative controls, respectively. (j) RT-qPCR analysis of NQO1, HO1 and GCLC mRNA
levels, following a 24-h activation of FV2E-PERK in ATF4 silenced NCI-H358 cells. (k) Immunoblot
analysis of the Flag tag from NCI-H358 cells transfected with a pcDNA encoding luciferase (Luc) or
Flag-NRF2. (1) Cell viability measurement of NCI-H358 cells overexpressing Luc or NRF2 and treated
with AP for 24 h. Data are expressed as means + SEM of at least three independent experiments,
*p <0.05,* p <0.01,** p <0.001.
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We then tested whether ATF4 may control NRF2 mRNA up-regulation. ATF4 silencing strongly
reduced NRF2 mRNA expression (Figure 3d, left panel) and protein amount (Figure 3f) as early as 6 h
after Fv2E-PERK activation. Functionality of the ATF4 knockdown was confirmed by the reduction of
the ATF4 target gene TRB3 (Figure 3d, right panel) and of ATF4 protein surge (Figure 3f). The rapid
ATF4-dependant NRF2 mRNA up-regulation was recapitulated upon tunicamycin treatment of H358,
HBEC-3KT or A549 cells (Figure 3e and Figure S5). Consistently, ATF4 silencing decreased NRF2 protein
abundance following global ER stress upon exposure to tunicamycin or leucine deprivation (Figure 3g,h).
These results suggested that ATF4 may directly control NRF2 mRNA. Indeed, we identified a putative
C/EBP-ATF Response Element (CARE) in the human NRF2 gene promoter through which ATF4 triggers
transcription of a subset of target genes (Figure 3i). Chromatin immunoprecipitation (ChIP) assay
following 6 h of AP treatment showed an enrichment in ATF4 binding to this CARE, comparable
to that of the Trib3 promoter region (Figure 3i). In addition, Figure 3j shows that the loss of ATF4
significantly decreased mRNAs level of NRF2 target genes upon AP stimulation, underlying the
relevance of ATF4-dependent regulation of NRF2. Together, these data demonstrate that the PERK
pathway engages a rapid ATF4-dependent up-regulation of NRF2 mRNA expression.

Finally, to investigate the biological relevance of the increase in NRF2 mRNA and protein
amounts, we overexpressed NRF2 in Fv2E-PERK cells (Figure 3k) and triggered the PERK pathway
activation using AP. Cells overexpressing NRF2 displayed an increased viability compared to the
control counterparts (Luc) following PERK pathway activation (Figure 31), indicating that higher basal
levels of NRF2 render cells prone to respond to oxidative stress following activation of the PERK
branch of the ER stress.

Therefore, in addition to the direct phosphorylation of NRF2, the PERK pathway can also control
NRE2 amounts through an ATF4-dependent mechanism, which reinforces the cytoprotective effects of
NRF2 against ROS (Figure 4).

Translation
Translation — — > reco+very

S~

v / \ 4
nrre— @@ @
Antio+xidant
response

ROS

Figure 4. Schematic diagram of an alternative mechanism driving NRF2 activation upon PERK
activation. In addition to the known NRF2 phosphorylation, activation of PERK triggers NRF2
transcription in an ATF4-dependent manner. During the protein synthesis recovery phase, subsequent
generation of ROS induces the dissociation of the NRF2/KEAP1 complex, activation of the NRF2
antioxidant program and cell survival.

3. Discussion

ER stress-associated PERK activation has previously been reported to induce rapid and direct
phosphorylation of NRF2 [6]. Although this mechanism results in a ROS-independent activation
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of NRF2 during ER stress, we report that ROS generated during late stages of PERK-dependent
protein synthesis recovery, also contribute to triggering the cytoprotective NRF2 antioxidant program.
In addition, PERK activation triggers an ATF4-dependent control of NRF2 mRNA abundance that
reinforces the cytoprotective function of NRF2. These results show that the PERK pathway can engage
different mechanisms to activate NRF2 during ER stress.

Lu and colleagues notably demonstrated that PERK-dependent changes in gene expression are
mainly reliant on transcription factors downstream of el[F2« phosphorylation [12], which has raised
questions about the physiological importance of transcription activation by alternative PERK substrates
such as NRF2 [2]. Our findings may reconcile these apparently discrepant results since the different
mechanisms of NRF2 activation are theoretically not mutually exclusive but rather complementary
or alternative.

The PERK pathway induced an ATF4-dependent NRF2 mRNA increase and the binding of ATF4
to the CARE of Nfe2l2 promoter region supporting a direct regulation of NRF2 gene expression.
Interestingly, no conserved CARE was found in the orthologous region of the murine Nfe2/2 promoter
and no ATF4 binding to this promoter has been described in mouse embryonic fibroblasts [4], suggesting
a species-specific NRF2 regulation by ATF4. Fv2E-PERK-mediated ATF4-dependent increase in NRF2
protein amounts occurred relatively rapidly but did not readily translate into NRF2 activation.
Considering that at steady-state, the abundance of NRF2 is maintained at a level significantly lower
than that of KEAP1 [18], we hypothesize that a proportion of KEAP1 may act as a floodgate trapping the
newly produced NRF2. Only when significant amounts of ROS are generated during protein synthesis
recovery, is KEAP1 massively released from NRF2 leading to a strong NRF2 activation (Figure 4).

In the context of tumorigenesis, there has been a renewed interest in NRF2 as a driver of cancer
progression and resistance to therapy, over the last years. Many cancer cells hijack ER stress signaling
to promote progression [2], thus our findings suggest that ATF4-dependent NRF2 activation could be
aiding in this process, therefore supporting the interest in targeting NRF2 in cancer treatment.

In summary, we show that in addition to the reported rapid and direct phosphorylation of
NRF2 by PERK, the PERK-eIF2x-ATF4 pathway controls NRF2 expression in human cells, which is at
least in part activated by upcoming ER stress-associated oxidative stimuli. This work broadens our
understanding of how cells cope with oxidative stress generated during ER stress.

4. Materials and Methods

4.1. Cell Culture and Treatments

NCI-H358 cells were grown in RPMI 1640 supplemented with 10% fetal bovine serum (FBS)
and 1% v/v penicillin/streptomycin solution. Puromycine (2 ug/mL) was used for the selection of
Fv2E-PERK NCI-H358 cells, generated in-house. A549 cells were cultured in DMEM high glucose
supplemented with 10% fetal bovine serum (FBS), glutamax and 1% v/v penicillin/streptomycin and
HBEC-3KT were maintained in KSFM supplemented with bovine pituitary extract and recombinant
human EGE. The cells were maintained at 37 °C in a 5% CO, incubator.

To induce ER stress, cells were treated with 0.5 ug/mL tunicamycin (Sigma-Aldrich, ref: T7765,
St Louis, MO, USA) or 30 nM thapsigargin (Sigma-Aldrich, ref: T9033, St Louis, MO, USA) added to the
culture medium. To induce oxidative stress or NRF2-mediated response, cells were treated with 100 uM
H,0, (Millipore, ref: 107209). To activate the Fv2E-PERK fusion protein cells were treated with 0.2 nM
AP20187 (Clonetech, ref: 635060, St Louis, MO, USA). An equivalent volume of DMSO was used for
control experiments. Leucine starvation experiments were performed using a DMEM/Nutrient Mixture:
F-12 (DMEM/F12) medium devoid of leucine, glutamine, lysine and methionine (Sigma-Aldrich, ref:
D9785, St Louis, MO, USA), in which glutamine, lysine, methionine and 10% dialyzed serum were
subsequently added. The control medium for these experiments was supplemented with leucine.
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4.2. siRNA and Plasmid Transfections

NCI-H358 cells were transfected with ON-TARGETplus SMART pool human NFE2L2 siRNA
(L-003755-00-0010), ON-TARGETplus non-targeting siRNA (D-001810-03-50) (Dharmacon, GE Healthcare)
or human ATF4 siRNA (sc-35112) (Santa Cruz Biotechnology, Dallas, TX, USA). All siRNA transfections
were performed using 50 nM siRNA and HiPerFect reagent (Qiagen, Venlo, Netherland), according to
the manufacturer’s traditional transfection protocol, for 72 h followed by treatments. Cells were seeded
either onto 6-well plates (25 x 10* cells per well), onto 24-well plates (5 x 10* cells per well), or 96-well
plates (2 x 10* cells per well).

For NRF2 overexpression experiments, cells seeded onto 6-well plates were transfected with
a pcDNAS3 vector encoding the Flag-NRF2 (addgene #36971) or luciferase by using the Attractene
reagent (Qiagen), according to the manufacturer’s transfection protocol.

4.3. Cell Extracts and Western Blot Analysis

Whole cell extracts were prepared from cultured cells lysed in the radioimmunoprecipitation assay
(RIPA) protein buffer containing proteases and phosphatases inhibitors (Roche, Basel, Switzerland),
and obtained by centrifugation at 16,000x g for 15 min at 4 °C.

Subcellular fractionation was performed as follows: cells were detached by trypsin-EDTA and
resuspended in 10 mM HEPES, pH 8.0, containing 10 mM KCl, 1.5 mM MgCl,, 0.5 mM DTT and
protease and phosphatase inhibitors, incubated on ice for 10 min, to be then lysed by adding 0.1% NP-40.
Cytoplasmic fraction was obtained by centrifugation at 1500 g for 10 min at 4 °C. The pellet, representing
the nuclear fraction, was dissolved in the RIPA protein buffer containing protease and phosphatase
inhibitors, and incubated on ice for 30 min. The nuclear fraction was obtained by centrifugation at
1500x g for 30 min at 4 °C. Tubulin and Fibrillarin were used as loading control for purity of cytoplasmic
and nuclear fractions, respectively.

Protein concentrations of the cellular extracts were determined using the DC Protein Assay
(Bio-Rad). Equal amounts of proteins (20 g) were separated by SDS-PAGE and then transferred onto
nitrocellulose membranes (Biorad, Hercules, CA, USA). Membranes were incubated in the blocking
buffer, 5% milk or Bovine Serum Albumin (BSA) in Tris-Buffered Saline/Tween 20 (TBST), for 1 h at
room temperature, then incubated overnight at 4°C with the appropriate primary antibodies, diluted
in TBST containing 5% milk or BSA. Membranes were washed three times with TBST, incubated for 1 h
at room temperature with the appropriate secondary antibodies, diluted in TBST containing 5% milk,
and again washed three times with TBST. Detection by enhanced chemiluminescence was performed
using the Clarity western ECL substrate (Bio-Rad, Hercules, CA, USA).

For NRF2-flag immunoprecipitation, cells were transfected with the vector encoding the Flag-NRF2.
30 h later, cells were treated with PERK activators for 6 h. Then, cells were collected and lysed with the
IP buffer (Tris-HC1 20mM pH 7.4, NaCl 300 mM, EDTA 1mM, NP40 0.5%, glycerol 10% complemented
with proteases and phosphatases inhibitors). Supernatants were incubated with the Flag M2 beads
(Sigma-Aldrich) overnight at 4 °C. Then beads were washed three times with IP buffer and samples
elution was performed in Laemmli buffer at 95 °C for 5min.

The primary antibodies used were purchased either from Santa Cruz Biotechnology: ATF4 (sc-200
and sc-390063) and a-Tubulin (sc-23950); from Cell Signaling Technology: PERK (3192), elF2c (9722),
P-elF2x (3398), CHOP (2895), P-Threonine (9381) and p58IPK (2940); from Abcam: NRF2 (ab62352),
P-NRF2 Ser40 (ab76026) and Fibrillarin (ab4566); from BD Biosciences: BiP (610978); from Enzo life sciences:
FKBP12 (ALX-210-142); or from Millipore: Puromycin clone 12D10 (MABE343). The HRP-conjugated
secondary antibodies were supplied by Jackson Laboratories (anti-rabbit and anti-mouse antibodies).
Western blot images are representative of three independent experiments Proteins bands quantification
was performed using the Image] software (NIH, Bethesda, MD, USA).
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4.4. SUnSET Assay

Rates of protein synthesis in NCI-H358 cultured cells were evaluated using the surface sensing of
translation (SUnSET) method as previously described [14]. NCI-H358 cells were seeded onto 6-well
plates (2 x 10° cells per well) and treated with 0.2 nM AP20187 for the indicated times. Cells were then
incubated with 5 pg/mL puromycin (Sigma-Aldrich P9620, St Louis, MO, USA), added directly into
the medium for 15 min at 37 °C, 5% CO, prior to be harvested and processed to prepare whole cell
extracts in the RIPA buffer. The amount of puromycin incorporated into nascent peptides was then
evaluated by Western blot analysis by using anti-puromycin antibody.

4.5. Luciferase Assay

Luciferase assays were performed in NCI-H358 cells seeded onto 24 well-plates (12 x 10* cells
per well), transiently co-transfected with Neh2-luc reporter plasmid [16] (0.4 ug for each sample)
PRL-SV40 internal control vector (used at ratio of 10:1) and Attractene reagent (Qiagen), according to the
manufacturer’s transfection protocol. Cells were collected in 100 uL of passive lysis buffer and analyzed
for Firefly and Renilla luciferase activities with the Dual-Luciferase Reporter Assay System (Promega,
ref: E1910), according to the manufacturer’s instructions. Luciferase activities were measured with
a microplate reader (Tecan, Infinite M200 PRO, Life Science). The assays were repeated at least three
times in triplicate.

4.6. Cell Viability Assay

Cell viability was determined using the CellTiter-Blue assay (Promega ref: G8081). NCI-H358
cells were plated onto 24-wells plate (5 x 10* cells per well) prior to the NRF2 knock-down and the
appropriate treatment (5mM NAC treatment prior to AP). CellTiter-Blue reagent was added to each
well (100 uL per well), to the replaced medium (500 uL) and the plates were incubated at for 1 h 37 °C,
5% CO,. Fluorescence intensity (545 nm/600 nm excitation/emission) was measured using a microplate
reader (Clariostar, BMG LABTECH). Cell viability is expressed as the mean percentage compared to
the control. The assays were repeated at least three times in triplicate.

4.7. ROS Detection

Intracellular ROS measurement was performed using the fluorescent probe 5-(and-6)-
chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate acetyl ester (CM-H,DCFDA; C6827, Invitrogen
Molecular Probes). Briefly, NCI-H358 cells were seeded onto 96-well plate (2 x 10* cells per well). Cells
were pre-incubated with 10 uM CM-H,DCFDA, diluted in PBS supplemented with 10% FBS, for 30 min
at 37 °C, 5% COs,. Following the treatment, fluorescence intensity (490 nm/530 nm excitation/emission)
was measured using a microplate reader (Clariostar, BMG LABTECH). A sister plate for each experiment
was used to determine the cell number by CellTiter-Blue assay, and a calibration curve was obtained
by plating an increasing the number of cells per well (2.5-40 x 10%). The assays were repeated at least
three times in triplicate. The results were presented as the fold increase in ROS per cell.

4.8. RNA Extraction and RT-gPCR

Total cellular RNA was extracted using the NucleoSpin RNA Kit (Macherey-Nagel), according
to the manufacturer’s protocol. For cDNA synthesis, 0.5 ug of RNA were reverse transcribed using
Superscript II reverse transcriptase (Invitrogen, ref: 18064014, Carlsbad, CA, USA) with random
primers (Invitrogen, ref: 50142, Carlsbad, CA, USA), according to the manufacturer’s instructions.
cDNA was then amplified by qPCR using specific primers listed in Supplementary Table S1 and the
SYBR Green Master Mix (Biorad, Hercules, CA, USA). qPCR was performed using the CFX connect
real-time PCR system (Biorad, Hercules, CA, USA). Expression of target genes was normalized
against endogenous RPS11 mRNA levels, used as an internal control, and assessed using the
comparative AACT method. qPCR experiments were repeated at least three times in triplicate. Primer
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listt: NQO1 Fw: GAAGAGCACTGATCGTACTGG, Rev: GGATACTGAAAGTTCGCAGGG,
HO1 Fw: TCTTCGCCCCTGTCTACTTC, Rev: CTTCACATAGCGCTGCATGG, GCLC

Fw: CCTGTCTGGGGAGAAAGTTC, Rev: ACTCGGACATTGTTCCTCCG, NRF2
Fw: ACATCGAGAGCCCAGTCTTC, Rev: AGCTCCTCCCAAACTTGCTC, TRB3
Fw: TGGTACCCAGCTCCTCTACG, Rev: GACAAAGCGACACAGCTTGA, RPS11
Fw: AGCAGCCGACCATCTTTC, Rev: ATAGCCTCCTTGGGTGTCTTG, GADD34

Fw:  CTGTGATCGCTTCTGGCA Rev: GGAAGAAAGGGTGGGCATC and CHOP Fw:
GGTATGAGGACCTGCAAGAGGT Rev: CTTGTGACCTCTGCTGGTTCTG.

4.9. Chromatin Immunoprecipitation (ChIP) Assay

Chromatin immunoprecipitation (ChIP) was performed using the SimpleChIP Plus Enzymatic
Chromatin IP Kit (Magnetic Beads) (9005; Cell Signalling Technology, Danvers, MA, USA, Country).
Briefly, NCI-H358 cells were seeded in 150 mm in diameter dishes (4 x 10° cells per dish) and 3 dishes per
treatment were used. Following the treatment with 0.2 nM AP20187 for 6 h, cells were washed with ice-cold
PBS and cross-linked with 1% formaldehyde at room temperature for 10 min, to be then harvested in
ice-cold PBS containing protease and phosphatase inhibitors. Chromatin was prepared and fragmented by
partial digestion with Micrococcal Nuclease, followed by a mild sonication (Bioruptor Diagenode, Seraing,
Belgium), according to the manufacturer’s protocol. Chromatin immunoprecipitations were performed
using the ATF4 mouse monoclonal antibody (11815, Cell Signalling Technology), normal rabbit IgG
antibody and ChIP-Grade Protein G Magnetic Beads both supplied by the kit. After reversal of protein-DNA
cross-links, DNA was purified using spin columns. DNA enrichment was analyzed by qPCR using 1 pL of
the template and the primers listed in Supplementary Table S1. The results were calculated as a signal
relative to the total amount of input chromatin (ACT adjusted to % input), and fold-enrichment values are
presented. Primer list: Nfe2I2 Fw: GCTGAGCTTCCGAAAATCCC, Rev: GGGAGCTAACGGAGACCTC,
Trib3 Fw: GCGGATGCAGAGGAGAGA, Rev: CACTTCCGCTGCGAGTCT, Negative region Fw:
CCCATGTCCCAGGAAGAAG, Rev: AGTCCTGGAAGGGGTAGTGG.

4.10. Statistical Analyses

Statistical analyses were performed using the GraphPad Prism 6 software (GraphPad Software,
LaJolla, CA, USA) via one-way ANOVA (with Holm-Sidak’s post-test correction for multiple comparisons).
All data are expressed as means + SEM of at least three independent experiments, * p < 0.05, * p < 0.01,
0 ) < 0.001.

5. Conclusions

How cells cope with harmful oxidative stress generated during ER stress is still not fully
understood. It has been previously reported that PERK, a signaling molecule of the UPR, directly
phosphorylates and activates the master regulator of the cellular antioxidant response NRF2 to limit
oxidative insults. In this study, we show the existence of an alternative pathway in which PERK is
involved in the regulation of NRF2. Upon ER stress, the activation of the PERK pathway promoted
arapid ATF4-dependent up-regulation of NRF2 mRNA in human cells that contributed to the protection
from ROS-associated cell death. Notably, the NRF2/KEAP1 protein complex dissociation, leading to
NRF?2 activation, was delayed and largely induced by ROS produced during protein synthesis recovery
in late phases of the UPR. These findings broaden our understanding of how ROS-mediated cell death
is counterbalanced during ER stress.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/3/569/s1,
Figure S1: Analysis of phosphothreonine modification of NRF2 following PERK activation. Figure S2: Kinetic
analysis of cytoplasmic and nuclear amount of NRF2 following PERK induction. Figure S3: (a) ROS generation
following leucine deprivation. H358 cells were leucine-starved for 24 h. ROS fold increase per cell is reported.
(b) Cytoplasmic and nuclear amount of NRF2 following leucine deprivation. Figure S4: Expression of canonical
NREF2 target genes in cells treated with tunicamycin with or without NAC. Figure S5: NRF2 expression level in
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cells silenced for ATF4 and subjected to tunicamycin treatment. Western blots quantifications of Figures 1-3; and
uncropped blots.
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Abbreviation

ATF4 Activating transcription factor 4

ATF6 Activating transcription factor 6

BiP Binding immunoglobulin protein

CARE C/EBP-ATF Response Element

CHOP C/EBP homologous protein

ChIP Chromatin immunoprecipitation

elF2a Eukaryotic translation initiation factor 2A
ER Endoplasmic reticulum

FKBP12 12-kDa FK506-binding protein

GADD34 Growth arrest and DNA damage-inducible protein 34
GCLC Glutamate—cysteine ligase catalytic subunit
HO1 Heme oxygenase-1

IRE1 Inositol requiring enzyme 1

KEAP1 Kelch-like ECH-associated protein 1

NAC N-Acetylcysteine

NQO1 NAD(P)H dehydrogenase [quinone] 1
NRF2 Nuclear factor (erythroid-derived 2)-like 2
P58IPK DnaJ homolog subfamily C member 3
PERK PKR-like endoplasmic reticulum kinase
RPS11 40S ribosomal protein S11

ROS Reactive oxygen species

RT-qPCR Reverse transcription quantitative polymerase chain reaction
SUNnSET Surface sensing of translation

Tg Thapsigargin

Thr Threonine

TRB3 Tribbles Pseudokinase 3

Tm Tunicamycin

UPR Unfolded protein response
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