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Résumé: Impact de la voie UPR sur I’établissement du
phénotype sénescent induit par les UVB

Le vieillissement cutané, influencé par une combinaison de facteurs intrinseques et
extrinséques, entraine des dommages capables d'altérer les fonctions cutanées.
Parmi les facteurs extrinseques, les rayonnements ultraviolets (UV) sont responsables
du photo-vieillissement de la peau. Ces éléments conduisent notamment a une
accumulation de cellules sénescentes capables de contribuer au développement de
pathologies liées a I'age, telles que les cancers cutanés. En effet, la sénescence
s’accompagne de profonds changements morphologiques et moléculaires au sein de
la cellule. Cela inclut notamment une modification de son sécrétome, qui s'enrichit en
cytokines pro-inflammatoires, en facteurs de croissance et en enzymes remodelant la
matrice extracellulaire, altérants les caractéristiques des tissus lors du vieillissement.
Néanmoins, les mécanismes précis qui aboutissent au phénotype sénescent induit par
les UVB restent largement inconnus.

Dans ce contexte, I'objectif principal de ce travail a été d'identifier des mécanismes
moléculaires sous-jacents a I'établissement de la sénescence induite par les UVB
dans des fibroblastes de derme humains normaux (NHDFs), mécanismes qui
pourraient contribuer au vieillissement cutané.

In vitro, nous avons confirmé que des expositions répétées aux UVB induisent la
sénescence prématurée des NHDFs et que cet état est associé a 'activation des trois
branches de la voie UPR (Unfolded Protein Response) responsables du maintien de
’homéostasie du réticulum endoplasmique (RE), le premier compartiment de
sécrétion. Ces observations ont été supportées par une analyse transcriptomique,
révélant des éléments de régulation liés aux grandes voies de sénescence et aux
fonctions du RE dans les NHDFs exposés aux UVB. Par la suite, nous avons montré
gue la branche ATF6a joue un réle central dans la survenue des biomarqueurs du
phénotype sénescent induit par les UVB. En effet, I'invalidation d’ATF6a protége non
seulement des changements morphologiques induits par les UVB, mais réduit le
pourcentage de cellules positives pour la SA-Bgalactosidase (SA-Bgal), prévient la
persistance des dommages a I'ADN, et modifie I'expression de facteurs majeurs du
phénotype sécrétoire associé a la sénescence (SASP).

Le SASP exercant entre autres une action pro-tumorale, nous avons cherché a évaluer

si le milieu conditionné (MC) des fibroblastes exposés aux UVB et invalidé pour ATF6a



pouvait impacter le potentiel de migration et d'invasion de cellules issues de
meélanomes. Cependant, nous n'‘avons pas observé d’effets pro-migratoires ou pro-
invasifs dépendants d’ATF6a.

Afin de mettre en évidence un potentiel réle d’ATF6a dans un autre processus
biologique, nous avons exploité nos analyses transcriptomiques et sécrétomiques et
avons identifié un possible effet ’ATF6a sur le contrdle paracrine de I'environnement
cutané. Pour explorer cela, nous nous sommes concentrés sur les facteurs du SASP
(cytokines et métalloprotéases) régulés par ATF6a et dont I'impact sur I'environnement
tissulaire était connu. Ensuite, nous avons traité un modéle d'épiderme humain
reconstruit (RHE) avec du MC issu de NHDFs exposés aux UVB ou non, et invalidés
ou non pour ATF6a. Etonnement, nous avons observé que le MC des NHDFs exposés
aux UVB augmente I'épaisseur du RHE ainsi que la prolifération des kératinocytes
basaux, via un mécanisme dépendant d’ATF6a. Enfin, nous avons identifié I'lL-8
comme un facteur paracrine majeur impliqué dans ce processus, puisque le blocage
d’'IL-8 par des anticorps neutralisants prévient la prolifération excessive des
kératinocytes.

En conclusion, nous rapportons le réle d’ATF6a dans la sénescence induite par les
UVB ainsi que son impact sur la préservation de I'homéostasie cutanée en condition
de stress, notamment par la régulation de I'expression des composants du SASP. Cela
suggere qU'ATF6a et ses effecteurs pourraient étre des cibles prometteuses controlant

les effets du vieillissement cutané.



Abstract: Impact of the UPR pathway on the establishment
of the senescent phenotype induced by UVB

Skin ageing, influenced by a combination of intrinsic and extrinsic factors, can result in damage
that has the potential to alter skin functions. Among extrinsic factors, ultraviolet (UV) radiation
is responsible for skin photoageing. These factors notably contribute to the accumulation of
senescent cells which in turn can contribute to the development of age-related pathologies,
including skin cancers. Indeed, senescence is characterized by profound morphological and
molecular changes within the cell. This includes a modification of its secretome, which
becomes enriched in pro-inflammatory cytokines, growth factors, and matrix-remodelling
enzymes, altering tissue characteristics during ageing. However, the exact mechanisms
driving the senescent phenotype induced by UVB remain largely unknown.

In this context, the main objective of this work was to identify the underlying molecular
mechanisms responsible for the establishment of UVB-induced senescence in hormal human
dermal fibroblasts (NHDFs), mechanisms that may play a role in skin ageing.

In vitro, we confirmed that repeated exposures to UVB induce premature senescence of
NHDFs and that this state is associated with the activation of the three branches of the
Unfolded Protein Response (UPR), which are responsible for maintaining endoplasmic
reticulum (ER) homeostasis, the primary cellular secretion compartment. These observations
were supported by transcriptomic analysis, revealing regulatory elements related to major
senescence pathways and ER functions in UVB-exposed NHDFs. Subsequently, we
demonstrated that the ATF6a branch plays a central role in the development of the UVB-
induced senescent phenotype. Indeed, the silencing of ATF6a not only protects against
morphological changes induced by UVB, but also reduces the percentage of senescence-
associated B-galactosidase (SA-Bgal) positive cells, prevents the persistence of DNA damage,
and alters the expression of major factors associated with the senescence-associated
secretory phenotype (SASP).

The SASP, exerting a pro-tumoral action, led us to assess whether the conditioned medium
(CM) from UVB-exposed fibroblasts invalidated for ATF6a could impact the migration and
invasion potential of melanoma cells. However, we did not observe any ATF6a-dependent pro-
migratory or pro-invasive effects.

To highlight a potential role of ATF6a in another biological process, we further analyzed our
transcriptomic and secretomic analyses and identified a possible effect of ATF6a on the
paracrine control of the skin environment. To explore this, we focused on SASP factors
(cytokines and metalloproteinases) regulated by ATF6a and whose impact on tissue
environment was known. Subsequently, we treated a reconstructed human epidermis (RHE)
model with CM from NHDFs exposed or not to UVB and invalidated or not for ATF6a.
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Surprisingly, we observed that the CM from UVB-exposed NHDFs increased the thickness of
the RHE as well as the proliferation of basal keratinocytes, via an ATF6a-dependent
mechanism. Finally, we identified IL-8 as a major paracrine factor involved in this process, as
blocking IL-8 with neutralizing antibodies prevented excessive proliferation of keratinocytes.
In conclusion, we report the role of ATF6a in UVB-induced senescence and its impact on the
preservation of skin homeostasis under stress conditions, particularly through the regulation
of the expression of SASP components. This suggests that ATF6a and its effectors could be

promising targets for controlling the effects of skin ageing.
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Foreword

According to the United Nations, old age is considered to begin at 60 years old (Scherbov and
Sanderson 2020). By the year 2050, it is projected that 25% of the population in Europe and
Northern America will be aged 65 or older. Worldwide, life expectancy at birth has increased
since 1950 (Figure 1). This is mainly related to an overall drop in early and mid-life mortality,
coupled with improvements in hygiene, healthcare, lifestyle, and medicine.
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Figure 1. Graphical representation of life expectancy at birth for both sexes combined. Life expectancy at
birth is the average number of years a newborn is projected to live if current mortality patterns of the year persist.
From © 2022 United Nations, DESA, Population Division. Licensed under Creative Commons license CC BY 3.0
IGO. United Nations, DESA, Population Division. World Population Prospects
2022. http://population.un.org/wpp/

However, fluctuations in life expectancy are not uncommon and are often attributed to excess
mortality caused by war-related shocks, famines, or epidemics, such as the COVID-19
pandemic in 2020 (Schoéley et al. 2022).

In January 2023, INSEE published that the life expectancy for French people born in 2022 is
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85.2 years for women and 79.3 years for men. Similarly, they addressed the decline in natality
in France, which is 20% less than in 2010, raising concerns about the challenge of a global

ageing population (https://www.insee.fr/en/statistiques/7757334). For instance, this ageing

population presents several socioeconomic challenges, such as increased healthcare costs,
pension and social security burdens, and the need for adjustments in housing and
infrastructure.

However, these demographic shifts are foreseeable, allowing us to proactively respond and
devise appropriate policies to tackle these issues (Banks 2020). Hence, addressing population
ageing, especially promoting healthier ageing, is gaining recognition as a critical societal
challenge. Consequently, there is a significant need for robust research to enhance our
understanding of ageing (“Enhancing the Impact of Aging Research for Its Intended

Beneficiaries” 2021).

Among the initial signs of ageing, the appearance of wrinkles in the skin is likely one of the
earliest and most noticeable traits, often preceding the onset of other age-related changes.
According to IFOP (Institut frangais d'opinion publique), 61% of women over 50 years old are
self-conscious about skin ageing (Ifop and Septembre 2023). Moreover, in everyday
unconsciousness, we often associate the appearance of the skin with health; you look good,
or you look healthy...

As the first barrier between the body and the environment, the skin represents a great model
for studying mechanisms underlying ageing. Beyond what may seem superficial, investigating
skin ageing can substantially enhance our understanding of broader mechanisms associated

with ageing.
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Introduction

The introduction of this thesis manuscript draws partially from our review article published in
the International Journal of Molecular Sciences, titled: Exploring the Communication of the
SASP: Dynamic, Interactive, and Adaptive Effects on the Microenvironment (Giroud et al.
2023).

1. The dynamics of ageing

A. Cellular senescence: An adaptative response to stress influencing the

ageing process

A.1 Healthy versus pathological ageing

From a biomedical perspective, ageing can be considered pathological, normal, or successful
(reviewed in; Gangbe and Ducharme 2006). Successful ageing refers to the process by which
individuals maintain a high level of physical and cognitive function while presenting low-risk
factors for diseases. For instance, aged people with normal blood pressure and low-density
lipoprotein cholesterol are less susceptible to developing cardiovascular diseases than those
with high blood pressure and high-low-density lipoprotein cholesterol (Rowe and Kahn 1987).
In addition, an important determinant of successful longevity seems to be the environment and
lifestyle. In the world, five areas, referred to as the “blue zones” (Loma Linda (USA), Nicoya
(Costa Rica), Sardina (Italy), Ikaria (Greece), and Okinawa (Japan)) have been identified as
unexcepted regions where people are known to live significantly longer and healthier, partly
due to extrinsic factors playing a positive role in their ageing (Buettner and Skemp 2016).
Particularly, in Okinawa, one identified habit that significantly increases lifespan is a diet rich
in seafood and plants. Apart from genetic factors, the distinction between successful and
normal ageing seems to precisely depend on extrinsic factors (Rowe and Kahn 1987).

However, more generally, living longer has led to an increased prevalence of age-related
diseases, disability, and dementia (reviewed in; Redmond 2022). Moreover, as individuals age,
they often develop multiple comorbidities, and managing these conditions necessitates a
combination of treatments. Nevertheless, it is worth noting that the available therapeutic
interventions for various age-related disorders may interact with each other (reviewed in; Guo
et al. 2022). As a consequence, current research on ageing aims to improve late-life health
and promote healthy ageing by preventing the progression of age-related issues (reviewed in;
Partridge, Deelen, and Slagboom 2018) and increasing the autonomy of elderly people. This

underscores the need for a better understanding of the mechanisms involved in the ageing
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process. Additionally, rare “premature ageing” syndromes, such as the Hutchinson-Gilford
progeria syndrome (HGPS), are conditions that require comprehensive understanding at both
the cellular and organismal levels to better assist the affected children.

Interestingly, at the cellular level, HGPS cells exhibit similar features to those observed in aged
cells, including reduced telomere length, premature cellular senescence (Benson, Lee, and
Aaronson 2010), and an inability to produce a functional extracellular matrix (Hernandez et al.
2010).

Worldwide, it is estimated that approximately 350-400 children are living with progeria, a rare
laminopathy caused by a mutation in the LMNA gene (https://www.progeriaresearch.org/). This
mutation leads to the production of a truncated lamin A scaffolding protein called progerin (a
mutant permanently farnesylated and carboxymethylated), which results in nuclear instability,
increased DNA damage, and premature ageing. Clinically, children with HGPS have severe
physical manifestations in many, but not all, organs. At the level of the skin, it appears thin,
dry, scaly, and wrinkled with scleroderma-like changes. They often develop areas of
hyperpigmentation and have reduced wound healing capacities, with more visible veins and
diminished subcutaneous fat. The most significant problems that arise include low bone
mineral density, osteolysis, atherosclerosis, narrow coronary arteries, and hypertension, which
can ultimately lead to cardiovascular complications and early death (Kreienkamp and Gonzalo
2020). To date, clinical trials using lonafarnib, a farnesyltransferase inhibitor, have
demonstrated beneficial effects in improving vascular stiffness and bone structure in children
born with progeria. However, this treatment remains the only one available and does not offer
a definitive cure. Instead, it can slow the onset of certain HPGS consequences and extend the

lifespan of children by a few years (Murtada et al. 2023).

Therefore, research on aging seems to be a priority to help these children and to improve the
quality of life for millions of people in their later years.

A.2 Hallmarks of ageing

Research on ageing has seen significant progress in recent years, particularly with the
identification of well-conserved genetic pathways capable of modulating the rate of ageing. In
2013, Lopez-Otin et al. proposed nine potential ageing hallmarks, referencing biological ageing
processes shared across various organisms (reviewed in; Lopez-Otin et al. 2013). Last year,

they edited this list at twelve ageing hallmarks (Figure 2).
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Figure 2. The twelve updated hallmarks of ageing proposed in 2023. Hallmarks are grouped into three
categories: Primary hallmarks, including genomic instability, telomere attrition, epigenetic alterations, loss of
proteostasis, and disabled macroautophagy; antagonistic hallmarks, including deregulated nutrient-sensing,
mitochondrial dysfunction, and cellular senescence; and integrative hallmarks, including stem cell exhaustion, altered
communication, chronic inflammation, and dysbiosis. From Lopez-Otin et al. 2013.

Notably, they proposed a new classification based on the hierarchy among the hallmarks
(reviewed in; Lopez-Otin et al. 2023). They defined primary hallmarks as processes
responsible for causing cellular damage, including genomic instability, telomere attrition,
epigenetic alterations, loss of proteostasis, and disabled macroautophagy. Antagonist
hallmarks depict processes responsible for the damage response, including deregulated
nutrient-sensing, mitochondrial dysfunction, and cellular senescence. Integrative hallmarks
define the processes involved in the ageing phenotype, including stem cell exhaustion, altered
intercellular communication, chronic inflammation, and dysbiosis. All these hallmarks conform
to three conditions: they develop with age, their worsening accelerates ageing, and targeting
them can delay, halt, or reverse the ageing process. While it is possible to address each

hallmark individually, they seem strongly interconnected. Besides, anti-ageing compounds
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often address multiple hallmarks, as seen with Metformin, one of the most widely studied drugs
in clinical trials, exhibiting pleiotropic beneficial effects in attenuating several previously
mentioned hallmarks of ageing, such as delaying cellular senescence (Kulkarni, Gubbi, and
Barzilai 2020).

A.3 Discovery of cellular senescence

Until the second half of the 20™ century, normal cultured cells were considered immortal. This
belief was partly reinforced by Alexis Carrel, whose research demonstrated that cell cultures
derived from chicken heart tissue could be maintained indefinitely in vitro. Therefore, when
Leonard Hayflick and Paul Moorhead published their observations, revealing that normal
human fibroblasts grown in optimal culture conditions have a limited proliferative capacity, they
faced significant challenges in convincing the scientific community (reviewed in; Shay and
Wright 2000). In their first research article in 1961, they described the culture of normal
fibroblasts in three phases: Phase | is the primary culture, an adaptation phase for cells isolated
from biopsies to culture condition. Phase Il is the exponential growth phase of cultured cells,
and phase Il is the phase of progressive cell replication arrest, named the “Hayflick limit”
(Hayflick and Moorhead 1961). Then, in 1965, Leonard Hayflick hypothesized that the limited
proliferative capacity of normal human cells is probably linked to the doubling potential of cells.
He suggested that the accumulation of non-dividing cells may result from accumulated damage
in addition to chromosome abnormalities he observed in phase Il (Hayflick 1965). At this time,
he named this process “replicometer” until 1990 when Calvin Harley observed that telomeres
(long repeated DNA segments (in humans; 5TTAGGG-3’) at the end of chromosomes) shorten
as cultured normal cells approach the Hayflick limit (Harley, Futcher, and Greider 1990).
Nowadays, this phenomenon is recognized as replicative senescence (RS), and the definition
of cellular senescence persists as a stable and strong cell cycle arrest in which cells remain

metabolically active.
A.4 Types of cellular senescence and initiating stimuli

Since this discovery, our understanding of cellular senescence has evolved. It is now
recognized as a complex response to the cell proliferative exhaustion or stressors, mainly
induced through the DNA Damage Response (DDR) triggered by events like single-strand
breaks (SSB) or double-strand breaks (DSB), with specific exceptions noted. In addition,
cellular senescence can be induced in both normal cells but also in immortalized and cancer
cells. In this section, the origin of cells will be discussed to provide a better understanding of

the mechanism leading to senescence depending on the context.
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A.4.1 Replicative senescence (RS)

Mammalian telomeres comprise kilobases of G-rich repetitive DNA sequences and protein
complexes located at the ends of linear chromosomes, preserving the genetic information
(O’Sullivan and Karlseder 2010). Telomeric DNA forms protective loops, known as T-loops,
which consist of double-strand DNA ending with a single-strand 3’ tail (referred to as the G-
overhang) that can fold into double-strand DNA sequences, forming the D-loop (Figure 3).
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Figure 3. The telomere structure and maintenance. Telomeres are made up of 5-TTAGGG-3’ telomeric repeats
organized in large loop structures protected by shelterin complexes (TRF1, TRF2, TIN2, TPP1, POT1, and RAP1).

Complete telomere replication is performed by telomerase. From Muoio et al. 2022.

Regulation of this circular structure is managed by shelterin complexes, formed by six
telomere-specific proteins (reviewed in; Maestroni, Matmati, and Coulon 2017).

During replication, DNA polymerase synthesizes the DNA strand in the 5 to 3’ direction,
allowing continuous replication of the leading strand. However, lagging strand replication is
discontinuous and requires RNA for DNA synthesis. Upon the removal of RNA primers, the
last primer at the end of the 3’ tail results in a gap where DNA is not fully synthesized, an issue

known as “the end-replication problem” (Wynford-Thomas and Kipling 1997). This process
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causes telomeres to shorten with each cellular division until they reach a critical length that
renders them unable to form the T-loop. Chromosomal DNA ends are then recognized as
DSBs, triggering the DDR pathway and subsequent cell cycle arrest through p53/p21¢'F?
(D’Adda Di Fagagna et al. 2003; Herbig et al. 2004). These DSBs lead to the specific
accumulation of DNA damage response proteins, such as 53BP1, y-H2AX, Rad17, ATM, and
MRE11 creating domains named telomere-dysfunction-induced foci (TIF) (Takai,
Smogorzewska, and de Lange 2003). However, a new hypothesis suggests a multistep model
for the natural entry into replicative cellular senescence. Indeed, Ghadaouia et al. propose that
TIFs alone should only induce a mild DDR and an unstable cell cycle arrest. However, they
demonstrate that telomere uncapping is prone to homologous recombination-mediated sister
chromatid fusion, generating abnormal chromosomal segregation, irreversible genome
lesions, and instability that ensures persistent proliferative arrest (Ghadaouia et al. 2021).
Regarding signalling pathways leading to cell cycle arrest, they will be detailed in section A.5.
Nevertheless, it is relevant to mention that the two main pathways, p53/p21¢** and p16™K4/Rb,
which often drive cell cycle arrest, are both necessary for cell cycle arrest in normal human
cells during RS. Moreover, it appears that p21©'** plays a role in the initiation of senescence,
whereas p16'"k* seems to be induced later and plays a role in the maintenance of a stable and
strong cell cycle arrest (Alcorta et al. 1996; Stein et al. 1999).

Conversely, the end-replication problem could be counteracted by the telomerase, a
ribonucleoprotein that adds telomeric DNA sequences to the 3’ tail to prevent the shortening
of telomeres (Greider and Blackburn 1985). Telomerase is composed of two subunits: the
telomerase RNA component (TERC), which acts as a template for the enzymatic subunit
telomerase reverse transcriptase (TERT). However, in normal human cells, telomerase is
expressed only during embryonic differentiation, and then in adulthood, its expression is limited
in germ cells, activated lymphocytes, and some human stem cells (Cong, Wright, and Shay
2002; Hiyama and Hiyama 2007). In addition, the reactivation of telomerase activity in cancer
cells occurs in up to 90% of cases, offering high proliferative potential to these cells and
representing an interesting target for anticancer therapeutics (Jafri et al. 2016). Nowadays,
exogenous hTERT is used to immortalize primary human cells (K. M. Lee, Choi, and Ouellette
2004).

A.4.2 Oncogene-Induced Senescence (OIS)

According to the cellular microenvironment, abnormal proliferative signals from oncogenes
(mutated versions of normal genes with the potential to induce carcinogenesis) can be a source
of stress for cells (reviewed in; V. G. Gorgoulis and Halazonetis 2010). Although the activation

of the Ras pathway is common in human cancers, it is noteworthy that in benign tumors,
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oncogenic signalling has the potential to induce cellular senescence. Indeed, the expression
of the oncogenic form of RAS (H-RAS®?) in normal human and murine cells results in
permanent G1 arrest, accumulation of p53 and p16'™K4, and a premature senescent phenotype
(Serrano et al. 1997). This process, referred to as “oncogene-induced senescence” (OIS) has
now been described in various in vivo models, including the activation of other oncogenes like
K-RAS®?V N-RASC¥P and B-RAFYS%E (Collado et al. 2005; Braig et al. 2005; Dhomen et al.
2009). Often, OIS initiates a hyper-replicative phase, causing disruptions in the DNA replication
fork progression and thus DDR activation (Di Micco et al. 2006). Another hypothesis is that
DNA damage can also be induced due to the accumulation of reactive oxygen species (ROS)
induced by oncogenes (A. C. Lee et al. 1999), leading to the activation of p38“APX and its
downstream effector PRAK (Sun et al. 2007). At least, these two models trigger the activation
of p53 and thus senescence. Additionally, OIS could also be reinforced due to the
accumulation of senescence-associated heterochromatic foci (SAHFs) (Narita et al. 2003).

A.4.3 Oncogene inactivation-induced senescence (OIIS)

Additionally, the inactivation of tumor suppressor genes like PTEN or Rb can also trigger
senescence in vivo (Z. Chen et al. 2005; Shamma et al. 2009). This process, known as
oncogene inactivation-induced senescence (OIIS), can lead to different cell fates depending
on the cell’s origin. For instance, invalidation of NF1 (a tumor suppressor) in mouse embryonic
fibroblasts promotes RAS and AKT activation, leading to the immortalization of these cells,
whereas, in normal human diploid fibroblasts, it induces a transient activation of RAS, resulting
in premature senescence (Stéphanie Courtois-Cox et al. 2006). Wu et al. demonstrated that
the inactivation of c-MYC in diverse tumor types including lymphoma, osteosarcoma, and
hepatocellular carcinoma induces senescence with distinct consequences depending on the
tumor type (C.-H. Wu et al. 2007).

Therefore, it appears that the cell sensitivity to mitogenic stress is an important parameter in
the establishment of OIS and OIIS and that different cell types may exhibit different responses

to oncogenic stress (S. Courtois-Cox, Jones, and Cichowski 2008).

A.4.4 Stress-induced premature senescence (SIPS)

It is now recognized that senescence can be prematurely induced by intrinsic and/or extrinsic
sublethal stressors. This phenomenon has been referred to as stress-induced premature
senescence (SIPS) and has been explained by thermodynamic arguments, suggesting that
stresses could result in distinct cell fates, including one characterized by higher levels of
damage and lower global metabolic activity (Toussaint et al. 2000). In response to DNA

damage, cells enter transient cell cycle arrest to facilitate repair. However, depending on the
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stress origin (e.g. oxidative stress, genotoxic stress...), intensity, and duration, cells can

undergo three different fates (Figure 4).
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Figure 4. Fate of cells encompassing DNA damage lesions. DDR signalling involves two DNA damage sensors:
the MRE11-RAD50-NBS1 (MRN) complex for DSBs, and the RAD9-RAD1-HUS1 for SSBs. Upon detection, DSBs
recruit and activate the apical kinase ataxia Telangiectasia mutated (ATM), leading to CHK2 activation through
DNA-damage mediators like p53-binding protein 1 (53BP1) or DNA-damage checkpoint 1 (MDC1). Conversely,
SSBs recruit and activate ataxia telangiectasia- and Rad3-related (ATR) associated with ATR-interacting protein
(ATRIP), activating CHK1 through topoisomerase-binding protein 1 (TOPBP1) and Claspin. Ultimately, p53 and
CDC25 phosphatases serve as the terminal components of the DDR signalling cascade, culminating in cell-cycle
arrest. In addition, the recruitment of ATM and ATR mediate the phosphorylation of the histone H2AX at the
chromatin (yH2AX). From d’Adda Di Fagagna et al. 2008.

Mild DNA damage induces a transient DDR-mediated cell cycle arrest, which allows proper
repair and the resumption of normal proliferation. Conversely, chronic or acute subcytotoxic
stresses lead to a permanent cell-cycle arrest mediated by the robust activation of the DDR
pathway, resulting in a senescent phenotype. In cases of more severe DNA damage, cells may
undergo apoptosis or necrosis, which are programmed cell death mechanisms designed to
eliminate damaged cells from the microenvironment (D’Adda Di Fagagna 2008; Sulli, Di Micco,

and Di Fagagna 2012). SIPS can result from direct DNA damage caused by ionizing radiation
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or by cytotoxic drugs, often utilized in cancer treatments, as further detailed in section A.4.4.

Other natural sources of radiation include ultraviolet rays (UV). Various models of UV-induced
premature senescence have been developed in different cell types, often focusing on skin
cells. These models include among others, fibroblasts (UVB-induced: Chainiaux et al. 2002;
Debacg-Chainiaux et al. 2005; UVA-induced: Yi et al. 2018 ; Berneburg et al. 1999)
keratinocytes (UVB-induced: Bertrand-Vallery et al. 2010; Bauwens et al. 2023; UVA-induced:
Valerio et al. 2021) and melanocytes (UVB-induced: Medrano et al. 1995; Martic et al. 2020).
The biological damage induced by UV will be described later in part 3.

In addition to direct DNA damage, SIPS can also be induced because of oxidative stress.
Mitochondria are considered the major source of ROS and mitochondrial dysfunction-
associated senescence (MIDAS) induces a specific senescent phenotype described in A.4.5.
Besides, normal human dermal fibroblasts treated with hydrogen peroxide (H:0.), tert-
butylhydroperoxide (t-BHP), or exposed to hyperoxia enter prematurely into senescence
(Toussaint et al. 2001). Additionally, fibroblasts exposed to sublethal concentrations of copper
sulfate (CuSQ.) exhibit increased levels of ROS and undergo premature senescence through
a p38“APK-dependent signalling pathway (Boilan et al. 2013). This pathway has been
described, among others, as a crucial signalling pathway to stress-induced senescence
(Debacg-Chainiaux et al. 2010). It is noteworthy that, in addition to normal cells, immortalized
cells can also enter into senescence after stress exposures (De Magalhdes et al. 2002).
Indeed, while some DNA damage may occur in telomere regions, the establishment of the
senescent phenotype occurs independently of telomere length (de Magalhdes and Passos
2018; Hewitt et al. 2012). Besides, the designation of the senescent-induced phenotype is
intrinsically linked to the stress inducer. Finally, the signalling pathways responsible for cell
cycle arrest in SIPS often rely on p21¢** and p16™K4, However, depending on the stress
inducer, it may initially induce another cyclin-dependent kinase inhibitor specific to that stress.

Examples will be provided in section A.5.
A.4.5 Therapy-Induced Senescence (TIS)

Nowadays, conventional treatments for cancers including radiotherapy and/or chemotherapy
have been linked to the onset of cellular senescence in tumors but also in non-tumor cells and
tissues (reviewed in; Wang, Kohli, and Demaria 2020). Briefly, therapy effectors inducing
senescence can be labeled based on the nature of the inducer: Irradiation-induced
senescence (IRIS) is based on the use of ionizing radiation, like X-rays, and conventional or
ultra-high dose rate (UHDR) proton irradiation (Liao et al. 2014; Raileanu et al. 2022;
Buonanno, Grilj, and Brenner 2019). Chemotherapy-induced senescence depends on the

nature of the cytotoxic drugs used, such as topoisomerase inhibitors like Doxorubicin, and
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alkylating agents like Cisplatin (reviewed in; Chang et al. 1999). Additionally, CDK4/6
inhibitors, epigenetic modulators, and immunotherapeutic drugs have the potential to induce
senescence (reviewed in; Wang, Kohli, and Demaria 2020). One common feature of these
different senescence inducers is the generation of irreparable DNA lesions that cause

sustained cell cycle arrest in cancer and non-cancer cells.

A.4.6 Mitochondrial Dysfunction Associated Senescence (MiDAS)

Accumulating evidence indicates a dynamic connection between dysfunctional mitochondria
and senescence. For instance, a causative link between mtDNA mutations and premature
ageing phenotype has been described in mice (Trifunovic et al. 2004). In addition,
mitochondrial dysfunction and mitochondrial ROS production (i.e. superoxide) are factors
influencing replicative senescence as well as oncogene-induced senescence (Passos et al.
2007; Moiseeva et al. 2009). Indeed, mitochondrial ROS have the potential to induce DNA
damage and DDR, leading to the induction of senescence. It has also been described that
direct mitochondrial dysfunction, like SIRT3 and SIRT5 depletion, electron transport chain
inhibition, MtDNA depletion, or mitochondrial HSPA9 depletion, trigger a senescence
phenotype characterized by a cell cycle arrest and a distinctive SASP (Wiley et al. 2016). This
senescence, known as MiDAS, occurs independently of DNA damage. The MIDAS signalling
pathway is initiated by a decreased ratio of NAD+/NADH, causing AMPK-mediated p53 activation
and subsequent NF-kB inhibition. Depleting mitochondria has been shown to reduce pro-
inflammatory characteristics in cellular senescence. Moreover, in vivo, the reduction of
mitochondrial content, achieved by inhibiting the mTORC1/PGC1-B axis, affects the persistence of

DDR and thus prevents the appearance of certain senescence features (Correia-Melo et al. 2016).

A.5 Biomarkers and features of senescent cells

The scientific community has faced challenges in identifying robust and specific markers that
characterize the senescent state, likely due to the heterogeneity of cellular senescence
(reviewed in; Cohn et al. 2023). While growth arrest is the main characteristic of senescent
cells, it is not sufficient to distinguish them from other non-proliferative cell states, such as
quiescence or terminal differentiation (V. Gorgoulis et al. 2019). For these reasons, a
combination of specific cellular and molecular markers and phenotypic features is necessary
to identify senescent cells (Figure 5). However, there is ho consensus on the number and type
of markers required to identify senescent cells (Deruy et al. 2014), and the detection of primary

biomarkers is needed before validating the senescent phenotype (reviewed in; Gil 2023).
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Figure 5. The updating hallmarks of senescence. The scheme compiles the major hallmarks of senescent cells,
which are classified into five characteristic groups: cell cycle arrest, shape and cell surface proteins, nuclear
alterations, organelle and metabolic dysfunctions, and senescence-associated secretory phenotype. The light and
dark brown portions indicate the well-described standard hallmarks and the more recent ones, respectively. From
Giroud et al. 2023.

A.5.1 Cell cycle arrest

Cellular senescence is first characterized by a stable and strong cell cycle arrest. In recent
years, the idea that this cell cycle arrest could be irreversible has been debated, as some
studies demonstrated that specific senescent cells can escape it, leading to new clones
associated with hallmarks of transformed cells (Nassour et al. 2016; Guillon et al. 2019; Martin
et al. 2014). In their study, Gosselin et al. used normal human epidermal keratinocytes
(NHEKSs) and observed that after 3 weeks of culture, cells became senescent. Surprisingly,
they demonstrated that some of these cells spontaneously emerge from senescent culture
(from 107° to 10?) before reaching a second senescent plateau and undergoing a second
emergence process (from 10° to 104) (Gosselin et al. 2009). Later, they showed that the extent
of oxidative damage and subsequent macroautophagic activity may serve as primary factors
influencing the initial stages of neoplastic transformation through evasion of senescence
(Deruy et al. 2014).

Hence, as emergence remains of rare occurrence, cell cycle arrest continues to be a widely
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used biomarker for assessing senescence within a cell population. Indeed, senescent signals
induce the expression of specific members of the INK4/ARF or CIP/KIP families of cyclin-
dependent kinase inhibitors (CDKIs). The senescent cell cycle arrest occurs frequently in the
G1/S transition and often depends on the activation of two main pathways: p53/p21¢"** and
p16™N4/Rb (Figure 6). Both are interconnected and act in a complementary manner (reviewed
in; Campisi and D’Adda Di Fagagna 2007).
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Figure 6. The main pathways leading to cell cycle arrest during senescence. Cell cycle progression is

cyclinB

mediated by cyclin-dependent kinases (CDKs) and requires checkpoints to ensure proper timing of the different cell
cycle phases. However, during DNA damage, inhibitors of CDKs (CDKIs) can induce a halt in different phases.
During senescence, two main CDKIs result in cell cycle arrest; p16'Nk4 can induce a cell cycle arrest in G1/S by
inhibiting the cyclin D/CDK4-6 complex, while p21¢'P* can additionally inhibit the cyclin E/CDK2 complex and the

cyclin B/ICDK1 complex involved in cell cycle arrest at G2/M. Figure created using Biorender.

After DNA damage, especially double-strand breaks, replication forks stalling, or telomere
shortening, the DDR is activated. This activation involves the phosphorylation and activation
of the transcription factor p53. The DDR acts through ATM and the ataxia telangiectasia RAD3-
related protein (ATR) to recruit DNA damage repair proteins and downstream checkpoints
kinase such as CHK2 and CHKZ1 respectively. The ATR/CHK1 pathway rapidly inhibits CDC25,
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a positive regulator of the cyclin B/CDK1 complex (involved in the G2/M transition).
Simultaneously, the ATM/CHK2 pathway activation leads to the phosphorylation of p53 and
allows its dissociation from the ubiquitin ligase MDM2 (responsible for the constitutive
degradation of p53). This activation of p53 results in the expression of p21¢"*, coding for a
CDKI responsible for inhibiting the cyclin E/CDK2 complex (G1/S). This inhibition prevents the
hyperphosphorylation of the retinoblastoma protein (Rb) and subsequently allows the
sequestration of the E2F transcription factor thanks to the recruitment of histone deacetylase
(HDAC)-repressor complex (Sulli, Di Micco, and Di Fagagna 2012; Kumari and Jat 2021).
Among the genes regulated by E2F are cyclins (e.g. cyclin E), cyclin-dependent kinases (e.g.
CDK2), DNA replication factors, and regulators of apoptosis (DeGregori et al. 1997).
Moreover, p21©"1 is also able to inhibit the cyclin D/CDK4-6 complex (G1/S) which also results
in E2F inhibition. Regarding the growth arrest in G2/M, the involvement of p21°'** in inhibiting
the cyclin B/ICDK1 complex is noteworthy (Gire and Dulic 2015). Interestingly, the p53/p21¢'F!
pathway is also involved in assembling the repressive dimerization partner Rb-like E2F multi-
vulval class B (DREAM) complex (reviewed in; Quaas, Miller, and Engeland 2012; Kumari
and Jat 2021).

During senescence, the activation of p53/p21°™! is often transient and gives way to another
CDKI, p16™K4 which is responsible for maintaining the cell cycle arrest (Stein et al. 1999).
During DNA damage, replicative senescence, or OIS, the INK4/ARF locus is activated. This
locus encodes two genes, CDKN2A and CDKN2B, allowing the expression of three proteins,
p16™N*4 and p14 ARF for CDKN2A, and p15™K48 for CDKN2B. The INK4/ARF activation leads to
two main signalling cascades responsible for cell cycle arrest. On one hand, p14*%F can control
the p53-MDM2 pathway responsible for the G1/S arrest. On the other hand, the Rb pathway
is regulated by p16™K* and p15"™&B which are CDKIs inhibiting cyclin D/CDK4-6 complex
(reviewed in; W. Y. Kim and Sharpless 2006).

As mentioned, other cell cycle regulators are also involved in senescence-associated cell cycle
arrest. Additionally, the actors of the cell cycle arrest can vary over time, with some being
expressed at the onset of senescence and others during its late phases. As an example, in
glyoxal-induced senescent keratinocytes, the cell cycle arrest is first mediated by the protein
kinase B-FOXO3a-p27¢P1 pathway but is sustained over time by the p16™*4/Rb pathway
(Halkoum et al. 2022). Furthermore, in therapy-induced senescent breast cancer cell lines, the
tyrosine kinase inhibitor Lapatinib can induce senescence by increasing the expression of
p27XP1 and p15™Nk4E (McDermott et al. 2019), and in prostate cancer cells, supraphysiological
androgen levels regulate the establishment of senescence through p15™%4® (Mirzakhani et al.
2021).
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A.5.2 Morphological changes and cell surface proteins

Experimental descriptions of senescent cells are consistently characterized by changes in cell
size, as they are observed to be enlarged and flattened compared with proliferative cells
(Greenberg, Grove, and Cristofalo 1977). Furthermore, it has been demonstrated that
senescence-associated beta-galactosidase (SA-Bgal) positive cells (another biomarker of
senescent cells) from old mice have a cell area significantly increased compared to SA-Bgal
negative cells in vivo (Biran et al. 2017). The reason behind this increase in size is still unclear,
although excessive cell size growth is known to contribute to cell signalling impairments,
probably due to a decrease in the DNA: cytoplasm ratio that leads to altered cellular processes
(Neurohr et al. 2019).

Interestingly, senescent cells exhibit cytoskeleton rearrangements. For instance, senescent
fibroblasts manifest overproduction of vimentin, resulting in large bundles of long vimentin
filaments (Nishio et al. 2001), and senescent epithelial kidney cells display reorganization of
F-actin filaments and stabilization of microtubules (Moujaber et al. 2019). Additionally, H>O»-
induced senescent fibroblasts showed a redistribution of focal adhesion proteins like vinculin
or paxillin (Q. M. Chen et al. 2000).

Interestingly, a recent study demonstrates that senescent cells can release large membrane-
bound fragments of themselves through cell-to-cell adhesion, a process named senescent-cell
adhesion fragments (SCAFs) (Durik et al. 2023).

Mechanistically, morphological changes associated with senescence appear multifactorial,
likely dependent on the cell type and the senescence inducer. In mammals, cell size has been
described as an mTOR-dependent signal cascade (Fingar et al. 2002). In senescent
fibroblasts, caveolin-1 seems to play a role in the morphological changes associated with
senescence by controlling the activity of focal adhesion kinase and the formation of actin stress
fibres (K. A. Cho et al. 2004). Conversely, Druelle et al. demonstrated that the activating
transcription factor 6 (ATF6a) branch of the Unfolded Protein Response (UPR) controls the
enlarged morphology in replicative senescent dermal fibroblasts (Druelle et al. 2016). The
biological interconnection between UPR and senescence will be described later in section D.2.
Moreover, senescent cells undergo remodelling of their surface proteome (surfaceome)
(Althubiti et al. 2014). Indeed, the proteins at the surface of senescent cells are for example
enriched in dipeptidyl peptidase 4 (DPP4) (K. M. Kim et al. 2018) and in urokinase-type
plasminogen activator receptor uPAR (Amor et al. 2020). In addition, the lipid composition of
the plasma membrane is also modified during senescence. Mound et al. have demonstrated
the gradual disappearance of sphingomyelin-rich domains during senescence in keratinocytes,

impacting their migration ability (Mound et al. 2017).
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A.5.3 Nuclear alterations

Senescence entails structural and functional modifications of the nucleus, including alterations
in heterochromatin structure that form specialized domains known as SAHF (Senescence
Associated Heterochromatin Foci) (Narita et al. 2003). These domains, described as
transcriptionally inactive, harbor heterochromatin protein 1 (HP1), methylated histones like
K9M-H3, and the variant of histone H2A macroH2A. The incorporation of macroH2A into SAHF
is facilitated by two histone chaperones, HIRA and Asfl (R. Zhang et al. 2005). It's worth noting
that promyelocytic leukemia nuclear bodies (PML bodies), potential sites of transcription, may
also contribute to SAHF formation, although the mechanism is not well understood (Figure 7).

Senescence

H2A/H2B

H3/H4 o
MacroH2A/H2B

|

PML body

Figure 7. Model for SAHFs formation. Senescence-inducing factors trigger the repression of proliferating genes,

recruiting the retinoblastoma protein (Rb). Senescence-associated heterochromatic foci are formed by various

chromatin proteins, such as HP1, methylated histone, macroH2A, and histone chaperones like HIRA and Asf1.

HP1 and HIRA transiently localize to PML bodies. From Schulz et al. 2005.

SAHF formation has been linked to the recruitment of Rb and appears to play a role in silencing

E2F proliferative target genes, indicating that nuclear rearrangement correlates with gene
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expression changes. The nuclear lamina (i.e. a fibrillar network located on the inner surface of
the nuclear envelope which provides structural support to the nucleus and maintains its shape)
is known to play a crucial role in regulating gene expression (Reddy et al. 2008). However,
during senescence, a decline in mMRNA and protein abundance of lamin B1, a structural
component of the nuclear lamina that allows its stability, has been observed (Freund et al.
2012). The compromised integrity of the nuclear envelope in senescent cells results in the
release of nuclear DNA fragments into the cytosol, known as cytosolic chromatin fragments
(CCFs) (Adams et al. 2013). These CCFs are recognized by the cytosolic DNA sensor cyclic
GMP-AMP synthase linked to a stimulator of interferon genes (CGAS-STING). Activation of the
intracellular immune cGAS-STING pathway leads to an increased expression of pro-
inflammatory cytokines through activation of NF-kB (Dou et al. 2017).

Additionally, senescent cells exhibit persistent DNA damage, collectively termed DNA
segments with chromatin alterations reinforcing senescence (DNA-SCARS) (Rodier et al.
2011). These persistent DNA damage aggregates in foci and primarily involve the
accumulation of DDR-associated proteins, implicated both in the establishment of senescence-
associated proliferation arrest (SAPA) and the late SASP (Rodier et al. 2009). The link between
the DDR and the SASP will be further described in section B.2 of part 1.

Furthermore, new observations focused on nuclear plasticity during senescence, including
alterations of the nuclear matrix, nucleolus, heterochromatin, and even nuclear shape and size
(Pathak, Soujanya, and Mishra 2021). In particular, the increased nuclear shape is a promising
biomarker to predict the senescent state (Heckenbach et al. 2022). Moreover, the nucleus—
cytoplasm exchanges are altered in senescence, as the transcription-export (TREX)
machinery and the nucleocytoplasmic trafficking (NCT) are downregulated (S. Y. Kim et al.
2020; S. S. Park et al. 2021). Interference in exchanges between the nucleus and the
cytoplasm of senescent cells leads to a reduction in the transmission of extrinsic signals toward
the nucleus and alters the nucleus-to-cytoplasm protein—-RNA transport, resulting in the
establishment of a “nuclear barrier” (S. Y. Kim et al. 2020; S. S. Park et al. 2021).

A.5.4 Organelles and biological process dysfunctions

Entering senescence impacts the cell’'s organelles. Various studies describe morphological
organelles alterations during senescence, such as an increase in the number and size of
lysosomes, an increase in mitochondrial mass, expansion of the endoplasmic reticulum (ER),
and altered structure of Golgi apparatus (Kurz et al. 2000; Correia-Melo and Passos 2015;
Druelle et al. 2016; Despres et al. 2019).
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A.5.4.1 Mitochondrial anomalies and increased ROS level

At the level of mitochondria, many changes are detected in their structure, dynamics, and

function (Figure 8).
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Figure 8. Characterization of mitochondria in senescent cells. In senescent cells, mitochondria undergo
structural (i.e. hyperfused and elongated morphology), dynamic (i.e. elevated mitochondrial mass), and functional
(i.,e. enhanced TCA cycle, increased ROS and mtDAMPs, decreased membrane potential, decreased
NAD+/NADH ratio and ATP/ADP ratio as well as OXHOPS) alteration. From Martini et al. 2023.

In senescent cells, mitochondria are elongated, and the mitochondrial network looks fused.
This is mainly due to a decreased abundance of the mitochondrial fission protein Fis1, leading
to an important fusion of mitochondria (Yoon et al. 2006). In various cell types, the
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mitochondrial mass is also increased, such as in X-ray-induced senescent hepatocytes
(Correia-Melo et al. 2016).

Several studies pointed out the deregulation of the tricarboxylic acid (TCA) cycle which is tightly
coordinated with the oxidative phosphorylation (OXPHOS) and is characterized by a reduced
efficiency during senescence. Moreover, those mitochondria often exhibit a loss of membrane
potential (Passos et al. 2007). The decrease in proton (H+) in the intermembrane space leads
to a less efficient production of ATP. All these perturbations result in a bioenergetic imbalance
characterized by a decreased ATP/ADP and NAD*/NADH ratios (reviewed in; Martini and
Passos 2023) and increased AMP/ATP ratio. AMPK is one of the master regulators of
metabolism, and its activation in vitro leads to increased biomarkers of senescence in
fibroblasts (W. Wang et al. 2003).

Additionally, the autophagic degradation of damaged mitochondria is perturbed due to a
decrease in mitophagy, primarily controlled by the PTEN-induced putative protein kinase 1
(PINK1) — Parkin pathway. This leads to the accumulation of dysfunctional mitochondria in
senescent cells (Korolchuk et al. 2017).

More than being consequences of the senescent cellular state, some mitochondrial
dysfunctions mentioned above can causally contribute to the induction of senescence, notably
through the activation of AMPK signalling, as explained in section A.4.5 of part 1. More
particularly, studies from the team of J.F. Passos demonstrated that the establishment of
certain characteristics of the senescent phenotype, such as the SASP, is partly dependent on
mitochondria. By removing mitochondria from the cells through a forced increase of mitophagy,
they succeeded in attenuating the pro-inflammatory phenotype of SASP (Correia-Melo et al.
2016).

Mitochondria are an important source of ROS, but during senescence, their production is
excessively increased (Passos et al. 2010). On the one hand, ROS can cause reversible or
irreversible protein modifications, such as disulfides or protein carbonyls respectively, and on
the other hand, they can induce lipid peroxidation and DNA damage, including mitochondrial
DNA (mtDNA) damage (reviewed in; Avery 2011).

Furthermore, oxidized proteins accumulate in senescent cells due to a decline in protein
degradation and endogenous antioxidants, such as a decrease in detoxifying enzymes system
(e.g. superoxide dismutases, glutathione reductases, thioredoxin reductases or methionine
sulfoxide reductases) (Lourenco Dos Santos, Petropoulos, and Friguet 2018). For example,
under oxidative stress and increased ROS levels, lipofuscin, which is a covalently cross-linked
brown-yellow aggregate of oxidized proteins, lipids, and metal, accumulates in lysosomes
while it cannot be degraded by lysosomal enzymes or proteasomal system, and is therefore

named “age-pigment” (Jung, Bader, and Grune 2007). Since this description, protocols for
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efficiently detecting lipofuscin in senescent cells have emerged and are used in combination

with other senescence biomarkers (Evangelou et al. 2017; Magkouta et al. 2024).

A.5.4.2 Activation of the senescent cell anti-apoptotic pathways
(SCAPs)

Strikingly, senescent cells are resistant to apoptosis (E. Wang 1995). Senescent cell anti-
apoptotic pathways (SCAPSs) involve intrinsic and extrinsic pathways. The intrinsic pathway is
a mitochondrial-mediated pathway involving the BAX/BAK pro-apoptotic proteins family. Upon
an apoptotic signal, BAX/BAK proteins oligomerize in the outer membrane of mitochondria,
forming a permeabilizing pore that provokes the mitochondrial outer membrane
permeabilization (MOMP), the release of cytochrome c, and the subsequent formation of the
apoptosome and activation of caspases (reviewed in; Jan and Chaudhry 2019). Under
physiological conditions, the stoichiometric balance between BAX/BAK proteins and
antiapoptotic proteins of the BCL-2 family regulates the permeabilization of mitochondria.
Indeed, BCL-2 can heterodimerize with BAX/BAK proteins, preventing the pore formation.
During senescence, BCL-2 family proteins are overexpressed, promoting resistance to
apoptosis (E. Wang 1995; Yosef et al. 2016). The extrinsic pathways involve death receptors
(DRs) activated by external stimuli or ligand molecules, resulting in a death-inducing signalling
complex (DISC), which activates a cascade of caspase activation and apoptotic signalling.
Resistance may occur because of an increased expression of Decoy receptors DCR1 and
DCR2. These receptors can structurally bind ligands such as TNF-related apoptosis-inducing
ligands (TRAIL) but are incapable of signalling, and it has been shown that senescent
fibroblasts exhibit an increase in the expression of DCR1 and DCR2 receptors (reviewed in;

Soto-Gamez, Quax, and Demaria 2019).

A.5.4.3. Alterations to the Endoplasmic reticulum and Golgi apparatus

During senescence, the ER homeostasis is perturbed and thus activates multiple signalling
networks, such as the unfolded protein response (UPR) (Kaufman 1999). The link between
UPR and senescence is described in part 2. However, the other ER quality control systems
referred to as endoplasmic reticulum-associated protein degradation (ERAD) and ER-phagy,
are poorly understood in the senescence context. To date, only one study has reported a
relationship between ER-phagy and senescence. The authors demonstrated activation of the
ER-phagy mediated by FAM134B, an ER-phagy receptor, upon advanced glycation end
products (AGEs) stress-induced senescence and showed that enhancement of ER-phagy

reduces the percentage of SA-Bgal positive cells (Luo et al. 2021).
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The Golgi structure is also altered in senescent cells (Despres et al. 2019). These alterations
can not only be mediated by the translocation of a G protein y subunit from the plasma
membrane to the Golgi (J. H. Cho et al. 2011) but also by the impaired expression of the
vacuolar ATPase ATP6VO0A2, which acidifies organelles such as Golgi, endosomes, or
lysosomes (Udono et al. 2015). This, results in deep changes in post-translational

glycosylation in the Golgi, impacting SASP compounds.

A.5.4.4 High lysosomal activity and senescence-associated 3-
galactosidase

B-galactosidase is an enzyme located in lysosomes, catalyzing the hydrolysis of terminal 3-D-
galactose residues, with optimal activity observed at pH 4 in proliferative cells. However, in
1995, Dimri et al. published that upon senescence induction, the cytochemical detection of 3-
galactosidase is noticeable at a suboptimal pH of 6,0 in cultured human senescent cells. Their
study also demonstrated that this marker, referred to as senescence-associated [-
galactosidase (SA-Bgal), is detected and accumulates in an age-dependent manner in human
skin samples (Dimri et al. 1995). Since this observation, the origin of SA-Bgal has been linked
to several factors. Firstly, to confirm the hypothesis of a residual lysosomal activity at a
suboptimal pH and avoid the possibility of an extra lysosomal pH 6,0 B-galactosidase in
senescent cells, Kurz et al. used flow cytometric assays to assess the involvement of the
lysosome in the detected activity at pH 6,0. Not only did they show the lysosomal origin of SA-
Bgal, but they also correlated its activity to an increase in lysosomal content and its related
increased protein abundance in senescent endothelial cells (Kurz et al. 2000). These
observations are in line with previous studies showing an increase in the number and size of
residual bodies at late passages (Brunk et al. 1973). Then, it has been demonstrated in
senescent fibroblasts, that the activity of SA-Bgal was concentrated in autophagic vacuoles,
indicating an accumulation of degradative autolysosomes (Gerland et al. 2003). Finally, the
gene encoding the classic lysosomal enzyme named GLB1 (galactosidase beta 1) was found
to be overexpressed in senescent cells (B. Y. Lee et al. 2006). The mechanisms and regulators
of lysosomal biogenesis remain not completely understood. Interestingly, mTOR can control
the TFEB transcription factor which, in turn, regulates an important network of lysosomal genes
(Sardiello et al. 2009; Roczniak-Ferguson et al. 2012). However, not all lysosomal enzymes
exhibit a TFEB-binding motif on the promoter of their coding gene, such as for the a-L-
fucosidase (a-Fuc), a member of the glycoside hydrolases, whose increased activity at
senescence is higher than the one of SA-Bgal (Hildebrand et al. 2013). Nonetheless, the
detection of SA-Bgal is still one of the most used biomarkers to assess cellular senescence in

cultured cells or tissues. Indeed, several techniques are used to identify SA-Bgal-positive cells,
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such as cytochemical detection based on the cleavage of a chromogenic substrate of B-
galactosidase named 5-Bromo-4-chloro-3-indolyl B-D-galactopyranoside (x-gal), or fluorescent
detection using another substrate named C1,FDG, which becomes fluorescent after cleavage
by B-gal (Debacg-Chainiaux et al. 2009). While this senescent biomarker is widely used, some
studies pointed out its lack of specificity. As an example, one of them demonstrated that SA-
Bgal is detectable in confluent quiescent cells or under serum starvation (Yang and Hu 2005).
In addition, fibroblasts derived from patients suffering from a genetic disorder characterized by
defective lysosomal (-galactosidase, become senescent without expressing SA-Bgal (B. Y.
Lee et al. 2006). Although SA-Bgal is widely used as a biomarker of senescent cells, its
detection alone is insufficient to characterize the senescent phenotype. It must therefore be

used in combination with other senescence biomarkers.

A.5.4.5 Lipids modifications

Lipids and lipid metabolism are central to cellular signalling. However, in the context of cellular
senescence, particularly regarding the composition and effects of the SASP, lipid components
are understudied compared to secreted proteins. It is now known that senescent cells generate
a variety of oxylipins, which are biologically active lipids deriving from the oxygenation of
polyunsaturated fatty acids (PUFAS), that can contribute to inflammation and fibrosis (Wiley et
al. 2021). In addition, the cyclooxygenase 2 (COX-2) has been described as a potent inducer
of senescence in human fibroblasts, primarily through the secretion of prostaglandin E2
(PGE2) (Martien et al. 2013).

As lipids are classified into three groups: triglycerides, which are used for energy; steroids,
including cholesterol and hormones; and phospholipids, which are essential for membrane
structures, it's clear that lipid metabolism plays a crucial role in the senescent phenotype. In
their review, Hamsanathan et al., summarized the changes in the composition of these different
class of lipids during senescence and raises the importance of using lipidomics and
phospholipidomics mass spectrometry analyses to better characterized the lipid composition
of senescent cells and to identified new targets (Hamsanathan and Gurkar 2022). For instance,
guantitative mass spectrometry analyses of TIS cells demonstrated an enrichment of lipid
droplets, an enhanced lipid metabolism and lipid peroxidation when compared to proliferative
or quiescent cells (Flor et al. 2017). In addition, an encouraging result has recently
demonstrated that CD36, a membrane receptor involved in the uptake of long-chain fatty acids,
may play a role in the accumulation of triacylglycerols during the replicative senescence of
fibroblasts, emphasizing the importance of studying the regulation of lipids in the context of
cellular senescence in mammals (Lizardo et al. 2017). Furthermore, CD36 seems to be

implicated in membrane remodeling in replicative senescent cells as its overexpression
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induces a senescence-like phenotype in proliferative cells and may contribute to the production
of an active SASP (Saitou et al. 2018).

B. SASP communication and its impact on the microenvironment

B.1 Characteristics of SASP

The secretory profile of a cell is shaped by intrinsic features, dictated by its differentiation stage,
as well as extrinsic factors like changes in the cellular environment. Notably, cells undergoing
senescence exhibit a distinct remodelling of their secretory profile known as SASP (reviewed
in; Tan et al. 2021). Examining the secretome of senescent cells reveals modifications in the
levels of secreted and extracellular vesicle (EV)-related components. Senescence
establishment can cause these components to be either exacerbated or partially depleted, and
can also lead to the secretion of new components when compared to proliferative cells (Matos,

Gouveia, and Almeida 2015).

B.1.1 Reported SASP factors

SASP is complex and is composed of hundreds of different proteins and non-protein signalling
molecules (Basisty et al. 2020; Wiley et al. 2019). Despite the diversity of the factors secreted,
a core protein secretome, known as the sSASP is mainly composed of pro-inflammatory
cytokines, chemokines, growth factors, and matrix metalloproteinases (MMPs) (Table 1).

Table 1. Shared SASP proteins between different cell types under different senescent inducers. From Giroud et
al. 2023.

SASP

Cell type Inducer Detection References
factor
Human fibroblasts (WI-38, M0, Bg)  "radiation-induced senescence . (Rodier et al. 2009; Coppé
o Replicative Senescence Antibodies array .
IL-6 Prostate epithelial cells (PrECs) - et al. 2008; Bauwens et al.
- Ras overexpression ELISA
Human keratinocytes (NHEK) . 2022)
UVB-induced senescence
o Human fibroblasts (IMR90, HCA2) Irradiation-induced senescence o (Rodier et al. 2009; Coppé
CXCL1-2-3 Prostate epithelial cells (PrECs) Replicative Senescence Antibodies array et al. 2008)
Human fibroblasts (WI-38, IM90, BJ), Irradiation-induced senescence . . (Rodier et f"ll' 20.09; Coppée
P o o Antibodies array et al. 2008; Basisty et al.
IL-8 rostate _eplthellal cells (PrECs) Repllgatlve Senescence Mass spectrometry 2020: Bauwens et al
Renal epithelial cells (ATCC) UVB-induced senescence ! ’
. . ELISA 2022; Halkoum et al.
Human keratinocytes (NHEK) Glyoxal-induced senescence 2022)
Human fibroblasts (IMR90, WI-38, . . . i
IGFBP-2 HCA-2, BJ) Irradiation-induced senescence ﬁﬂr:;k;osdliit?;ﬁ)ét g;?;er gz le ’ sggg)
Renal epithelial cells (ATCC) P Y ty etal.
Human fibroblasts (WI-38, HCA-2, BJ) T — .
IL-7 Prostate epithelial cells (PrECs) Irradiation-induced senescence  Antibodies array (Coppé et al. 2008)
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GDF15 Epithelial renal cells (ATCC) Replicative Senescence Mass spectrometry (Basisty et al. 2020)
) Irradiation-induced senescence
Macrophage Hu'n;ar;' f'lbrObI?StS"(lMR'go' WI-38) UVA-induced senescence (Basisty et al. 2020;
migration Eﬂlr:q:r:igg:;occe zs(/_(\l:ﬁg() RAS overexpression Mass spectrometry Valerio et al. 2021;
inhibitory vt Chemical-induced senescence Antibodies array Coppé et al. 2008;

factor (MIF)

Human fibroblasts (IMR-90)

Prostate epithelial cells (PrECs)
Bone marrow MSC

Human fibroblasts (IMR-90)
Epithelial renal cells (ATCC)

Irradiation-induced senescence

(ATZ)
H,05.induced senescence

Irradiation-induced senescence
UVA-induced senescence
RAS overexpression

Ozcan et al. 2016)

(Basisty et al. 2020;
Valerio et al. 2021,

Filamin B Human keratinocytes (NHEK) Chemical-induced senescence Mass spectrometry Coppé et al. 2008:
Prostate epithelial cells (PrECs) (ATZ) Bzcan et aI. 2016)’
Bone marrow MSC Ho05._induced senescence
Replicative Senescence
Chemical-induced senescence
Cathepsin D Mesenchymal stem cells (doxorubicin) Mass spectrometry (Ozcan et al. 2016)

H505_induced senescence
Irradiation-induced senescence

Additionally, non-protein signalling molecules, including various bioactive oxidized lipid
metabolites, prostaglandins, and nitric oxide, are enriched in the sSSASP of senescent cells (Ni
et al. 2016; Narzt et al. 2021; Wiley et al. 2021b; Hattori et al. 2021). While prior research has
predominantly focused on secreted factors, emerging studies indicate that EVs containing

proteins, lipids, and nucleic acids, also contribute to the SASP (reviewed in; Takasugi 2018).

B.1.2 SASP Heterogeneity and Plasticity

Coppé and colleagues demonstrated initially that only a subset of SASP proteins was shared
between fibroblasts and prostate epithelial cells upon IRIS (Coppé et al. 2008). A subsequent
large-scale proteomic analysis of SASP then revealed only 48 shared SASP factors between
fibroblasts and renal epithelial cells in IRIS (Basisty et al. 2020). When considering other
proteomic studies on various cell types and senescence inducers, such as UVA-induced
senescent keratinocytes and IRIS mesenchymal stem cells (Valerio et al. 2021; Ozcan et al.
2016), the number of shared SASP factors drops to 19, suggesting that only a handful of
proteins are commonly secreted across all types of senescent cells.

Moreover, SASP factors vary over time, exhibiting cell-type-specific patterns. For instance, in
IRIS, the IL-18 gene is upregulated on days 10 and 20 in fibroblasts, but only on day 10 in
keratinocytes, and on day 20 in melanocytes (Hernandez-Segura et al. 2017). The secretion
of IL-6 and IL-8 in UVB-induced senescent keratinocytes is overexpressed on day 3 but
diminishes by day 7 following senescence induction (Bauwens et al. 2023). In addition, HDFs

in replicative senescence also exhibit two distinct phases of SASP-related genes expression.
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The first phase is often characterized by an overexpression of SASP genes related to
inflammation, such as IL-6 and IL-8, while the second phase is more characterized by changes
in the expression of genes associated with extracellular matrix modulation, such as MMPs (Y.
M. Kim et al. 2013).

SASP composition is also influenced by the senescence inducers. Senescent IMR-90
fibroblasts present distinct secretome profiles depending on whether the senescence was
induced by X-rays, atazanavir (ATV), or RAS overexpression (Basisty et al. 2020). Similar
findings were noted in mesenchymal stem cells in senescence induced by oxidative stress,
doxorubicin treatment, X-ray irradiation, or replicative exhaustion (Ozcan et al. 2016).

Finally, the matrix and cellular microenvironment of senescent cells can impact their secretome
composition. The substrate stiffness impacts the NF-kB phosphorylation status in UV-induced
senescence in fibroblasts (Yao et al. 2022), suggesting that the extracellular matrix (ECM)
composition could have an impact on SASP composition. Moreover, it has been demonstrated
that co-cultures of squamous cell carcinoma and RS fibroblasts exacerbate some SASP gene

expressions (Toutfaire et al. 2018).

B.2 Regulation of SASP

The regulation of SASP involves transcriptional, post-transcriptional, epigenetic, and
translational mechanisms. In addition, the secretion of SASP components is regulated through
intracellular trafficking, and many compartments of secretion are altered during senescence.
These alterations could potentially affect the dynamic and create a heterogeneous composition
of SASP.

B.2.1 Transcriptional, post-transcriptional, and epigenetic regulation

Multiple signalling pathways have been identified to activate transcription factors that play a
crucial role in regulating the expression of inflammatory cytokines.

First, there is a clear link between the expression of SASP and the DDR pathway, as several
DDR proteins (ATM, CHK2, and NBS1, i.e a protein of the MRN complex) are necessary for
the initiation and maintenance of the cytokine response in IRIS fibroblasts (Rodier et al. 2009).
It has recently been described that in the absence of DNA damage, such as after sodium
butyrate treatment, the SASP of fibroblasts still relies on the non-canonical activation of DDR
and the accumulation of ATM, MRE11, and NF-kB on chromatin (Malaquin et al. 2020). Then,
the NF-kB and the CCAAT/enhancer binding protein beta (C/EBP) transcription factors were
identified to be involved in the regulation of CXCR2 ligands expression, including IL-8 in
fibroblasts in OIS (Juan C. Acosta et al. 2008).

Regarding the regulation of inflammatory cytokine expression, senescent preadipocytes
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exhibit activation of the JAK/STAT signalling pathway, a pathway associated with
inflammation. Notably, the application of a JAK inhibitor on IRIS preadipocytes effectively
suppresses crucial components of SASP (Xu et al. 2015).

Finally, the cGAS/STING pathway has been implicated in the control of inflammatory SASP
factors, specifically, IL-6 and CXCL-10 secretion, through NF-kB activation in vitro and in vivo
(Gluck et al. 2017).

It has recently been shown that COX2 plays a crucial role in regulating the expression of
various inflammatory SASP components in OIS through an autocrine feedback loop involving
prostaglandin E2 (PGE2) binding to the E-type prostanoid receptor 4 (EP4). However, the
downstream pathways of PGE2 and EP4 remain unknown. Nonetheless, the COX2 pathway
is thought to be able to activate major SASP transcriptional regulators, such as NF-kB,
C/EBPB, and GATA4 (Gongalves et al. 2021).

While early SASP is mainly regulated at the transcriptional level, its long-term SASP
expression is mainly driven by post-transcriptional mechanisms. This has been demonstrated
by the lack of impact of actinomycin D treatment, an inhibitor of transcription, on the expression
of several SASP factors (Alspach et al. 2014).

P38MAPK seems to play a role in timely regulating SASP. Indeed, its early activation during X-
ray-induced senescence or RAS-induced senescence facilitates the expression of SASP
factors, such as IL-6 and IL-8, through NF-kB activation (Freund, Patil, and Campisi 2011).

The mTOR pathway is also involved in the post-transcriptional regulation of SASP. Specifically,
MTOR activates the translation of MK2 (or MAPKAPK?2), which can phosphorylate and inhibit
the RNA-binding protein ZFP36L1, also involved in the destabilization of several SASP mRNAs
(Herranz et al. 2015). The mTORC1 kinase has also been shown to modulate senescence-
induced inflammation and SASP (Machado-Oliveira et al. 2020).

Previous research on SASP has mainly concentrated on the transcriptional and post-
transcriptional control of inflammatory cytokines. Yet, the regulatory mechanisms for other
SASP factors like growth factors and proteases remain poorly understood. A recent study on
fibroblasts has described that E2F4, TEAD1, and AP-1 transcription factors are major
regulators of SASP in RS (Y. Wang et al. 2022). Moreover, AP-1 is involved in the expression
of IL-6, IL-1B, and MMP-10, as their expression is abrogated when expressing a dominant-
negative isoform of c-Jun, one of the subunits of AP-1, during OIS in fibroblasts (Martinez-
Zamudio et al. 2020).

The physical clustering of SASP genes suggests that the regulation of their expression may
depend, at least in part, on broader changes in chromatin conformation (Coppé et al. 2010).

Indeed, several histone variants can influence the expression of SASP genes. For example,
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the relocation of the macroH2A1 histone variant away from SASP genes in OIS-induced
senescent fibroblasts is involved in the maintenance of SASP gene expression (H. Chen et al.
2015).

Moreover, the increased expression of histone variant H2A.J in fibroblasts undergoing
etoposide-induced senescence enhances the expression of multiple genes associated with
inflammation and immune response (Contrepois et al. 2017).

In addition, nuclear HMGBs bind to DNA, facilitating the access of transcription factors to
promoter regions. In fibroblasts in RS or IRIS, HMGB1 can be released into the extracellular
space and act as an alarmin to activate NF-xB, which subsequently upregulates the expression
of pro-inflammatory target genes (Davalos et al. 2013). Furthermore, HMGB2 preferentially
localizes to SASP gene regions during OIS in fibroblasts, protecting them from being
incorporated in transcriptionally repressed SAHF regions (Aird et al. 2016).

The SASP emerges as a hallmark of senescence common to all cell types. However, its
composition varies depending on the cell type and the senescence inducer. Furthermore, while
the sharing of signalling pathways governing the SASP is being studied in different models of
senescence, understanding the extent of pathway sharing among different models and their
respective contributions to the phenotype remains limited.

B.2.2 Secretory control

The ER is the site of membrane biosynthesis used in secretory and excretory pathways. It is
responsible for folding and maturating secreted proteins, making it the first compartment of
secretion. Recently, it has been proposed that ER stress and the subsequent activation of the
UPR upon senescence could contribute to the modified secretome of senescent cells, as

further detailed in part 2.

Lysosomes are at the crossroads of endocytic and exocytic pathways, and their increased
abundance in senescent cells may be associated with the exacerbation or deregulation of
these pathways. Besides their partnership with the Golgi apparatus and the endosomal
compartments, lysosomes are also important for the clearance of cytoplasmic chromatin
fragments (CCFs). CCFs may leak from the nucleus in the cytoplasm of senescent cells and
induce SASP; both CCFs and SASP inductions would be related to a retrograde mitochondrial—
nucleus signalling pathway associated with the mitochondrial increase in ROS species
(reviewed in; Machado-Oliveira et al. 2020). In melanoma cells, the lysosomal exocytosis
mediated by the small GTPase RAB27A has also been shown to be upregulated in TIS and to
participate in SASP factors secretion, including the chemokines CCL-2 and CXCL-12 (Rovira

et al. 2022). Along with this enhanced lysosomal secretion, senescent cells exhibit a
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remodelling of their lysosomal proteome with selective enrichment in some lysosomal resident

proteins such as those implicated in vesicular transport and fusion (Rovira et al. 2022).

Small EV and exosome secretions are now part of the specific secretory phenotype. The
release of senescence-associated exosomes is linked to RAB27A expression, as silencing of
RAB27A leads to decreased exosome secretion in fibroblasts undergoing RS or OIS
(Takahashi et al. 2017). Rab27 GTPases are associated with the connection of multivesicular
endosomes and the secretion of exosomes (Ostrowski et al. 2010). The enhanced biogenesis
of EVs and their release by senescent cells have been demonstrated to be associated with the
extent of DNA damage generated by the senescence inducer, as well as the activation of the
ceramide synthetic pathway (Hitomi et al. 2020). EVs and exosomes also contribute to SASP
and its paracrine impact. For example, EVs from senescent stromal cells can enhance the
proliferation of cancer cells by promoting the activation of the ephrin-A2 tyrosine kinase
receptor, which interacts with overexpressed ephrin-Al on the surface of the cancer cells,
thereby boosting an Erk-dependent proliferation pathway (Takahashi et al. 2017; Misawa et al.
2020). In addition to being components of SASP, the release of senescence-associated EVs
seems to be a mechanism used by senescent cells to discard cytoplasmic chromatin DNA
fragments, thus limiting DNA damage accumulation caused by major stress exposure and
potentially modulating SASP (Takahashi et al. 2017; Hitomi et al. 2020).

Finally, a causal relationship has been established between disrupted endocytosis, particularly
clathrin-mediated endocytosis (CME), and cellular senescence (reviewed in; Shin et al. 2021).
For example, Cao et al. demonstrated that the loss of the myosin light chain 3 (i.e. a specific
binding partner of clathrin) in chondrocytes leads to increased CME, activation of Notch
signalling, induction of senescence, and promotion of osteoarthritis (OA) in mice (Cao et al.
2023).

B.3 Cellular senescence and SASP in vivo

Senescent cells accumulate in tissues with age (Herbig et al. 2006; Jeyapalan et al. 2007;
Kavanagh et al. 2021). A meta-analysis showed that even if the proportion of senescent cells
in 14 different human tissues is correlated with chronological age, it varies depending on the
tissue type and the senescence marker used (reviewed in; Tuttle et al. 2020). Therefore, a
broad range of senescent cells exists throughout the body. Basisty and colleagues defined in
senescent culture cells a core SASP including GDF15, STC1, SERPINE1/PAI-1, and MMP-1,
which are also reported to be significantly increased among the plasma markers of ageing in
humans (Basisty et al. 2020). Another study showed that doxorubicin-induced senescence
enriched the SERPINE1/PAI-1 SASP factor in plasma in vivo (Wiley et al. 2019). However,

these markers can also serve as diagnostic tools for various diseases, including
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cardiovascular, metabolic, neurodegenerative, and malignant diseases, regardless of age.
This makes them indicators of a “state of ageing” rather than a chronological accumulation of

senescent cells.

Moreover, the accumulation of senescent cells is also detected at pathological sites due to
various stress signals regardless of age (reviewed in; Song et al. 2020). Various studies have
indicated that eliminating senescent cells, achieved through transgenic mice like INK-ATTAC
and p16-3MR models targeting p16-positive cells (Demaria et al. 2014; Baker et al. 2011,
2016), or using small pharmacological compounds (J. Chang et al. 2016; Baar et al. 2017),
results in enhanced healthspan, alleviates several age-associated conditions, and delays
tumor formation. Thus, these findings highlight senescence as a significant contributor to age-

related pathology.

B.4 Pleiotropic roles of SASP

Given its diverse composition, SASP can exert pleiotropic effects on the cellular environment,
which may manifest as either beneficial or deleterious outcomes (reviewed in; Birch and Gil
2020; Hoare and Narita 2018). The most described effects of SASP are presented in Figure
9, but only some of these roles will be described more precisely in the following part. However,
it should be noted that two important roles of SASP are missing in the figure. Indeed, it has
been demonstrated that OIS-induced cells can transmit paracrine senescence to neighboring
cells, notably through the inflammasome and IL-1 signalling (Juan Carlos Acosta et al. 2013),
and that the SASP could also have autocrine cell-autonomous functions, including

reinforcement of proliferation arrest (Juan C. Acosta et al. 2008).
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Figure 9. The effects of SASP on the microenvironment. The SASP can exert pleiotropic effects on the
microenvironment, often categorized as beneficial and deleterious. On one hand, positive effects of the SASP may
include tumor suppression, prevention of fibrosis, normal development, accelerated wound closure, and attraction
of immune cells. On the other hand, negative effects may include impairment in tissue regeneration, aging, chronic
inflammation, promotion of angiogenesis, cell proliferation, and invasion, which are major components responsible

for cancer development. From Lecot et al. 2016.

B.4.1 The protective role of SASP on neighboring cells in cancer-prone

contexts

Senescent cells have been detected in benign tumor sites like prostatic hyperplasia and
melanocytic naevi (Castro et al. 2003; Michaloglou et al. 2005). However, they are absent in
malignant stages as observed in melanoma (Gray-Schopfer et al. 2006), strongly suggesting
that cellular senescence may act as a barrier against tumorigenesis.

In addition to intrinsically inhibiting the growth of cells exposed to various potentially oncogenic
stimuli, senescent cells recruit innate immune cells (i.e; macrophages, natural killer (NK),
neutrophils, and T lymphocytes) for their elimination through the secretion of pro-inflammatory
cytokines (reviewed in; Kale et al. 2020). This process is a vital anti-tumoral mechanism, as
observed in mice, where a deficit in immune surveillance of pre-malignant senescent
hepatocytes leads to the development of hepatocarcinoma (T.-W. Kang et al. 2011).

Moreover, senescent cells have been suggested to trigger cell cycle arrest in neighboring cells,
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promoting the spread of the anti-tumorigenic response, and ensuring that cells in an
unfavorable environment stop dividing. SASP factors such as TGF- family ligands, VEGF,
and chemokines such as CCL-2 and CCL-20 play an important role in inducing paracrine
senescence in neighboring cells (Acosta et al. 2013). Additionally, the intensity of SASP can
impact local homeostasis paracrine through signals that propagate the senescent state,
exacerbating local stress, and inducing ROS-mediated damage in neighboring cells. This is
the so-called senescence-messaging secretome (SMS) effect of SASP. Hence, conditioned
media (CM) of cells exposed to UV radiations initiate bystander DNA damage in non-exposed
neighboring cells (Dickey et al. 2009). Moreover, new studies have shown the important
contribution of microvesicles in the propagation of the senescent phenotype, for example, via
the transfer of interferon or miRNA cargo factors (Borghesan et al. 2019; Fulzele et al. 2019).
For instance, Nedachi et al. demonstrated that aged keratinocytes release more extracellular
vesicles compared to young keratinocytes.

B.4.2 Tumor promotion effects of some SASP components

It is now clear that factors secreted by senescent cells impact cancer cell's behavior.

The first studies pointing out the role of the cellular microenvironment in the promotion of
cancer progression highlighted the role of Carcinoma-Associated Fibroblasts (CAFs) in
prostate cancer progression (Olumi et al. 1999). It has been subsequently reported that
senescent fibroblasts share many features with CAFs, and can have a similar impact on tumor
growth (Trylcova et al. 2015).

Moreover, CM from replicative senescent fibroblasts enhances cutaneous squamous-cell
carcinoma (SCC) cell migration and invasion in vitro through their secretion of chemerin
(Farsam et al. 2016).

Co-culture systems and xenograft models have shown that SASP from senescent fibroblasts
promotes the tumorigenesis of premalignant epithelial cells, induces epithelial-mesenchymal
transition (EMT), and increases tumor vascularization, suggesting its pro-tumorigenic
properties (Pluquet and Abbadie 2021; Parrinello et al. 2005).

In addition, SASP can also enhance the transition from normal epithelial cells into cells with
mesenchymal properties. Indeed, senescent dermal fibroblasts can promote neoplastic
escape from normal human keratinocytes and increase markers of EMT as well as the
migration of emerging cells. This was attributed to the activation of the membrane PAR-
1/Thrombin receptor by MMPs among SASP of senescent fibroblasts (Malaquin et al. 2013).
Furthermore, a recent study has identified a BDNF-TrkB axis as being associated with the role
of SASP of aged fibroblasts in promoting EMT initiation in primary keratinocytes from aged

donors (Tinaburri et al. 2021). Another point is that the alteration in the secretion of ECM
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components and regulators by senescent prostate cells generates a favorable environment for
tumor development (reviewed in; Sprenger, Plymate, and Reed 2010). UVB-induced
senescent fibroblasts were shown to produce an ECM that promotes proliferative signalling

pathways of preneoplastic HaCaT epidermal keratinocytes (J. Kang et al. 2008).

B.4.3 Extracellular Matrix Remodelling

Another impact of the SASP that is much less studied and underrepresented in the literature
is the effect of SASP-related changes in ECM components that could have a notable effect on
cell functions and fates.

For instance, the transient secretion of PDGF-AA (Platelet-derived growth factor AA) from
senescent fibroblasts is necessary for effective healing following skin injury (Demaria et al.
2014). Recently, efforts have been made to better characterize the changes in the matrisome
of senescent cells and their effects on the environment. Hierbert and colleagues described that
the activation of Nrf2 in fibroblasts triggers the production of a senescence-promoting
extracellular matrix (ECM) via the expression and secretion of certain ECM proteins, such as
PAI-1 (Hiebert et al. 2018). This can accelerate wound closure and promote re-epithelization
in vivo. In addition, Nrf2 inhibition in fibroblasts reduces the production of collagen | and alters
ECM deposition (Salamito et al. 2023).

In addition, the SASP of senescent cells is intricately linked with fibrosis. When muscle stem
cells are seeded onto decellularized ECM maintained by senescent fibroblasts, their responses
and functions are affected, resulting in enhanced expression of fibrogenic markers (Stearns-
Reider et al. 2017). Moreover, the elimination of senescent p16High LSECs (Liver Sinusoid
Endothelial Cells) in mice induces fibrosis (Grosse et al. 2020).

Finally, a recent in vivo study on mice shows that the susceptibility of various body regions to
tumor initiation and invasion is regulated by the composition of the extracellular matrix
(Bansaccal et al. 2023). This latest study may lead to the reflection that changes induced by
the SASP in the composition of the ECM during ageing could hypothetically promote or inhibit

the initiation of certain cancers.
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C. Strategies to eliminate senescent cells

Considering the crucial role of senescence in physiological processes, there is likely a
threshold where the accumulation of senescent cells creates a microenvironment favorable to

the onset of pathologies through SASP (Figure 10).
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Figure 10. Senescent cells build-up during life results in the development of chronic diseases and
disorders. An established hypothesis suggests that when the burden of senescent cells surpasses a threshold, the
self-amplifying spread of senescence through SASP could exceed immune system clearance and lead to
detrimental effects such as ageing, obesity, etc... From Chaib et al. 2022.

To address this, there should be an open framework to eliminate these senescent cells,
preventing their detrimental impact on the microenvironment. Indeed, the elimination of
senescent cells demonstrated their contributive role in ageing and age-related diseases and
paved the way for the development of senotherapeutic approaches (reviewed in; Zhu et al.
2015). Over the past five years, senotherapeutic research has emerged to slow down the
ageing phenotypes. Current senotherapeutic strategies targeting senescent cells are mainly
based on drugs that specifically kill senescent cells (senolytics) and components that suppress
the detrimental effects of SASP without inducing senescent cell death (senomorphics)
(reviewed in; E. C. Kim and Kim 2019).

C.1 Senolytics approaches

As previously mentioned, a characteristic of senescent cells is their resistance to apoptosis.
Several SCAPs have been identified, and specific compounds can target them for the

elimination of senescent cells through apoptosis (reviewed in; Zhu et al. 2015) (Figure 11).
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Figure 11. The main senolytics compounds and their modes of action. Senolytics target various senescent cell
anti-apoptotic pathways (SCAPs), including SRC kinases, PI3K—AKT signalling pathway, HSP90, BCL-2 family
members, and caspase inhibition. Additionally, new generation senolytic strategies focus on lysosomal and SA-j-
gal-activated prodrugs and nanoparticles, sodium—potassium pump (Na+/K+-ATPase)-dependent apoptosis, SASP
inhibition, and immune-mediated clearance by CAR T cells, antibody-drug conjugates, or vaccines. From Chaib et
al. 2022.

First-generation senolytics, such as Dasatinib (an SRC/tyrosine kinase inhibitor), Quercetin
and Fisetin (PI3BK/AKT pathway inhibitors as well as BCL-2 pathway inhibitor ), or Navitoclax
(a BCL-2 pathway inhibitor), have safety profiles that allow them to effectively target SCAPs
(reviewed in; Chaib, Tchkonia, and Kirkland 2022). However, senotherapeutic often combine
two agents targeting different SCAPs, such as the most used Dasatanib and Quercetin

combination (Hickson et al. 2019).
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Second-generation senolytics aim to target other specificity than apoptosis resistance. As an
example, eliminating senescent cells using chimeric antigen receptor (CAR) T cells that
specifically target senescence-specific surface antigens, such as uPAR, improves the survival
of mice with lung adenocarcinoma and restores tissue homeostasis in a chemical-induced liver
fibrosis mouse model (Amor et al. 2020).

Finally, emerging preclinical evidence has highlighted the significant potential of these
approaches (reviewed in; Raffaele and Vinciguerra 2022). However, further analyses are
necessary to rule out the potential adverse effects of long-term administration. Additionally,
there are ongoing efforts to evaluate combinations of senotherapies in individuals with multiple

age-related diseases (Wissler Gerdes et al. 2021).

C.2 Senomorphics approaches

Senomorphics are small molecules designed to inhibit all, or, at least, multiple characteristics
of senescent cells by blocking SASP without killing the cell. To do so, various strategies have
been developed. The first therapy is based on the use of compounds able to target pathways
related to SASP expression like NF-kB, C/EBPB, p38MAPK or JAK/STAT pathways. The second
one is based on the neutralization of specific SASP factors' activity and function using for
example neutralizing antibodies. In a model of bleomycin-induced senescence, the secretion
of certain SASP factors (including IL-6 and IL-8) can be directly inhibited with neutralizing
antibodies such as those against the membrane-bound IL-1a (Orjalo et al. 2009). Additionally,
neutralizing antibodies against specific surface proteins upregulated at senescence can also
regulate the SASP. Secretion of IL-6 has been decreased in senescent HUVECs and
fibroblasts treated with anti-TNFa or anti-ephrin B2 antibodies, respectively (Prattichizzo et al.
2016; Lister, Chrysovergi, and Lagares 2022). Numerous senomorphics are polyphenails, like
flavonoids, phenolic acids, lignans, and stilbenes, known for their antioxidant properties.
However, their mechanisms of action remain not fully elucidated. Overall, most senomorphics
modulate the senescent phenotypes by disrupting the proinflammatory nature of senescent
cells (Table 2).

Table 2. Senomorphics that block SASP components at the secreted level only. From Giroud et al. 2023.

Adalimumab TNFa inhibitor HUVECs Replicative senescence IL-6 | (Prattichizzo et al.
(monoclonal 2016)
antibody)
Anti-ephrin B2 Ephrin B2 inhibitor Human Chemical-induced senescence IL-6 | (Lister,
antibody fibroblasts Irradiation-induced senescence Chrysovergi, and
(clone B11) Lagares 2022)
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Apigenin
(flavonoid)

Avenanthramicine
C

BIRB796

Hydroxytyrosol
(olive phenolic
compound)

IPI1-504

Isatis tinctoria L.
Leaf extract (ITE)

Kaempferol
(flavonoid)

Lamivudine

Metformin

Metformin

Mix of
bioCurcumin,
Polydatin and
liposomal-b-
caryophyllene

MK2.11l

Oleuropein
(olive phenolic
compound)

Simvastatin

Rapamycin

Rapamycin

Resveratrol

NF-kB inhibitor

AMPK activator
p38/NF-kB inhibitor

p38 inhibitor

NF-kB inhibitor

HSP90 inhibitor

mTOR/ MAPK/ NF-kB
inhibitor

NF-kB inhibitor

Nucleoside reverse
transcriptase inhibitor

Several pathways

Several pathways

Several pathways

MK2 kinase inh

NF-kB inhibitor

HMG-CoA reductase
inhibitor

mTOR inhibitor

mTOR inhibitor

SIRT1 activator
NF-kB inhibitor
NRF2 activator

BJ fibroblasts

Human
fibroblasts
(HDFs)

Human
fibroblasts
(NHDFs)

Human
fibroblasts
(NHDFs
,MRCS5)

ARPE-19

Human
fibroblasts
(HDFs)

BJ fibroblasts

Human
fibroblasts

Human HNSCC
cell line Cal27

Primary VSMCs
from the aortas
of elderly
patients

HUVECs

Human
fibroblasts
(NHDFs)

Human
fibroblasts
(NHDFs
,MRCS5)

Normal Human
Fibroblasts
(HCA2)

Normal Human
Fibroblasts
(HCA2)

Murine MEFs

Arterial VSMCs
derived from
aged rhesus
monkeys

Bleomycin-induced senescence

Replicative Senescence

Replicative Senescence

Replicative senescence

H505-induced senescence

Replicative Senescence

Bleomycin-induced senescence

Replicative Senescence

LY2835219 (CDK4/6 inhibitor)-
induced senescence

Ang ll-induced premature
senescence

Replicative Senescence

Doxorubine-induced senescence

Replicative Senescence

Replicative senescence

Irradiation induced senescence

Irradiation-induced senescence

Irradiation-induced senescence

H,O,-induced senescence

Chronological age

IL-6; IL-8 ; IL-1B
!

IL-6 ; IL-8 ; TGF-
Bl

IL-6 |

IL-6 ; MMP-2 ;
MMP-9 |

IL1-b;IL-8

IL-6;IL1-b ; IL-8
!

IL-6; IL-8 ; IL-1B
|

IFN-1 |

NT3; MCP-1;
IL-6 ; IL-8 ; GRO
 IGFBP1 ;
BMP4 ;BLC |

MMP-2 ; IL-6 ;
TGFB |

IL-6 ; IL-1B |

IL-6 |

IL-6 ; MMP-2 ;
MMP-9]
IL-6; IL-8;
MCP-1;
RANTES |

IL-6 |

IL-6 |

IL-6; CSF2;
CCL7;CCL8;
IGF1; TGFB3 ;
IL-8 ; BMP4 ; IL-
10

TNFa ; LIX ;
Leptin R ; MIP-
la

MCP-1; TNFaq,
VEGF

(H. Lim, Park, and
Kim 2015)

J.S. Limetal.
2020)

(Alimbetov et al.
2016)

(Menicacci et al.
2017)

(D. D. Chen et al.
2021)

(Signalling et al.
2022)

(H. Lim, Park, and
Kim 2015)

(De Cecco et al.
2019)

(Hu et al. 2020)

(Tai et al. 2022)

(Matacchione et
al. 2021)

(Alimbetov et al.
2016)

(Frediani et al.
2022; Menicacci
etal. 2017)

(S. Liu et al. 2015)

(R. M. Laberge et
al. 2015)

(R. Wang et al.
2017)

(Csiszar et al.
2012)

55



Ruxolitinib JAK1/2 inh Preadipocytes Irradiation-induced senescence IL-6 ; GM-CSF ; (Xu et al. 2015)
from healthy Replicative senescence G-CSF; IL-10;
human kidney CXCL-1 ; MIP-
transplant la; IL-8, MCP-1
donors ; RANTES,
MCP-3; PAI-1;
MIP-1B ; TNFa ;
IFN-a2 ; IL-1a;
VEGF ; CCL-11
; PDGF-AA
IL-6;1L-8;
MCP-1 ; PAI-1 |
SB203580 p38 inhibitor Human Replicative Senescence IL-6 | (Alimbetov et al.
fibroblasts Irradiation-induced senescence IL-6 ; IL-8 ; GM- 2016; Freund,
(NHDFs) Ras-induced senescence CSF | Patil, and Campisi
Normal Human GRO; IL-6; IL-8  2011)
Fibroblasts ; MCP-2 ; MCP-
(HCA2) 1; GCP-2; GM-
Normal Human CSF; IL-10;
Fibroblasts GDNF ;
(HCA2) IGFBP4, CNTF ;
GROa ; TGF-B1,
Angiogenin ; IL-
2 ; Eotaxin ; IL-7
s MIG ; IL-1a ;
TNFa ; IL-5;
TNFB ; Sgp130;
Osteoprotegerin
IL-6 ; IL-8 ; GM-
CSF |
GM-CSF; IL-6 ;
GRO ; MIP-1a ;
IL-1B ; ENAT78;
GROaq ; IL-8 ;
MCP-3 ; HGF ;
ICAM3 ; MIP-1B
; UPAR ; Dtk ;
IGF-1SR ; IL-1a
; Sgp130; IL-12
p40; IL-4;
TIMP1;IL-11;
PIGF ; IL-15; IL-
2; RANTES; IL-
2Ra;
Oncostatin M ;
GDNF ; MIP-3a
; IL-12 p70 ;
Thrombopoietin
Silybum - Human Replicative Senescence IL-6 ; MMP-1 | (Woo et al. 2021)
marianum flower fibroblasts
extract (SMFE) (HDFs)
SR9009 Reduces ROS level Human Doxorubicin-induced senescence IL-1a; IL-1B | (Gao et al. 2021)
via the activation of fibroblasts
the NRF2 pathway (HDFs)
UR-13756 p38 inhibitor Human Replicative Senescence IL-6 | (Alimbetov et al.
fibroblasts 2016)
(NHDFs)
Wogonin NF-kB inhibitor BJ fibroblasts Bleomycin-induced senescence IL-6 ; IL-8 ; IL-18  (H. Lim, Park, and
(flavonoid) l Kim 2015)
Zileuton 5-LO inhibitor Human Irradiation-induced senescence IL-6 | (M. Park et al.
fibroblasts 2022)
(HDFs)

To conclude, senotherapeutics have exhibited encouraging outcomes in eliminating senescent
cells and mitigating diverse diseases in animal models. Nonetheless, there is a lack of data on
the effectiveness and safety of these strategies in humans and it's probable that the optimal
senotherapeutic treatment for age-related diseases has yet to be identified (discussed in;

Raffaele and Vinciguerra 2022).
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2. The endoplasmic reticulum stress, the unfolded protein

response, and their impact on cell fate

A. Functional role of the endoplasmic reticulum (ER)
A.1 Multifaceted functions of the ER

The ER is a large and dynamic membranous intracellular organelle considered as the first
compartment of the secretory pathway (Pelham 1988). One-third of cellular proteins, including
resident proteins of the secretory organelles, plasma membrane proteins, and secreted
proteins are produced and folded in the ER. Therefore, the ER plays a major role in maintaining
cellular homeostasis and acts as an alarm for the cell by being able to activate stress signalling
pathways to maintain the balance between health and disease (reviewed in; Yoshida 2007).
In addition, the ER serves many other roles in the cell, including calcium storage (Bygrave and
Benedetti 1996) and lipid metabolism (reviewed in; Jacquemyn, Cascalho, and Goodchild
2017), which will not be detailed in this introduction. In addition, the ER makes several
membrane contact sites (MCSs) to facilitate the exchanges and communication with other
organelles such as mitochondria (MAMs for mitochondria-associated membranes), Golgi
apparatus, lysosomes, endosomes and plasma membrane (reviewed in; Phillips and Voeltz
2016). To ensure all these different functions and to especially regulate protein processing and
cell fate, the metabolic pathways are compartmentalized in the ER, including the rough ER
where proteins are translated and glycosylated, and the smooth ER where are located the ER
quality control (ERQC), the ER exit sites (ERES) and the ER-associated protein degradation
(ERAD). Additionally, to fulfill all these functions, the ER uses a diverse array of resident
proteins, spanning multiple families such as heat shock proteins (HSPs), lectins, and protein
disulfide isomerases (PDIs).

A.2 Import of proteins targeted into the lumen of the ER

The location where a protein is synthesized is often different from its site of action, and the
proper transport of proteins to their destinations is crucial for maintaining order and
organization within all cells. In mammalian cells, for proteins requiring transit through the ER
or for resident ER proteins, nascent polypeptides from cytosolic ribosomes are predominantly
imported co-translationally (Corsi and Schekmant 1996). Proteins displaying a signal
sequence (SS) (i.e. a short peptide at the N-terminal emerging from the ribosome) enable the
ribosome-nascent chain complex (RNC) to interact with the 54 kDa subunit of the signal
recognition particle (SRP) complex (SRP54) (Tajima et al. 1986). Meanwhile, other SRP
polypeptides and the ARN 7S cause a temporary halt in the elongation of the polypeptide chain
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(Egea, Stroud, and Walter 2005). Subsequently, the RNC-SRP complex binds to the SRP
receptor (SR) anchored to the ER membrane, mediated by a GTP-dependent interaction
between SRP and SR (Connolly and Gilmore 1993). The ribosome, while still associated with
the SRP and the nascent polypeptide chain, docks onto the translocon complex (Johnson and
van Waes 1999), composed of the Sec61afy complex embedded in the ER membrane
(Greenfield and High 1999). Successively, GTP hydrolysis occurs, resulting in the release of
SRP. Concurrently, the SS is cleaved by signal peptidase (SP) as the polypeptide continues
to elongate (Figure 12).
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Figure 12. Co-translational import of proteins to the ER. The ER sequence signal (SS) of a newly synthesized polypeptide is
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recognized by the signal recognition particle (SRP) complex, which then directs it to the translocon complex via an ER membrane-
bound SRP receptor. Then the SRP dissociates from the complex through a GTP-depend mechanism, allowing the polypeptide to
restart translocation. Following this, the signal sequence is cleaved by a signal peptidase (SP), and the translation completes in

the ER. From a Biorender template created by Luozheng Kong (Creator) and Nima Vaezzadeh.

Regarding the post-translationally mechanism (known as tail-anchored (TA)), it implicates that
small proteins are translated in the cytosol. Their transmembrane domain (TMD) is recognized
by a cytoplasmic complex composed of TRC40/GET3 to facilitate their insertion into the ER

membrane in a Sec61-independent manner (reviewed in; Araki and Nagata 2012).
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A.2.1 Protein Folding and post-translational modifications

Then, both co- and post-translationally translocated preproteins are recognized by the
oligosaccharyltransferase complex (OST) (Shibatani et al. 2005).

This complex, associated with the translocon complex, can recognize the Asn-X-Ser/Thr
consensus sequence on polypeptide chains and catalyzes the formation of the N-glycosidic
linkage between the asparagine side chain and the oligosaccharide GlczsMangGIcNAc: (Glc:
glucose, Man: mannose, GIcNAc: N-acetylglucosamine) (reviewed in; Breitling and Aebi 2013).
Following the addition of the N-glycan, the two terminal glucose residues are sequentially
removed by glucosidases | (G1) and Il (G2), resulting in monoglucosylated oligosaccharides
(GlcMangGIcNAc2) which can be recognized by calnexin and calreticulin, two lectins-based
chaperones that ensure the quality control of newly synthesized glycoproteins, along with the
ER-resident co-chaperones Erp57. Subsequently, G2 removes the innermost glucose residue

(MangGIcNAC,), leading to the release of calnexin and calreticulin.

Finally, if the glycoprotein is correctly folded, it can exit from the ER and be transferred to the
Golgi by membrane clusters that are coated with COPIl coatomer proteins before being
addressed to their final destination (Vassilakos et al. 1998; Kuehn, Herrmann, and Schekman
1998). However, resident proteins of the ER contain a specific motif known as the KDEL motif
to prevent their secretion by interacting with KDEL receptors found in the intermediate
compartment and Golgi apparatus. This interaction also prompts retrieval back to the ER
through a COP1 dependent pathway (Raykhel et al. 2007).

However, if the glycoprotein is incompletely folded, the UDP-glucose glycoprotein
glucosyltransferase (UGGT) senses it and adds back a glucose residue to the N-glycan
allowing its re-association with calnexin and calreticulin for an additional cycle of chaperone-
mediated folding (Caramelo et al. 2003) (Figure 13). In addition, other important ER-resident
chaperones play a role in the protein folding, such as glucose-related proteins
GRP78/BiP/HSPAS (for which the abbreviation BiP will be used throughout this chapter) and
its associated DnaJ/HSP40 co-chaperone, and GRP94/Endoplasmin/HSP90B1. Finally,
different foldases act in the ER, such as protein disulfide isomerases (PDIs) which catalyze
disulfide bond formation, and peptidyl-prolyl isomerases (PPIs), that both lead to covalent

modifications stabilizing the folding intermediate (Jansen et al. 2012).
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Figure 13. N-linked glycosylation and glycosylated proteins degradation. Proteins entering the ER are N-
glycosylated. This process involves the translocon-associated oligosaccharyl transferase (OST) complex, which
transfers the glycan to the substrate proteins during translation. Subsequent activity of glucosidase-l and
glucosidase-II generates monoglucosylated substrates which is recognized by calnexin and calreticulin to facilitate
its folding. If glycoproteins have adopted their native conformations, they undergo demannosylation by ER
mannosidases | and Il and exit the ER via coatomer protein complex-Il vesicles. However, glycoproteins that have
undergone multiple folding cycles through reglucosylation and still remain misfolded are targeted for proteasomal
degradation. From Vembar and Brodsky, 2008.

A.3 Misfolded protein degradation

In some cases, despite multiple cycles involving calreticulin and calnexin, the glycoprotein may
still be misfolded or unfolded. In such cases, it will be directed towards degradation.

Indeed, extended ER retention could result in the cleavage of the terminal mannoses (from
MangGIcNACc, to MangGIcNAc, and Man;GIcNAc;) by ER-mannosidase | (Tremblay and
Herscovics 1999) and mannosidase-like proteins named EDEM (EDEM1-3) (Olivari and
Molinari 2007) (Figure 13). This mechanism seems to act as a quality control timer for
misfolded glycoproteins. Specifically, EDEM proteins appear to impair UGGT efficacy,
decrease the probability of transport to the Golgi apparatus, and enhance the recognition by
ERAD factors such as OS9 and XTP3-B (Groisman et al. 2011). Indeed, the absence of
proteases in the ER necessitates that proteins to be degraded are extracted from the ER and
directed either to the proteasome or to lysosomes. Consequently, multiple degradation

mechanisms exist in the ER.
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The majority of misfolded or unfolded proteins are degraded by the ERAD quality control
pathway. Once recognized, ERAD substrates are retrotranslocated from the ER to the
cytoplasm (McCracken and Brodsky 1996). In mammals, several complexes have been
proposed to serve as retrotranslocation channels, such as Sec61, Derlin family proteins, and
HRDL1 (reviewed in; R6misch 2017). Once in the cytosol, the substrate is ubiquitinated by ER-
associated ubiquitin ligases and subsequently extracted by the ATPase p97/VCP complex
(Meyer, Bug, and Bremer 2012). Finally, ubiquitinated substrates are transferred to the

proteasome by shuttle proteins for degradation.

In addition, ER displays additional degradation pathways, such as ER-phagy and
EDEMosomes. ER-phagy is a selective form of autophagy that consists of the selective
sequestration of portions of the ER into autophagosomes before being degraded into
lysosomes or vacuoles (Bernales, Schuck, and Walter 2007). Briefly, this process relies on
ER-phagy receptors, such as members of the FAM134 family (i.e. FAM134B, FAMS134A,
FAM134C) that exhibit an LC3-interacting (LIR) domain that can bind to LC3 at the membrane
of autophagosomes. During this step, portions of the ER are sequestered and closed inside
the autophagosome. Then, their transport occurs through various mechanisms, including
macro-ER-phagy, where ER fragments are enclosed by double-membrane autophagosomes
that later merge with lysosomes/vacuoles; micro-ER-phagy, where ER fragments are directly
engulfed by endosomes/lysosomes/vacuoles; or through the direct fusion of ER-derived
vesicles with lysosomes/vacuoles (reviewed in; Reggiori and Molinari 2022).

EDEMosomes are COPIl-independent, and they seem to be able to degrade ERAD
components including EDEM1 and OS9 in addition to misfolded proteins probably by fusion
with lysosomes (Cali et al. 2008; Zuber et al. 2007). All of these quality control mechanisms
are crucial for the cell to maintain ER homeostasis, particularly because protein folding, unlike
transcription or translation mechanisms, is a highly error-prone process (Guerriero and
Brodsky 2012).

A.4 Unconventional protein secretion

The previous description of protein secretion between the ER and the Golgi (anterograde
transport from the ER to the Golgi and retrograde transport from the Golgi to the ER) is referred
to as conventional protein secretion (CPS) (Marcus C.S. Lee et al. 2004). However, it has been
shown that under stress conditions, proteins can use unconventional protein secretion (UPS)
(reviewed in; Nickel and Rabouille 2009). There are two classes of proteins that have been
identified as secreted via unconventional pathways: cytoplasmic “leaderless” proteins that do
not enter the ER and proteins that display a signal peptide or a transmembrane domain that

enter the ER but bypass the Golgi. Regarding proteins lacking a signal peptide, such as
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fibroblast growth factor 2 (FGF2) or interleukin-1 beta (IL-1B), they can translocate through the
plasma membrane thanks to the formation of self-sustained plasma pores (La Venuta et al.
2015) or mediated caspase-1/gadersmin-D plasma pores (Heilig et al. 2018). In addition, this
kind of proteins can also be secreted in the extracellular space using ABC-transporters or
organelles including autophagosomes, endosomes, and lysosomes. Surprisingly, certain
proteins transiting by the ER can bypass the Golgi to reach the plasma membrane. For now,
the most described sorting machinery is Golgi reassemble stacking proteins (GRASPS) that
allow the delivery of cargo to the plasma membrane without passing through the Golgi (Gee
et al. 2011). Interestingly, as numerous SASP factors lack signal peptides, UPS pathways
could play an important role in SASP. Investigating the secretory route of SASP factors and
uncovering their regulatory elements will be crucial for future ageing research (J. Kim, Gee,
and Lee 2018).

B. Endoplasmic Reticulum (ER) stress

B.1 ER Stress detection sensors

To maintain protein-folding balance in the ER, the cell must regulate the ER protein folding
load by ensuring a sufficient abundance of ER protein folding machinery, notably chaperones
like BiP (Pobre, Poet, and Hendershot 2019).

However, when conditions are unfavorable for proper protein folding, proteins start to
accumulate in the ER. If this accumulation persists over time, it leads to a cellular condition

referred to as “ER stress”, which can adversely affect the physiological function of cells.

ER stress can be induced by various factors such as heat shock (Liu et al. 2012), viral infection
(reviewed in; He 2006), hypoxia (Koumenis 2006), ultraviolet radiation (Komori et al. 2012),
and oxidative stress (Ong and Logue 2023). In the last study, the authors used UVA and
demonstrated that it triggers the mammalian ER stress response in NHDFs. Similar results
were observed in another study using UVC on the human breast adenocarcinoma cell line
MCF-7 (H. S. Kim et al. 2019). Indeed, ultraviolet radiation is an external harmful stimulus
known to induce oxidative stress, as well as damage to DNA, lipids, and proteins. For example,
Chainiaux et al., demonstrated that human dermal fibroblasts exposed to UVB exhibited
increased levels of oxidized proteins and modifications in oxidation patterns (Debacq-
Chainiaux et al. 2005). Additionally, UVA and UVB can impair the proteasome function of
human keratinocytes by reducing the activity of proteasome peptidase, increasing levels of
oxidized an ubiquitinated proteins, as well as lipid peroxidation (Bulteau et al. 2002). In
addition, ER stress can be provoked by several chemical molecules. For instance, tunicamycin

blocks the initial stage of N-linked glycan biosynthesis in proteins (Olden et al. 1979),
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dithiothreitol inhibits protein disulfide bond formation (Cleland 1964) and thapsigargin reduces
the ER Ca?* concentration by disrupting the Sarco/ER Ca?*-ATPase (SERCA) (Thastrup et al.
1990). The nature and severity of the stressor or condition determine the intensity of the ER

stress response (Hetz 2012).

Additionally, It has been demonstrated that ER stress is triggered in physiological conditions,
such as in cells with high secretory capacity, like plasma cells (Y. Ma et al. 2010), and in
various tissues under pathological conditions associated with obesity, type 2 diabetes
(reviewed in; Cnop, Foufelle, and Velloso 2012), and cancer (reviewed in; Oakes 2020).
Moreover, as mentioned at the beginning of this introduction, physiological ageing is
accompanied by a loss of proteostasis (Lopez-Otin et al. 2023) which is correlated with
alterations in the expression of ER chaperones (Macario and Conway de Macario 2002). In
addition, the gradual breakdown of chaperone systems can lead to the conversion of soluble
proteins or protein fragments into insoluble fibrils or plaques. This process may serve as the
initial stages of age-related disorders such as Alzheimer’s or Parkinson’s diseases (reviewed
in; Brown and Naidoo 2012), making ER stress as one of the regulators influencing the balance

between healthy and pathological ageing.

However, these observations could also lead us to believe that, during the ageing process,
chronic low-grade ER stress might need to be established to compensate for these effects and
activate the necessary signalling networks if needed. Indeed, to cope with ER stress and
restore proteostasis, cells initiate a variety of adaptative responses, some of which are

described above.

One of these is known as the unfolded protein response (UPR). Actually, if ERAD is unable to
eliminate misfolded proteins, these proteins may aggregate, becoming substrates for ER-
phagy. If not effectively cleared, misfolded proteins can trigger the UPR, aiming to decrease

the accumulation of misfolded proteins and prevent abnormal protein accumulation.

It is important to note that this thesis focused solely on the UPRER, while a similar mechanism
exists in mitochondria, and is known as UPR™. In response to impaired mitochondrial
proteostasis, the UPR™ system, comprising its own chaperones and proteases, communicates
with the nucleus to restore mitochondrial homeostasis. In mammals, several UPR™ axes have
been identified: The canonical UPR™ response involves transcription factors CHOP, ATF4,
and ATF5, which enhance mitochondrial folding capacity. The UPR™ sirtuin axis increases
antioxidant capacity through the transcription of SOD2 and catalase. The UPR™ translation
axis reduces the folding load by regulating pre-RNA processing and translation, and finally the
The UPR™/ER axis improves protein quality control mechanisms (Minch 2018). Interestingly,

it has long been believed that UPR™ activation is associated with lifespan extension in C.
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elegans. In 2022, Xin et al., demonstrated that the import machinery is necessary for UPR-

induced lifespan extension (Xin et al. 2022).

B.1.1 Unfolded protein response (UPR) activation in the endoplasmic

reticulum

ER stress is sensed by the luminal domain of three transmembrane proteins of the ER:
Inositol-requiring enzyme 1a (IRE1a), PKR-like ER kinase (PERK), and activating transcription
factor 6a (ATF60) (reviewed in; Foufelle and Ferré 2007). To date, two main stress-sensing
mechanisms have been observed: the first involves an indirect mechanism where the ER
sensing process relies on the co-chaperone BiP, while the second entails activation of the
three sensors by direct sensing of unfolded proteins.

In the first model, it was initially proposed that PERK and IRE1a remain inactive under resting
conditions due to their physical interaction with the ER chaperone BiP, and that disruption of
protein folding leads to the reversible dissociation of BiP from the luminal domains of these
two sensors and thus to their activation (Bertolotti et al. 2000). Two years later, a similar
mechanism was described for the constitutive activation of the ATF6 branch (Shen et al. 2002).
BiP functions as a typical HSP70 chaperone, cycling between an open ATP-bound state and
a closed ADP-bound state, facilitated by co-chaperones (Blond-Elguindi et al. 1993). Misfolded
proteins are recruited to BiP substrate-binding domain by co-chaperones when BiP is in the
open ATP-bound state. This association stimulates BiP ATPase activity, causing it to convert
to a closed ADP-bound state, trapping the misfolded protein substrate. Nucleotide exchange
factors (NEF) promote the exchange of ADP to ATP, causing BiP to revert to the open ATP
form and release the bound substrate (reviewed in; Kampinga and Craig 2010).

Additionally, other BiP-independent mechanisms have been described, particularly in yeast,
where Irelp activity, the unique ER stress-sensory system, does not primarily depend on BiP
(Kimata et al. 2006). Although a similar mechanism remains debated for the ER stress sensors
of mammals it has been demonstrated that IRE1a and ATF6a can detect changes in the ER
membrane lipid bilayer independently of the ER luminal domain for signalling (Halbleib et al.
2017; Tam et al. 2018). Finally, studies have also reported the possibility of a transmissible ER
stress (TERS). Firstly,it has been demonstrated that the vascular endothelial growth factor
(VEGF) could lead to a rapid activation of the three UPR sensors in HUVEC, without
accumulation of misfolded proteins in the ER (Karali et al. 2014). Secondly, TERS has been
demonstrated between two different cell types (e.g. cancer cells and immune cells), suggesting

that it may facilitate tumor progression (Mahadevan et al. 2011; Rodvold et al. 2017).
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B.2 UPR signalling pathways

Activation of the three UPR branches usually enhances the expression of ER chaperones,

improves the degradation of misfolded proteins, enhances quality control mechanisms, and

reduces protein translation. Some of these effects are synergistic across all three branches,

while others depend on a specific signalling cascade activated by one sensor following ER

stress sensing. In this section, each branch will be described individually (Figure 14).
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Figure 14. The signalling of the three branches of the UPR. During ER stress, the accumulation of misfolded

proteins triggers the dissociation of the chaperone BiP from the three UPR sensors: PERK, IRE1a, and ATF6a.

This initiates a cascade of events: PERK activates NrF2 and elF2a. The latter inhibits global translation while
selectively enhancing ATF4 translation; IRE1a splices XBP1 mRNA to produce the active transcription factor
XBP1s and mediates mRNA degradation via the RIDD pathway. In addition, IRE1a can induce alarm pathways
such as JNK or NFkB during ER chronic stress; ATF6 migrates to the Golgi apparatus, undergoing cleavage by

the proteases S1P and S2P, which releases its cytosolic domain (ATF6f). Together, these UPR effectors activate

a set of genes to cope with ER stress. From Hetz, Papa. 2018.
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B.2.1 IREla arm

In mammals two IRE1 genes exist: IRE1a and IRE1B. While IRE1a is ubiquitously expressed
in all cells and tissues, IRE1B expression is confined to intestinal epithelial cells (Tirasophon
et al. 2000). Among mammalian UPR sensors, IREla is considered the most evolutionarily
conserved, as it was first identified in the yeast Saccharomyces cerevisiae before its
mammalian homolog in 1998 (Tirasophon, Welihinda, and Kaufman 1998). Since then, IREla
has been recognized as a type 1 transmembrane protein with both serine/threonine kinase and
endoribonuclease (RNase) domains located in its cytosolic region. Upon ER stress, IRE1a
undergoes dimerization and trans-autophosphorylation, triggering a conformational change
that activates its RNase domain (Zhou et al. 2006).

This activation, in combination with the tRNA ligase RTCB, catalyzes the excision of a 26-
nucleotide intron within the (X-box Binding Protein 1) XBP1 mRNA into an active transcription
factor termed XBP1s for the spliced (H Yoshida et al. 2001; Calfon et al. 2002). XBP1s
translocates to the nucleus, where it stimulates the transcription of UPR-associated genes by
binding to the ER-stress response element (ERSE) and unfolded protein response element
(UPRE), thereby regulating genes involved in folding, quality control, and lipid synthesis
(reviewed in; S. M. Park, Kang, and So 2021).

In addition to XBP1 mRNA, IREla degrades a set of ER-associated mRNAs or microRNA
precursors, which may contribute to reducing the protein folding load. This activity of IRE1q,
called IREla-dependent mRNA decay (RIDD), is independent of XBP1 mRNA splicing (Hollien
and Weissman 2006; Upton et al. 2012). For instance, the circadian clock PER1 mRNA is a
substrate of RIDD (Pluquet et al. 2013).

The IRE1a cytosolic domain may also serve as a scaffold to recruit adaptor proteins which can
trigger the activation of additional signalling pathways, including the Mitogen-activated protein
kinase (MAPK) pathways (reviewed in; Darling and Cook 2014). This additional role of IREla

will be described later in section B.3.

B.2.2 PERK arm

Under ER stress conditions, PERK, a type 1 transmembrane kinase, undergoes
oligomerization and trans-autophosphorylation. This process leads to the inhibition of general
protein translation by phosphorylating eukaryotic translation initiator factor-2 (elF2a) at serine
51 (Harding, Zhang, and Ron 1999). Nonetheless, a select group of mRNAS containing specific
upstream open reading frames (UORFS) in their 5° end can counteract this inhibition and
undergo more efficient translation when P-elF2a levels are elevated, such as activating
transcription factor 4 (ATF4) (Harding et al. 2000; P. D. Lu, Harding, and Ron 2004). ATF4
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triggers the transcription of UPR target genes responsible for various cellular processes,
including amino acid biosynthesis, antioxidative response, autophagy (to remove aggregated
proteins), and apoptosis (Harding et al. 2003).

In addition, Cullinan et al. have demonstrated that PERK is also able to phosphorylate Nrf2
which promotes its dissociation from Keapl and its nuclear localization to regulate genes

involved in cellular redox homeostasis (Cullinan et al. 2003).

B.2.3 ATF6a arm

The gene sequence of ATF6 was discovered in 1989 (Hai et al. 1989), and it was first shown
that ATF6 can interact with the serum response factor (SRF) transcription factor (C. Zhu,
Johansen, and Prywes 1997).

Nowadays, ATF6 is known as a type 2 transmembrane protein of 90kDa located in the ER.
The cytoplasmic segment of ATF6 comprises a basic region/leucine zipper motif (bZIP domain)
responsible for DNA binding and a transactivation domain (Haze et al. 1999) whereas its
carboxy-terminal luminal region comprises the ER stress-sensing domain (X. Chen, Shen, and
Prywes 2002).

In mammals, two homologous ATF6 proteins are expressed: ATF6a and ATF6 that are both
functional and respond to ER stress (H Yoshida et al. 1998; Haze et al. 2001). Surprisingly,
the double ATF6a and ATF6B-knockout in mice resulted in embryonic lethality (Yamamoto et
al. 2007). However, the N-terminal region of ATF6a contains an 8-amino acid sequence known
as VN8, which exhibits high transcriptional activity compared to ATF6B (Thuerauf et al. 2002).
Additionally, ATF6B may inhibit ATF6a and regulate the duration of ATF6a signalling
(Forouhan, Mori, and Boot-Handford 2018). As a result, studies often prioritize exploring the
function of ATF6a.

In their study, Nadanaka et al. highlighted clear distinctions in the activation and mechanisms
of IRE1a and PERK compared to ATF6a. Particularly, they showed that in the absence of ER
stress, ATF6a exists in multiple forms (monomer, dimer, and oligomer) due to the formation of
inter- and intramolecular disulfide bridges in its luminal domain. Whereas, upon ER stress, the
full-length ATF6a (ATF6ap90) is deoligomerized because of the reduction of disulfide bonds,
notably via the action of PDIA5 (Higa et al. 2014). Simultaneously, the release of BiP and
subsequent unmasking Golgi localization site (GLS), leads to the relocation of the reduced
monomeric form to the Golgi apparatus (Shen et al. 2002), where it undergoes proteolytic
cleavage by site-1 and site-2 proteases (S1P and S2P) (Ye et al. 2000). This process releases
an active cytosolic fragment containing the bZIP domain known as ATF6ap50, which acts as

a transcription factor by binding to specific ER stress response elements (Kokame, Kato, and

67



Miyata 2001).

This fragment then relocates to the nucleus to initiate a subset of UPR target genes. Activation
of ATF6a increases the protein folding capacity within the ER, as its targets include key
proteins located in the ER involved in protein folding, such as BiP and
GRP94/Endoplasmin/HSP90B1, to maintain ER function (J. Wu et al. 2007). In addition,
ATF6a induces the transduction of ER-associated degradation (ERAD) components and
modulates XBP1 mRNA levels (J. Wu et al. 2007; H Yoshida et al. 2001). Interestingly, Adachi
et al. conducted a genome-wide search for ATF6a target genes using microarray analysis of
mouse embryonic fibroblasts deficient in ATF6a, revealing the identification of 30 genes as
ATF6a target genes. Among this list, 7 genes were ER chaperones, 5 were ERAD components
and 6 were ER proteins (Adachi et al. 2008). Finally, ATF6a can also drive the expansion of
the ER (Bommiasamy et al. 2009).

B.3 From ER stress recovery to chronic ER stress

In general, the activation of the UPR response in vivo remains somewhat unclear. While its
regulation may depend on factors such as the type, intensity, and duration of stress, several
guestions persist: Do all three pathways always contribute together to the response? Do they
share the same activation kinetics?

Therefore, it would be more prudent to consider the UPR response as a rheostat, capable of

adjusting the intensity of its response based on varying conditions.

In cases of the adaptive responses provided by the UPR signalling are unable to restore
protein-folding balance, the persistence of the response could lead to alternative signalling
pathways known as the "terminal UPR” (reviewed in; Hetz, Chevet, and Oakes 2015). This
dynamic response is primarily driven by IRE1a and PERK and consists of two main phases;
firstly a transition phase, and an end-stage that upregulates specific pro-apoptotic genes
(reviewed in; Woehlbier and Hetz 2011; Hetz and Papa 2018).

B.3.1 Apoptosis signalling

These phases leading to pro-survival or pro-apoptotic cell fate, are primarily regulated by
PERK through ATF4 which induces the proapoptotic factor CCAAT/enhancer-binding protein
homologous protein (CHOP) and GADD34. On the one hand, CHOP promotes apoptosis by
inhibiting the expression of anti-apoptotic BCL-2 and activating pro-apoptotic members such
as BIM, as well as death receptor DR5 via the caspase-8 (McCullough et al. 2001; Puthalakath
et al. 2007; M. Lu et al. 2014). On the other hand, GADD34 facilitates the dephosphorylation
of elF2a by targeting protein phosphatase 1 (PP1) to restore mRNA translation (Novoa et al.

2001). As mentioned above IRE1a's RNase activity decreases specific microRNA levels which
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can inhibit pro-apoptotic targets, such as the pro-oxidant protein TXNIP (thioredoxin-interacting
protein). Elevated TXNIP protein levels activate the NLRP3 inflammasome and its caspase-1-
dependent pro-death pathway (Lerner et al. 2012). In addition, chronic ER stress results in the
recruitment of adaptor proteins to IREla. For instance, tumor necrosis factor receptor-
associated factor 2 (TRAF2) elicits the activation of apoptosis signal-regulating kinase 1
(ASK1) and subsequently activates its downstream targets, notably c-Jun N-terminal kinase
(INK) which could induce apoptosis (Urano et al. 2000). In summary, the control of ER stress-
induced apoptosis involves a complex interplay of multiple mechanisms and only some of them

are described in this section.

B.3.2 UPRosome concept

The transition from an adaptive to a terminal pro-apoptotic UPR is not fully understood, but

models are proposed to elucidate how the intensity and duration of stress stimuli are
integrated. In the case of IREla signalling, it has been suggested that the amplitude and
kinetics of its signal could be regulated by its interactome (protein-protein interaction) termed
the “UPRosome” in which positive and negative co-factors act as a checkpoint to determine
downstream signalling responses as well as the duration of the response (Hetz and Glimcher
2009). Hence, questions arise: What is the threshold at which mild ER stress induced
homeostatic UPR transitions to a chronic and terminal UPR state promoting apoptosis and
inflammation? Is it possible to quantify the intensity of this response in cellular or animal

models? Can we mitigate the adverse effects of prolonged ER stress on cellular fate?

C. Implication of Endoplasmic reticulum stress in diseases

C.1 Role of ER stress in skin physiology and related disorders

ER stress arises in cells due to various internal and external stresses. Chronic ER stress is
implicated in numerous human diseases and has been extensively investigated in conditions
such as type 2 diabetes, neurodegenerative disorders, atherosclerosis, liver diseases, and
cancers (reviewed in; Ozcan and Tabas 2012). However, this section will delve into the lesser-
explored role of ER stress in the physiology and pathophysiology of the skin. While subtoxic
levels of ER stress-induced UPR are essential for normal cellular functions, including
differentiation, recent findings suggest that prolonged UPR activation contributes to the onset

of certain skin conditions.
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C.1.1 ER stress in the physiology of the skin

In the skin, disruptions in the epidermal barrier and exposure to external stressors like UV
radiation can induce ER stress (Celli et al. 2011; Anand et al. 2005). Surprisingly, the UPR is
activated during normal epidermal keratinocyte differentiation and induces the expression of
genes essential for this process (Sugiura et al. 2009). Among the regulators of keratinocyte
differentiation in vitro and in vivo, the sequential differentiation of keratinocytes is facilitated by
a calcium gradient that increases from the basal layer until the most superficial layer of the
skin (Hennings et al. 1980; Bikle et al. 2001). As the largest calcium store in the cell, the ER
controls the balance between CA?* release and uptake. Interestingly, Celli et al. showed that
ER CAZ* depletion using thapsigargin in human keratinocytes and mice triggered the activation

of XBP1 and controls terminal differentiation (Celli et al. 2011).

C.1.2 Chronic ER stress is associated with skin diseases

In vivo, deregulation of ER calcium balance can lead to numerous diseases (reviewed in;
(Mekahli et al. 2011).

For instance, mutations in the ATP2A2 gene, which encodes the sarco/endoplasmic reticulum
CAZ"-ATPase 2 (SERCAZ2) pump, result in dysfunctions in CA2* exchanges from the cytosol to
the ER, consequently inducing chronic ER stress in keratinocytes. This defective ER calcium
homeostasis in keratinocytes, observed in the rare genetic Darier’s skin disease, leads to loss
of adhesion due to impaired trafficking of junctional components, such as desmosomal
cadherins causing acantholysis, and to UPR-induced apoptosis in keratinocytes, resulting in
dyskeratosis (Savignac et al. 2014; Hovnanian 2004). Clinically, individuals suffering from
Darier’s disease exhibit fragile and often malformed fingernails, along with multiple red papules
and plaques characterized by hyperkeratosis that can affect large areas of the body, typically
appearing on the upper trunk or neck during adolescence and worsening throughout life,
notably with sun exposure. This skin condition can be highly painful, particularly when fissures
develop or when the lesions become infected, and Darier patient have an increased risk of
neuropsychiatric disorders. Currently, there is no cure for Darier’s disease, but symptoms can
be managed through lifestyle adjustments, topical therapies such as retinoids, and surgical
intervention if needed (Bernard et al. 2024).

As explained above, mild ER stress is implicated in keratinocyte differentiation suggesting that
chronic ER stress can contribute to skin diseases associated with abnormal differentiation
(reviewed in; K. Park et al. 2019).

Additionally, even if the precise mechanisms have not been already understood, increased ER
stress has been described in common inflammatory skin diseases like psoriasis and rosacea
(Zhao et al. 2020; Melnik 2014).

70



Moreover, keratinocytes are not the only type of epidermal cells implicated in skin diseases.
As an example, Vitiligo is a condition characterized by depigmentation in specific areas,
affecting melanocytes and resulting in loss of pigment in the skin, mucous membranes, and
hair. Remarkably, the study of Birlea et al. established a genetic association between XBP1

and vitiligo using a genome-wide dataset of human patients (Birlea et al. 2011).

Finally, studies reported that ER stress in melanoma, even at early stages, exhibit a high
expression of BiP that was associated with poor survival prediction against malignant
melanoma (Hersey and Zhang 2008; Shimizu et al. 2017). Conversely, mild ER stress in
melanoma cells could sustain autophagy in resistant cells notably through PERK activation
and autophagy-related genes transcription particularly, via ATF4 and CHOP (Ohoka et al.
2005; B’chir et al. 2013).

C.2 UPR during ageing

For many years, the ability of organisms to handle stress by activating cellular stress responses
has been linked to longevity. Studies indicate that, as individuals age, their ability to initiate
these stress responses diminishes. However, external activation of these responses and
prevention of this decline have been associated with improvements in stress resistance and a
delay in the ageing process. (reviewed in; Haigis and Yankner 2010).

With age, ER chaperones and folding enzymes exhibit reduced expression and impaired
capacity in murine livers due to the progressive accumulation of oxidative stress, leading to
dysfunctional ER. This may consequently diminish the UPR's ability to regulate proteostasis
effectively (Rabek, Boylston, and Papaconstantinou 2003; Nuss et al. 2008). In addition,
studies on various animal models demonstrated that this long-term dysfunction ER stress
response is associated with robust pro-apoptotic signalling (reviewed in; Brown and Naidoo
2012). For instance, Hussain et al. demonstrated that although the absolute levels of UPR
sensors, such as PERK, may not decrease with age, their activity is reduced, resulting in a
decrease in overall protein translation and diminished phosphorylation of elF2a. This leads to
a switch from the synthesis of pro-survival to pro-apoptotic proteins, rendering cells more
susceptible to stress-induced death pathways (Hussain and Ramaiah 2007). Interestingly, a
study on human subjects revealed that the activation of the UPR in the muscles of older

individuals in response to exercise is attenuated compared to young adults (Hart et al. 2019).

Together, these results suggest that modulation of the UPR pathways with age could either
extend or reduce longevity. Actually, it has been proved in C. elegans that extending longevity
could potentially be achieved by circumventing loss of stress response activation, including
UPR, and particularly the IRE1a branch (Henis-Korenblit et al. 2010; Matai et al. 2019).
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However, some studies suggest a more complex relationship regarding the role of the UPR in
ageing. For example, Kristensen et al. reported an increased activity of the ATF6a pathway in
the liver with ageing (Kristensen et al. 2017). Moreover, another study revealed an age-related
increase of components of the ATF6a and IRE1a branches in aged B-cells of monkeys (Li et
al. 2021). These recent studies suggest that, in more complex models, there might be a more
nuanced regulation of the UPR with age, potentially specific to tissues and contexts.

D. Evidence of an interconnection between UPR and cellular senescence

D.1 Alteration of ER homeostasis during senescence

Various cell types experiencing senescence in response to diverse stressors exhibit structural
changes in the ER and trigger UPR activation (reviewed in; Abbadie and Pluquet 2020).
However, depending on the cell type and the senescence inducer, it appears that not all three
branches are activated.

For instance, HRAS-driven melanocyte senescence displays vacuolization and expansion of
the ER as well as activation of the three branches of the UPR (Denoyelle et al. 2006) whereas
in HRAS-induced senescent epidermal keratinocytes only IRE1q, is activated (Blazanin et al.
2017). Moreover, in senescent lymphoma cells induced by TIS, Dorr et al. observed
ultrastructure ER stress alterations and activation of IRE1a/XBP1 and PERK/ATF4 (Dorr, Yu,
Milanovic, Beuster, Zasada, Dabritz, et al. 2013). In addition, in replicative senescent NHDFs
and UVC-induced senescent human breast adenocarcinoma cells, all the three arms of the
UPR have been showed to be increased (Druelle et al. 2016; H. S. Kim et al. 2019). Finally,
as a proof of concept demonstrating the interconnection between ER stress and senescence,
these two studies have shown that the application of chemical ER stress inducers on
proliferating cells was sufficient to induce major hallmarks of senescence in these cells (Druelle
et al. 2016; H. S. Kim et al. 2019).

D.2 Impact of UPR modulation on senescence biomarkers

As the first secretion compartment of cells, the ER plays a crucial role in generating,
processing, and releasing SASP factors (Machado-Oliveira et al. 2020).

Recently, it has been proposed that ER stress and the subsequent activation of the UPR upon
senescence could contribute to the modified secretome of senescent cells (Pluquet and
Abbadie 2021). While there are multiple connections between the UPR and inflammation
(Dandekar, Mendez, and Zhang 2015; Schmitz et al. 2018), the UPR and normal or tumoral
secretome (Smith et al. 2020; Logue et al. 2018; Rubio-Patifio et al. 2018) the data directly
linking ER stress with SASP are scarce. Our group demonstrated that knocking-down ATF6a

in replicative fibroblasts decreased IL-6 mMRNA levels (Druelle et al. 2016). Another group

72



proposed that UPR induction in RAS-mediated senescence promotes macroH2A1 expression,
subsequently leading to the expression of various SASP-associated genes in fibroblasts (H.
Chen et al. 2015). Moreover, a third group suggested that OIS and TIS induce proteotoxic
stress and UPR activation to ensure SASP production (Dorr, Yu, Milanovic, Beuster, Zasada,
Dabritz, et al. 2013).

Furthermore, among the senescence biomarkers typically overlooked in studies, the literature
indicates a complex interplay between the modulation of UPR branches and the senescent
phenotype (reviewed in; Pluquet, Pourtier, and Abbadie 2015) (Table 3). Indeed, it appears
that depending on the cell type and the senescent inducer, modulation of one or more UPR
branches could either diminish or enhance senescence. These observations are particularly
true for the SA-Bgal and cell cycle arrest (reviewed in; Abbadie and Pluquet 2020). Additionally,
as the cell cycle arrest observed in senescence primarily arises from the accumulation of
unresolved DNA damage, the relationship between DNA damage/repair mechanisms and ER
stress/UPR during senescence needs to be more investigated. Indeed, the interconnection
between UPR and DDR is still poorly understood. To date, only a limited number of studies
have explored this connection, with a predominant focus on understanding how these two
signalling pathways are associated with the development and progression of diseases,
particularly cancers. These studies have revealed a particularly significant role of PERK and
IREla at the intersection of this process whereas the role of ATF6a remains to be clarified

(reviewed in; Gonzalez-Quiroz et al. 2020).

The literature on the effects of UPR modulation on the establishment of senescence
biomarkers is limited, and the details of certain studies mentioned above will be further
discussed in the conclusion section of the manuscript to link the results obtained in our project

with these studies.

Table 3. The effects of UPR modulation on senescent biomarkers in different models. Adapted from Pluquet et al.
2015.

ATF4 siRNA
HRas-driven senescence in melanocytes DNA-ATF6a Reduced the % of SA-Bgal-positive cells (Denoyelle et al.
XBP1 siRNA DN-IRE1a 2006)
Primary embryo fibroblasts HRAS and ATF4" Triggered senescence by expressing constitutively (Horiguchi et al.
SV40 large T antigen p16INK4 and p19ARF 2012)
HRas-driven senescence in primary ATF4 siRNA Increased the % of SA-Bgal-positive cells (B. Zhu et al. 2014)
murine keratinocytes XBP1 siRNA Reduced p21 protein expression
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HT1080 human fibrosarcoma

E235: activator of ATF4

Increase in perinuclear SA-Bgal-staining
Increase in cell size
Increase in p21 protein expression

(Sayers et al. 2013)

H202-induced senescence in WI38 cells

Chemical inhibitor
GSK2606414

Chemical inhibitor 4u8c

Increase in p21 protein expression
Reduced the % of SA-Bgal positive cells

Reduced the % of SA-Bgal positive cells

(Matos, Gouveia, and
Almeida 2015)

Human endometrial stromal cells (ESCs)

Calreticulin siRNA

Increased the % of SA-Bgal positive cells

(Kusama et al. 2014)

Primary MEFs

elF20~"
Doxorubicin-induced senescence in PERK™" Increased the % of SA-Bgal positive cells (Rajesh et al. 2013)
HT1080 cells and tumor xenograft assays elF2a siRNA
HRas-driven
B16F10 mouse melanoma HT1080 Increased the % of SA-Bgal positive cells
MCF7 Human PERK siRNA Increase in p21 protein expression (H. D. Kim et al.
2012)
RS Normal human dermal fibroblasts ATF6a siRNA Reduced the % of SA-Bgal positive cells (Druelle et al. 2016)
NHDFs IRE1a siRNA
ATF6a siRNA Reduced the % of SA-Bgal positive cells
MCF7 Human + siRNA NBR1 (H. S.Kimetal.
PERK siRNA Increased the % of SA-Bgal positive cells 2019)
IRE1a siRNA

3. The skin: A flexible model for investigating adaptative stress

responses

A. Physiology of the skin

A.1 Skin structure and cellular composition

The human skin is a dynamic and complex organ composed of three overlaying layers,

arranged from the outermost to the deepest: the epidermis, a pluristratified epithelium; the

dermis, intricately connected to the epidermis through the dermo-epidermal junction; and the

hypodermis. Each layer displays notable variations in both structure and cellular composition.
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A.1.1 Epidermis

The epidermis derives from the non-neural ectoderm, and its stratification during
embryogenesis is orchestrated by basal epidermal cells, referred to as basal keratinocytes.
Epidermal stem cells are found in the epidermal basal layer and hair follicle niches (Blanpain
and Fuchs 2006). This cell population constitutes a pool of mitotically active progenitors that
undergo asymmetric division to drive the differentiation and stratification of the epidermis
(Lechler and Fuchs 2005).

In adulthood, epidermal homeostasis is also sustained by the delamination of basal
keratinocytes, leading to their detachment from the cutaneous basement membrane and
initiating their differentiation process along the suprabasal layers (Moreci and Lechler 2020).
In addition, many signalling pathways drive epidermal differentiation, such as Notch, the
transcriptional regulator p63, the C/EBPB transcriptional regulators, and the Kruppel-like factor
4 (KLF4) (Blanpain and Fuchs 2009).

In the healthy epidermis, the basal layer consists of a monolayer predominantly composed of
cuboid keratinocytes, along with a small number of melanocytes and Merkel cells, whereas

Langerhans cells are located in suprabasal layers (Figure 15).

Epidermis Stratum corneum

Granular layer

Dermis .
Spinous layer

Basal layer
Adipose:
tissue

.‘Desmosome CHemidssmoscme 3 Lamellar body
ﬂn Tight junction A Focal adhesion @ Keratohyalin granule
- Fr B

¥ Langerhans cell #40 Melanocyte 0 Merkal cells

Figure 15. Schematic illustration of the skin structure and epidermal layers. The skin consists of three major
layers: the epidermis, with detailed views of its structure and cell composition shown on the right part of the scheme;
the dermis, with the representation of all cutaneous appendages; the hypodermis, characterized as adipose tissue.
Adapted from R. Moreci, T. Lechler, 2020.
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Melanocytes play a crucial role in skin pigmentation and protection against ultraviolet (UV)
which will be further explained (Cichorek et al. 2013). Merkel cells interact with sensory nerve
endings in the skin and play a specific role in mechanotransduction (Maksimovic et al. 2014).
All the basal cells adhere together by cell junctions. While adherent junctions allow the
cadherin-actin cytoskeleton connections, desmosomes join the keratin intermediate filaments
of neighboring keratinocytes (Ribsam et al. 2018). The proliferating keratinocytes from the
basal layer express cytokeratin 5 (KRT5) and cytokeratin 14 (KRT14). Conversely, the
transition to the spinous layer leads to a switch in the expression of cytokeratin, favoring the
expression of cytokeratin 1 (KRT1) and cytokeratin 10 (KRT10) in the early differentiating
keratinocytes (Moll, Divo, and Langbein 2008).

The spinous layer is composed of multiple layers of polyhedral-shaped keratinocytes and
constitutes the initial stage of differentiation. During this phase, keratinocytes lose their
proliferative capacity and establish robust adhesion through desmosomes.

Then, in the granular layer, the keratinocyte’s shape, organization, and adhesion are further
modified. At this stage, keratinocytes adopt a squamous shape, get bigger and flattened,
express loricrin and filaggrin, undergo changes in nuclear morphology, and develop tight
junctions. Granular keratinocytes exhibit keratohyalin granules containing loricrin and
profilaggrin and produce lamellar bodies (Kanitakis 2002; Moreci and Lechler 2020). Moreover,
the gradual gradient of calcium from the basal to the granular layer coordinates the
differentiation process with vitamin D by sequentially activating and inhibiting the genes
involved in the differentiation stage (Bikle et al. 2001).

Between the spinous and the granular layers, Langerhans cells, distinct epidermis-resident
macrophages with dendritic cell functionality, act as antigen-presenting cells during immune
response (West and Bennett 2018).

Finally, in the late differentiation stage, the cornified layer (i.e. stratum corneum), consists of
thickened, anucleate, and dead keratinocytes named corneocytes. In this layer, profillagrin
from keratohyalin granules mature into fillagrin, promoting cell keratinization. Structurally,
proteins like loricrin and involucrin replace the cell's membrane, and lamellar bodies secret

their contents into extracellular space, forming the cornified envelope (Eckhart et al. 2013).

The basement membrane, named the dermo-epidermal junction (DEJ) separates the basal
epidermal layer from the dermis. It consists of the lamina lucida and the lamina densa, which
allow adhesion between basal keratinocytes and the underlying extracellular matrix (ECM).
This mechanism is facilitated by a structural network composed of hemidesmosomes and
anchoring filaments rich in laminin, including laminin 332, and type IV collagen. Additionally,
the third layer, named the fibrillar zone, enables adhesion between the lamina densa and the

anchoring plaques of the papillary dermis (Breitkreutz, Mirancea, and Nischt 2009).
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A.1.2 Dermis

The dermis is a connective tissue in contact with basal keratinocytes through the DEJ. In
contrast to the epidermis, the dermis has a low cell density and is predominantly constituted
by an extracellular fibrous matrix (Stojic et al. 2019).

The dermal structure consists of two distinct layers: the upper papillary dermis and the lower
reticular dermis both exhibiting differences in their composition and organization (Figure 16).

Epidermis

| Reticular dermis

Dermis

\J

Figure 16. Histological cross-section of human skin. The dermis is composed of two distinct layers: the upper
papillary dermis and the lower reticular dermis. The line shows the separation between the two parts. Adapted
from G. Sriram et al. 2015.

The papillary dermis includes the rete ridges named dermal papillae, which are projections of
the epidermis facilitating interactions between the epidermis and dermis. It is the most vascular
and innervated region of the dermis, composed of thin and poorly organized collagen fibre
bundles (majority of type | and type lll collagens) and contains mast cells, leukocytes, and
macrophages.

The reticular dermis is thicker and provides secure anchorage for skin appendages like sweat
glands and pilosebaceous apparatus composed of hair follicles, sebaceous glands, and
arrector pili muscle, and contains blood vessels and nerves. The reticular dermis acts as the
interface separating the dermis and hypodermis and is a well-organized structure (Sriram,
Bigliardi, and Bigliardi-Qi 2015) that contains fewer cells than the papillary dermis.

The dermis primarily consists of an extracellular matrix (ECM) secreted by fibroblasts, the
predominant cell type in the dermis. The ECM is mainly composed of collagens, which provide
tensile strength, elastic fibres, in particular elastin and microfibrils, glycoproteins such as
fibronectin, matricellular proteins, proteoglycans and glycosaminoglycans including hyaluronic

acid (Pfisterer et al. 2021). It creates a “gel” that provides the skin resistance to compression
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forces and ensures hydration retention. This gel undergoes continuous remodelling to maintain
tissue homeostasis. Indeed, depending on their localization within the dermis, fibroblasts may
exhibit distinct matrix secretion profiles. For instance, they demonstrated that the ECM
produced from papillary fibroblasts or reticular fibroblasts exhibits differences in their
structures, due to differences in fibres morphology and matrix compositions. Particularly, mass
spectrometry revealed that ECM from papillary fibroblasts lacks COL1A2, THBS1, and FN1
compared to ECM from reticular fibroblasts (Ghetti et al. 2018). Additionally, fibroblasts are
also responsible for synthesizing a wide range of enzymes that modify the matrix, along with
their regulators, including matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs
(TIMPs) (reviewed in; Bonnans, Chou, and Werb 2014). Surprisingly, Haydont et al. identified
a specific transcriptomic signature of dermo-hypodermal junction fibroblasts regarding genes
involved in ECM synthesis-processing compared to papillary fibroblasts or reticular fibroblasts,
resulting in architectural differences in human skin (Haydont et al. 2020).

A.1.3 Hypodermis

The hypodermis, also known as the subcutaneous layer, constitutes the deepest and thickest
layer of the skin. It serves to anchor the skin to the fibrous tissue enveloping the bones and
muscles. This layer is highly vascularized and innervated, and consists of sparse connective
tissue containing adipocytes (reviewed in; Arda, Goksugir, and Tuzun 2014). Adipocytes are
multifunctional cells residing in the hypodermis, where they form the subcutaneous white
adipose tissue (SWAT), as well as in the reticular dermis (dermal white adipose tissue, dWAT)
(reviewed in; Guan et al. 2023). Their first role in the skin is to store excessive energy
substrates in the form of intracellular triglycerides (TG) deposits. The release of stored fat is
facilitated by lipolytic enzymes, which break down triglycerides stored in adipose tissue and
release nonesterified fatty acids (FAs) into the bloodstream (Zimmermann et al. 2004).
Additionally, skin-associated adipocytes have been implicated in thermal insulation,
mechanical support, and in the modulation of immune and infection responses through the
secretion of cytokines, adipokines, and antimicrobial peptides (reviewed in; S. X. Chen, Zhang,
and Gallo 2019).

A.2 Skin barrier functions

The skin has several protective functions, including protection against external stressors,
regulation of body temperature, hydration, and detection of stimuli like heat, cold, touch, and
pain. These functions are maintained by multiple and complex barriers, ensuring the body's

integrity (reviewed in; Lefevre-Utile et al. 2021) (Figure 17).
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Figure 17. The components responsible for the skin barrier’s function. Among the layers of the skin, various
barrier functions are provided, notably including the microbiome, chemical, physical, and immune barriers, all
designed to prevent skin aggressions. From Eyerich et al. 2018.

For instance, the microbiome barrier, spanning all surface areas of the skin, is composed of
bacteria, fungi, and viruses and constitutes the first cutaneous barrier known as the
microbiome batrrier (reviewed in; Byrd, Belkaid, and Segre 2018).

Then, the stratum corneum acts as a chemical barrier, preventing exogenous agents from
penetrating thanks to a series of protective molecules produced such as antimicrobial peptides
and/ or proteins (AMPs) and epidermal lipids. In addition, the production of natural moisturizing
factors (NMFs) and the acidic pH of the surface also contribute to the fight against pathogens
(reviewed in; Eyerich et al. 2018).

The physical barrier is closely linked to the chemical barrier. At the top of the stratum corneum,
corneocytes are connected by corneodesmosomes and surrounded by a lipid-enriched
extracellular matrix. This barrier maintains the integrity of the skin and prevents the loss of
water referred to as transepidermal water loss (TEWL). Below the corneocytes, desmosomes,
adherents junction, tight junctions and keratins provide a mechanical cohesion between
keratinocytes, forming a protective layer (reviewed in; Proksch, Brandner, and Jensen 2008;
Matsui and Amagai 2015).

In addition, the skin offers protection from UV rays thanks to melanocytes. Indeed,
melanocytes are specialized cells containing lysosome-related organelles called

melanosomes, where melanin is synthesized and stored. Melanin exists in two forms in the
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skin: eumelanin, a brown to dark pigment, and pheomelanin, a yellow-reddish pigment
(reviewed in; Solano 2020). Research has shown that eumelanin offers significantly greater
protection against UV radiation than pheomelanin, which can act as a photosensitizing agent,
leading to lipid peroxidation and the generation of reactive oxygen species (ROS) (Mariano et
al. 2021). Once mature, melanosomes are transferred to the keratinocytes, likely through
various mechanisms (reviewed in; Bento-Lopes et al. 2023). Upon internalization by
keratinocytes, melanin undergoes processing and contributes to the protection of keratinocyte
DNA from UV damage (Byers et al. 2003).

Additionally, skin has also developed an immune barrier performed by a variety of immune
cells that are present in normal skin such as dendritic cells, T cells, mast cells, and
macrophages. These immune effectors efficiently detect danger signals through pathogen and
damage-associated molecular patterns (PAMPs and DAMPS) triggering an appropriate
immune response. Additionally, resident immune cells contribute to barrier repair and

homeostasis maintenance (reviewed in; Eyerich et al. 2018).

A.3 Communication crosstalk between skin cell populations

Considering the skin's organization, communication between the cells within each layer is vital
for maintaining skin homeostasis. As the major representatives of the skin cell population within
the epidermis and the dermis, the communication between keratinocytes and fibroblasts has
gained attention.

In their review, Russo et al. investigated 73 published papers to report the effects of
keratinocytes on fibroblasts and vice versa (Russo, Brembilla, and Chizzolini 2020). In
summary, among the major effects, they identified that keratinocytes impact fibroblast
secretion by increasing the release of soluble factors such as interleukins, notably IL-183, IL-6,
and IL-8, as well as growth factors like fibroblast growth factor 7. Additionally, they influence
the secretion of extracellular matrix components, including fibronectin, and matrix
metalloproteinases (MMP-1, MMP-2, MMP-3, MMP-8, and MMP-12). Conversely, they
observed that in most cases fibroblasts enhanced the proliferation and differentiation of
keratinocytes.

Finally, they emphasize the various models that exist to assess the crosstalk between
keratinocytes and fibroblasts, ranging from the use of conditioned media in monolayer cell

culture to co-culture systems, transwell co-culture assays, skin equivalents, and skin explants.

A.4 In-vitro reconstructed skin models

The limitations of two-dimensional cell culture systems to accurately represent the structure

and function of complex organs, such as the skin, highlight the need to develop three-

80



dimensional (3D) skin models for research, drug testing, and preclinical studies (Hennies and
Poumay 2021).

In 1981, Bell et al. pioneered the creation of a tissue-engineered 3D human skin equivalent,
comprising both dermal and epidermal layers (Bell et al. 1981). To date, studies aiming to
investigate the complex properties of the skin often use reconstructed human epidermis (RHE),
composed of keratinocytes, or reconstructed human skin (RHS), which incorporates additional
fibroblasts and extracellular matrix components. Both models can be improved by adding, for
example, melanocytes, Langerhans cells, or even cancer cells to increase their complexity
(Hall et al. 2022; Bock et al. 2018; Michielon et al. 2020). Various strategies are used to create
these 3D models, but today, most studies use scaffold-based 3D models where cells are grown
on a support (e.g. that could be either natural or synthetic polymers), or use bioprinting
(reviewed in; Choudhury and Das 2021). However, these strategies are experimental models
that enhance our understanding of skin biology, but they require further improvement to
achieve fully functional skin suitable for clinical applications (discussed in; Randall et al. 2018).

In addition, it should be noted that reconstructed human epidermis and skin equivalents can
be used as good models for studying skin ageing. Various strategies have been developed to
address the consequences of ageing on reconstructed skin model. One such strategy involves
adding senescent cells at the beginning of the reconstruction process. For instance, the
inclusion of senescent fibroblasts in skin equivalents leads to the development of ageing
hallmarks, such as filaggrin expression reduction, increased water loss, or reduced collagen
abundance, effectively mimicking skin ageing in vitro (Diekmann et al. 2016; Janson et al.
2013). Moreover, long-term culture (120 days) can be used to study chronological skin aging,
with notably an increased number of p16-positive cells in both the epidermis and dermis from
day 60, peaking at day 120 (Dos Santos et al. 2015).Surprisingly, a study investigating the
impact of the extracellular matrix demonstrated that the longevity of keratinocytes increased
when grown on a matrix derived from papillary fibroblasts, compared to a matrix derived from
reticular fibroblasts (Janson et al. 2017). However, 3D skin models can also be directly treated
with agents known to contribute to aging, such as ultraviolet radiation (Martin et al. 2008).
Additionally, numerous studies have explored the role of advanced glycation end products in
inducing skin aging. For instance, some have created modified models by glycation of collagen

(Pageon et al. 2014). In conclusion, these models offer a degree of flexibility in studying ageing.
B. Skin ageing

As previously mentioned, the skin is a dynamic organ that contributes to the maintenance of
body homeostasis. However, with age, the skin undergoes continuous degenerative changes.

Indeed, skin ageing results from a combination of genetically programmed and irreversible
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factors, along with external stressors dependent on the environment (reviewed in; Farage et
al. 2008). These external factors overlap with intrinsic parameters contributing to the ageing

process.

B.1 Intrinsic skin ageing

Chronological ageing refers to the internal process of ageing due to intrinsic factors, such as
genetics. It leads to gradual changes in the whole body as individuals age.

Intrinsic ageing is mainly due to the dysfunctions of biological processes or mechanisms
described in Figure 2 (Lopez-Otin et al. 2023).

Surprisingly, some of these hallmarks of ageing have led to the search for an "ageing clock,"
aiming to measure the biological age of individuals. Unlike chronological age, which depends
solely on our date of birth, biological age considers all external factors, apart from time, and
the pathological context that can influence our organism. Thus, ageing clock can reflect the
overall functionality of an individual's body and can indicate the susceptibility to age-related
diseases and mortality risk. Indeed, numerous studies have examined various indicators,
including epigenetic clocks based on genome-wide methylation profiles, telomere length
analysis, cell-surface glycome, exosomal analysis, and blood-based biomarkers (reviewed in;
Palmer 2022). This research area has gained attention in the field of skin biology (reviewed in;
Bienkowska et al. 2023), and new markers have emerged, such as age-dependent specific

microRNAs in keratinocytes, particularly miR-30a (Muther et al. 2017).

In the skin, many changes occur in both structure and function as individuals age. For instance,
a meta-analysis investigated the proportion of senescent cells across various human tissues,
revealing a positive correlation between chronological age and increased levels of senescent
cells in the skin (Tuttle et al. 2020). Furthermore, Ogata et al. demonstrated a significant
increase of p16'™K4 senescent cells with donor age in both the epidermis and dermis (Ogata et
al. 2023). In addition, with age, the epidermal thickness diminishes, and the dermo-epidermal
junction becomes finer, resulting in a gradual loss of the barrier function leading to skin
dehydration and increased susceptibility to infections. Moreover, in the dermis, the dense
network of collagen fibres becomes disorganized mainly due to an imbalance between
synthesis and degradation. The number of elastin fibres decreases, resulting in a looser matrix
network and the appearance of wrinkles. The cutaneous microcirculation is affected by a
reduction in the size and number of blood vessels, leading to various side effects such as
paleness or reduced vascular reactivity (reviewed in; Rorteau et al. 2020).

Finally, the pace of skin ageing depends on factors such as ethnic origin, the specific region
of the body due to variations in skin thickness, and hormonal fluctuations (reviewed in; Farage
et al. 2008).
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B.2 Extrinsic skin ageing

In addition, skin ageing is influenced by many non-genetic factors that act in tandem with
chronological ageing. The set of factors that can accelerate the rate of normal aging is referred
to as the exposome (e.g., the totality of exposures an individual faces from birth to death). In
the initial definition provided by Krutmann et al. the major exposomal factors influencing skin
ageing are sun radiation, tobacco, temperature, nutrition, stress, lack of sleep, and pollution
(reviewed in; Krutmann et al. 2017). Although these factors are often studied separately, their
synergistic effects can lead to significant biological consequences on skin physiology.
Thus, both intrinsic and extrinsic skin aging together lead to inevitable morphological
alterations and, more significantly, integrated functional changes and increased skin fragility
(Table 4).

Table 4: Morphological alterations and integrated function modifications of the skin during ageing. Based on Farage
et al., 2008 and Makrantonaki et al., 2008.

Skin compartment and appendix Morphological alterations Integrated functional modifications

Intrinsic ageing Photoageing
Altered protection against sun radiation

Irregular pigmentation
Pale (fewer melanocytes) Lentigines (melanocytic hyperplasia)
Increased vulnerability to exogenous agents

Epidermis Thinning Thickening
Decreased mitotic activity
Reduction of the stratum

spinosum

Impaired proliferation (Actinic keratosis)

Impaired differentitation (Dyskeratosis) Loss of barrier function and skin integrity

Impaired wound healing

Dermo-epidermal junction Fragility

Reduced strengt

Dermis ' o )
. Heightened sensitivity to deformational forces
Increase collagen degradation and fine wrinkle formation
Reduction in elastic fibers, Increase in abnormal elastic fibers (Solar Reduced contractil
collagen fibers, and crossliking  elastosis) v Y
enzyme Sparse distribution
Vascular Alteration of thermoregulation function

Microvessels decrease

Vessels dilatation
Small blood vessels disorganisation

Nerve endings

Disturbed sensory function
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B.2.1 External stressors impacting the skin

It's evident that the exposome is closely intertwined with the individual's lifestyle. For example,
a survey conducted on monozygotic twins investigated the influence of non-genetic factors on
facial skin ageing, such as sun exposure (Guyuron et al. 2009) (Figure 18).

Figure 18. Effects of sun exposure on skin ageing of homozygote twin. These two women are 61 years old.
However, the twin on the right in the picture has been significantly more exposed to the sun during her life
compared to her sister on the left. From Guyuron et al.2019.

The findings revealed that sun exposure and smoking are significant factors that accelerate
the ageing process and contribute to an increase in perceived age. Indeed, the skin of smokers
exhibits premature facial wrinkles and loss of elasticity (Koh et al. 2002).

Additionally, good nutrition (e.g. high intake of vegetables and legumes and low intake of meat
and sugar), alcohol avoidance, and sufficient hours of sleep contribute to improving facial
ageing. Another exposomal factor that is more challenging to quantify but still significantly
impacts skin ageing is air pollution (reviewed in; Krutmann et al. 2017). It comprises two main

types of pollutants: fine particles and gases, including CO, and NO; which are global health
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concerns. In his study, Hils et al. demonstrated that the interaction between air pollution and

sun exposure could result in skin irreversible alterations, such as lentigines (Huls et al. 2019).

B.2.2 Photo-ageing

Sun exposure is perhaps the most significant factor contributing to extrinsic skin ageing. In
1969, Kligman was the first to report that sunlight can lead to early destructive effects on
human skin (Kligman 1969). While photo-ageing primarily refers to exposure to sunlight, the
effects on the skin are mainly attributed to ultraviolet radiation (reviewed in; Gromkowska-
Kepka et al. 2021). Further details on the spectral composition and effects of each type of sun
radiation will be described in the next section.

Since then, the biological mechanisms and clinical consequences of UV on the skin have been
well understood. For instance, a study on 298 Caucasian women demonstrated that UV
exposure should be responsible for 80% of visible facial ageing signs (Flament et al. 2013).
Histologically, photoaged skin is characterized by an epidermal thickening, irregular

pigmentation, roughness appearance, and deep wrinkles (reviewed in; Farage et al. 2008).

In addition, recent findings have demonstrated that dermal fibroblasts contribute significantly
to the photodamaged phenotype. Unlike keratinocytes, which can eliminate intracellular
material during differentiation, fibroblasts must rely on adaptation pathways and damage repair
mechanisms to maintain homeostasis (reviewed in; Krutmann et al. 2021). Dermal alterations
caused by UV radiation led to disorganized and partially degraded collagen fibres, contributing
to skin wrinkling. Additionally, the disintegration of elastic fibres and the formation of abnormal
elastic tissue are characteristic features of a process known as solar elastosis (El-Domyati et
al. 2002). The study by Berneburg et al. also showed a correlation between the induction of
photoageing in human skin and mutations in mitochondrial DNA, notably the 4977 base-pair
common deletion. This mutation was particularly evident in dermal fibroblasts, serving as long-
term biomarkers for skin damage in humans (Mark Berneburg et al. 2004). Moreover, literature
revealed that photoageing is associated with a significantly decreased content of antioxidant
enzymes, including copper-zinc superoxide dismutase (CuZnSOD), manganese superoxide
dismutase (MnSOD), and catalase (CAT), and with a significant accumulation of protein

oxidation and carbonyls (Sander et al. 2002).

Hence, even if sunlight has been crucial for life's evolution on Earth, chronic sun exposure can
induce a broad range of biological damage to the skin ranking from immediate reactions like
sunburn, to chronic conditions like photo-ageing and even life-threatening issues including skin

cancer (reviewed in; Polefka et al. 2012).
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C. Solar radiation and biological damage to the skin

Solar radiation is electromagnetic radiation (i.e. a form of energy ranking from 10° to 1012 m
that includes radio waves, microwaves, infrared light, visible light, ultraviolet light, X-rays, and
gamma rays). However, the solar radiation that reaches the Earth’s surface only contains
infrared (~55%), visible light (~45%), and ultraviolet (~5%), as much of the harmful radiation is
intercepted by the Earth's magnetic field and upper atmosphere before reaching the ground
(Figure 19). The quantity of solar radiation reaching the Earth fluctuates due to changes in the
distance between the Earth and the sun and, to a lesser degree, day-to-day shifts in the

spectrum caused by solar activity.
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Figure 19. Solar radiation spectrum. The sun emits a broad range of wavelengths, ranging from X-ray or gamma
ray to microwaves and radio waves. However, only regions from 280 to 315 nm (UVB), 315 to 400 nm (UVA), 400
to 700 nm (visible light), and 700 to 1000 nm (infrared) reach the Earth’s surface, with the others being absorbed
by the earth's atmosphere.

C.1 Infrared radiation and visible light

For a long time, visible light (400-700 nm) and infrared (> 700 nm) were believed to have little
effect on the skin. However, evidence in the literature demonstrated their contribution to skin
photo-ageing. Indeed, both wavelengths can penetrate the epidermis and dermis and reach
the hypodermis, creating damage to skin cells.

For instance, exposure of fibroblasts and keratinocytes to high-energy visible light (~400 nm)
can induce ROS formation, as well as DNA damage in keratinocytes (Mann et al. 2020;
Lawrence et al. 2018).

In addition, short infrared wavelengths can significantly increase the protein level of MMP-1 in
fibroblasts (Schieke et al. 2002). Moreover, Kim et al. demonstrated that a single exposure to
infrared radiation did not change the protein expression of MMP-1 whereas repeated
exposures did (M.-S. Kim et al. 2006). However, when looking at the combination of both visible
light and infrared on human skin, an increased expression of MMP-1 and MMP-9 and a
decreased expression of type 1 procollagen was observed 24 hours after the irradiation (S.

Cho et al. 2008). Nonetheless, some specific wavelengths in visible light and infrared are used
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in dermatology practice because they showed significant benefits for skin rejuvenation and
healing (Lask et al. 2005) demonstrated that the time of exposure and the band determine the

effects on the skin (van Breugel and Béar 1992).

C.2 Ultraviolet rays

The spectral composition of total solar irradiance fluctuates over time. The visible and infrared
lights are relatively stable, whereas the ultraviolet (UV) component exhibits significant
variability. The UV region spans wavelengths ranging from 100 to 400 nm and is divided into
three bands: UVC (100-280 nm), UVB (280-315 nm), and UVA (315-400 nm). The UV portion
of sunlight that arises on Earth consists mainly of approximately 95% UVA and 5% UVB
radiation. Indeed, UVC and almost 90% of the UVB radiations are absorbed by the Earth’s
atmosphere.

The Global Solar UV Index (UVI) measures the intensity of solar UV radiation reaching the
Earth's surface, serving to alert the public to heightened risks of skin and eye damage during
periods of high UV levels (Health World Organization 2002). The UVI is based on the action
spectrum for UV-induced erythema on human skin, its equation is:

400 nm
IUV = ker . f E}_ . Ser (A)d).
2

50 nm

where luv is the UV index; ker is a constant equal to 40 m/W; E the solar irradiance at wavelength A;

dA the wavelength interval used in summation; ser(A) the erythema reference action spectrum.

Overall, determining the precise UV dose that human skin receives per day is challenging and
highly variable around the world. However, a hypothetical estimation for Europeans falls
between 10,000 and 20,000 J/m2 per year. This estimate excludes holidays, which may elevate
the dosage by 30% or higher (Godar 2005).

C.2.1 UV penetration and energy

UV rays penetrate human skin depending on their wavelength (Meinhardt et al. 2008). Longer
wavelengths can penetrate deeply into the skin, with UVA observed to penetrate both the
epidermis and dermis. In contrast, UVB has limited penetration, with most of its effects
observed in the epidermis, although it can reach the upper dermis where most fibroblasts are

located (reviewed in; D’Orazio et al. 2013).
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Conversely, longer wavelengths are less energetic than shorter wavelengths, as demonstrated

by the Planck relation:

EZT

where E is the energy; h the Planck’s constant (6,63.10-34 J/s ); c the speed of light (~ 3.108 m/s); A the

wavelength.

This physical relation means that shorter wavelengths have a higher potential to damage
biological tissues.

C.2.2 UV-induced DNA damage

DNA damage from UV radiation can be either direct or indirect, depending on the energy
level. However, as none of these damages were studied in this work, the UV damage

signature and the main repair systems will be briefly explained.
C.2.2.1 Direct DNA damage

Only high-energy wavelengths can cause direct DNA damage. Consequently, since UVC
radiation is not expected to reach human skin, only UVB radiation should be directly absorbed
by DNA in vivo. As a result, UVC rays induce the formation of pyrimidine dimers, preferentially
between adjacent thymine (T) bases or to a lesser extent cytosine (C) and 5-methylcytosine
(mC). The two major photoproducts induced by UVB are cyclobutane pyrimidine dimers
(CPDs) and pyrimidine (6-4) pyrimidone photoproducts (6-4PPs) (reviewed in; Cadet, Sage,
and Douki 2005) (Figure 20). CPDs result from a cycloaddition reaction involving the C5=C6
double bonds of neighboring pyrimidines, with a higher proportion of T=T and T=C than C=C.
The formation of CPDs is an extremely rapid process where two adjacent thymines can
dimerize in a picosecond (Schreier et al. 2009).

6-4PPs are formed by the single covalent bond between the C6 of one pyrimidine and the C-
4 of the adjoining base’s ring. Additionally, 6-4PPs by absorption of UVB or UVA can give rise
to a third type of photoproduct known as the Dewar valence isomers (reviewed in; Cadet,
Grand, and Douki 2015; Douki and Sage 2016).
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Figure 20. Major direct DNA damage that could be induced by UV irradiation. This example shows
the formation of T=T CPD and T-T 6-4PP. The latter could undergo photoconversion into Dewar valence
isomers via UVB or UVA absorption.

The formation of direct DNA damage has long been considered specific to UVB and UVC
radiation. However, several studies have demonstrated that UVA can also cause direct DNA
damage, notably CPDs (Thierry Douki et al. 2003; Rochette et al. 2003). Finally, if not correctly
repaired, these damage induce structural distortion in the DNA, disrupting DNA replication,
and could result in DSBs, particularly at the locations where replication forks with CPDs-
containing DNA have collapsed (reviewed in; Rastogi et al. 2010). The physiological and

pathological cutaneous reactions to UV will be further detailed in section C. 2.3.
C.2.2.2 Indirect DNA damage

Absorption of UVB and UVA photons can additionally trigger the creation of photoexcited states
in skin photosensitizers, leading to the production of reactive oxygen species (ROS) resulting
in DNA base modifications, single- and double-strand breaks and oxidative damage to
pyrimidine and purine bases (reviewed in; Rastogi et al. 2010).

The skin contains endogenous photosensitizers, such as urocanic acid or flavins, that can be
excited by UV radiation. Once excited they can react directly with DNA by one electron transfer
(type | reaction) or indirectly by transferring the energy to a molecule of oxygen (type Il
reaction). Type Il photosensitization can lead to the formation of either singlet oxygen (O,) or
superoxide anion (O27). O2" is typically converted to hydrogen peroxide (H.O-) (i.e. Fenton’s
reaction) that can then be converted to hydroxyl radical (*OH). Singlet oxygen and other ROS

specifically target guanine residues which are the most readily oxidized DNA bases, resulting
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in the preferentially formation of 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG) (reviewed in;
Wondrak, Jacobson, and Jacobson 2006). Additionally, ROS can attack other macromolecules
such as proteins and lipids leading to protein carbonylation and lipid peroxidation (reviewed in;
Andrés Juan et al. 2021).

C.2.2.3 UV-induced DNA repair

To maintain genome integrity, a variety of cellular mechanisms are in place to repair DNA
damage (reviewed in; Sancar et al. 2004).

CPDs and 6-4PPs are preferentially repaired through the nucleotide excision repair (NER)
pathway, which consists of the removal of bulky DNA damage.

NER consists of two sub-pathways: transcription-coupled NER (TC-NER), which repairs
damage from the transcribed strand of active genes, and global genome NER (GG-NER),
which can occur anywhere in the genome. These two pathways are initiated by different
factors, but after DNA damage recognition, both pathways converge for additional steps,
including damage demarcation, incision of the damaged strand, gap filling, and ligation
(reviewed in; Marteijn et al. 2014). Mutations in proteins involved in the NER pathway can lead
to diseases such as Xeroderma Pigmentosum, a rare genetic disorder (Coin et al. 1999).
Additionally, the photoreactivation of CPDs involves the cleavage of the bond between the
pyrimidine dimer, leading to the reversal of DNA damage through an enzyme called photolyase
(Mees et al. 2004).

Finally, the oxidative DNA damage is repaired through the base excision repair (BER) pathway.
BER begins with the recognition and the removal of damaged bases by DNA glycosylases.
Next, AP-endonuclease (APE) creates a 3'OH terminus at the damaged site, followed by repair
synthesis with a DNA polymerase and DNA ligase. At this stage, it's worth noting that two
pathways exist; the short-patch and long-patch BER, which depend on the number of
nucleotides to be added. These pathways involve different factors to maintain DNA repair and

stability (reviewed in; Hindi, Elsakrmy, and Ramotar 2021).

C.2.3 Pathological and physiological cutaneous reactions to UV

UV irradiation is responsible for various types of DNA damage, some of which can result in
specific mutations. For example, mutations identified in the p53 gene of certain human skin
cancers exhibit CC — TT tandem base substitutions, which are specific to the UV signature
(Brash et al. 1991).

The incidence of skin cancer is steadily rising, notably due to a combination of overexposure
to UV, increased outdoor activities, increased longevity and better medical monitoring and

earlier diagnosis (reviewed in; Leiter, Eigentler, and Garbe 2014). There are three major types
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of skin cancers: basal cell carcinoma (BCC), squamous cell carcinoma (SCC), and melanoma.
In 2019, ~ 60% of reported cancers were BCC, 35% SCC, and 5% melanoma (W. Zhang et
al. 2021).

Exposure and high susceptibility to UV are major risk factors for BCC, which originate from
basal cells of the epidermis. It is typically a slow-growing tumor, and metastases are rare.
BCCs often present a diagnostic delay of many years from the initial UV damage to clinical
manifestation. The primary treatment is usually surgery; however, for "difficult-to-treat" BCCs,
additional treatments such as Hedgehog inhibitors, radiotherapy, and more recently,
immunotherapy, may be considered (Peris et al. 2023).

SCC originates from malignant proliferation of epidermal keratinocytes known as actinic
keratoses. UV overexposure is the most important environmental risk factor as most of the
lesions developed are located in sun-exposed skin areas. SCC tumor can be locally invasive,
and metastases can be formed in rare cases. Treatment for SCC is first based on surgery and
different clinical trials are ongoing to approve drugs for the treatment of metastatic SCC such
as PD-L1 inhibitors (Corchado-Cobos et al. 2023).

Melanoma arises from the malignant transformation of melanocytes. The primary etiological
factors include intermittent UV exposure and a history of sunburn. A family history of melanoma
(CDKN2a mutation) is also a contributing factor. Melanomas may arise within or near pre-
existing lesions such as dysplastic nevi or in healthy skin. Melanomas are significantly more
aggressive than carcinomas. Despite constituting only a minor fraction of skin cancers, they
are responsible for most deaths associated with this disease. Surgical resection is the
treatment of choice in melanoma cases. However, metastatic melanomas present significant
challenges in treatment and are associated with a poor prognosis. Hopefully, recent advances
in targeted therapy and immunotherapy have enhanced patient prognosis, notably using
kinase inhibitors targeting BRAF, an oncogene frequently mutated in melanoma (BRAFV6%F)
(Castellani et al. 2023).

Furthermore, other skin cell types such as Merkel cells or fibroblasts can be at the origin of

rare skin cancers.

Conversely, UV irradiation can also have beneficial effects. Firstly, UVB is necessary for
converting 7-dehydrocholesterol into previtamin D3 in the epidermis, which is then isomerized
to vitamin D3 (reviewed in; Webb 2006). Additionally, sunlight has a significant positive impact
on mood and cosmetic tanning (reviewed in; Juzeniene and Moan 2012), although excessive
exposure can lead to sunburns, especially due to UVB. Finally, phototherapy is a highly
effective treatment modality in dermatology and has improved the management of various skin

conditions. For example, PUVA phototherapy utilizes psoralens, a photosensitizing drug, and
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UVA light to treat inflammatory skin diseases like psoriasis (reviewed in; Branisteanu et al.
2022).

D. Mosaic of skin senescent cells

As mentioned previously, there is growing evidence of senescent cells accumulating in various
compartments of the skin. However, identifying senescent cells in vivo in humans remains
challenging. This obstacle, rather than a hypothetical technical issue, could be due to the
heterogeneity of senescent cells within the organism. It is conceivable that in vivo, the
appearance of senescent cells is not synchronized as observed in the in vitro models
commonly used in labs. Consequently, neighboring cells may become senescent due to
different inducers or combinations of them. As a result of this mosaic of senescent cells, a
multitude of senescent phenotypes could coexist, particularly in the skin, which is one of the
body’ organs most exposed to numerous extrinsic stressors (reviewed in; Toutfaire, Bauwens,
and Debacg-Chainiaux 2017).

D.1 Similarities and differences among senescent skin cells

Interestingly, while in vitro studies on senescence often focus on fibroblasts, their implication
in ageing using ex vivo skin samples seem to be underrepresented compared to epidermal
cells. While some markers of senescence, such as SA-Bgal and lamin B1, have been identified
in both the epidermis and dermis (Dimri et al. 1995; Dreesen et al. 2013), the common

expression of other previously established biomarkers of senescence appears to be less clear.

For instance, Nassour et al. demonstrated by immunohistodetection in human-aged skin
samples, that epidermal cells display XRCC1 foci accumulation, which correlates with a
decrease in PARP1 (Nassour et al. 2016). This observation notably reinforces one of the in
vitro hypotheses regarding keratinocyte senescence establishment, which suggests that the
accumulation of oxidative stress and decreased PARPL1 activity lead to persistent SSB and
thus to senescence via the p38MAPK-p16'NK4-Rb axis, while replicative senescence of fibroblasts
seems to rely on persistent DDR activation and the p53-p21°'P* pathway (reviewed in; Nassour
and Abbadie 2016).

However, the distribution of p16™K* and p21©"!-positive cells across the skin, and their
biological consequences, remain challenging questions. In a recent preprint study that utilized
scRNA-seq data of human eyelid skin from donners of different ages (Zou et al. 2021), it has
been further revealed that three distinct non-proliferative cell populations co-exist in human
skin with age: a p21 “™-only positive cell population, a p16™%4-only positive cell population,

and a population of cells co-expressing p21°*/p16'™K4, and that the two first categories exhibit
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distinct SASP compositions, suggesting that both can drive different biological consequences
(Saul et al. 2023). In addition, p16™*4-positive cells have been observed significantly increased
in both the dermis and the epidermis with age, although in the dermis, a majority of the p16™NK4-
positive fibroblasts was also positive for p21 ©"! (Hasegawa et al. 2023). Finally, Victorelli et
al. revealed that in aged epidermis, most of the p16™¢4-positive cells in the skin were not
keratinocytes but melanocytes. Moreover, they demonstrated that melanocytes can induce
paracrine telomere damage to neighboring keratinocytes, leading to a change in their behavior
without strictly inducing senescence, but rather a “senescence-like” process. (Victorelli et al.
2019).

Overall, these few examples illustrated well the important heterogeneity of skin senescent cells

across the skin.

D.2 From high expectations to limited results: the flip side of killing skin senescent
cells

One evidence of this heterogeneity could be the difficulty of demonstrating the efficacy of
senolytics in vivo. Indeed, preliminary in vitro studies that identify the potential effects of
senolytic drugs have often focused on relatively homogeneous populations of a single type of
senescent cells (Yi Zhu et al. 2016). However, in more complex tissues like the skin, not all the
populations of senescent cells respond to senolytics, which limits their potential beneficial
effects on the ageing phenotype in humans (reviewed in; Zhu et al. 2015). To date, few studies
have reported the potential reversing effects of eliminating senescent cells on the skin ageing
phenotype. For instance, only one study showed that daily topical application of rapamycin on
one hand of aged individuals for 8 months significantly decreased fine wrinkles, and increased

dermal volume, notably through increased collagen VII in the skin (Chung et al. 2019).

Additionally, the use of senolytics compounds to kill senescent cells involves inducing
apoptosis in these cells. In their review, McHugh and Gil wondered about the consequences
of possible chronic inflammation if these apoptotic cells are not properly cleared by the immune
system (McHugh and Gil 2018). Furthermore, predictive hypothetical models suggest that
treatments with senolytics could yield benefits in the short to middle term, but may also pose
potential negative effects in the long term. These theories are based on two hypotheses: firstly,
the lack of specificity of senolytics and the potential negative effects of the chemical
compounds on tissue function over the long term (Kobbe 2019). Secondly, the idea that the
neighboring cells may begin to accelerate their own division to compensate for the elimination
of senescent cells, ultimately leading to an increase in their senescence (Fossel 2019).
However, these theories remain hypothetical, and only long-term human studies will be able

to validate or refute them. As a result, new therapies were developed shortly afterward,
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including the use of senomorphics, which today represent an equally promising avenue as

senolytics.

94



Objectives

As discussed in the introduction, cellular senescence can be viewed as an adaptative response
to multiple stresses. In the context of the skin, determining the origin of senescent cells in vivo
remains challenging. Therefore, efforts are needed to identify common signalling pathways to
uncover features shared between all senescent cells, regardless of their original senescence

inducer.

In light of this context, the project was initially established through a collaboration between Dr.
Olivier Pluguet (University of Lille, UMR9020-U1277 CANTHER) and Dr. Florence Debacg-
Chainiaux (University of Namur, NARILIS, URBC). The main goal was to identify molecular
mechanisms involved in both replicative and UV-induced senescence of dermal fibroblasts and
to determine common effectors that can be targeted in the physiological context of skin ageing.

Indeed, previous work in Dr. Olivier Pluquet’s team demonstrated the central role of ATF6a in
establishing specific biomarkers of replicative senescence in normal human primary
fibroblasts, particularly regarding the morphological changes. However, it is evident from the
literature that UPR activity and the regulation of one or more branches on the senescent
phenotype vary depending on the cell type and the inducer of senescence being studied. In
addition, in models of UV-induced senescence, little information is available regarding the
contribution of UPR in the establishment of the senescent phenotype. Therefore, using a
physiological model of UVB-induced senescence developed by Dr. Florence Debacg-
Chainiaux, we investigated the hypothesis that ATF6a could potentially exert similar effects on
the phenotype of UVB-induced senescent fibroblast. Supposing common effects of this
pathway in two relevant models of senescence, which are assumed to potentially contribute to
skin ageing, could be an interesting approach to delay skin-ageing-related alterations. To

reach this purpose several objectives have been established:

e The first objective was to ascertain whether UVB-induced senescent normal human

dermal fibroblasts were associated with ER stress and UPR activation or not.

e If such associations were identified, the second objective was to decipher whether
disrupting one branch of the UPR would affect the onset of the UVB-induced senescent

phenotype with specific attention given to the characterization of the SASP.

e Given that the ER is the first cellular compartment of secretion, a key aim was to focus

on the UPR branch that prevents the establishment of most senescent biomarkers, and
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to establish the complete secretomic and transcriptomic profile of NHDFs exposed or

not to UVB and invalidated for this branch of interest.

Then, based on the results obtained, the third objective was to study the biological
effects of this modified SASP on the skin environment using either skin cancer cells or
a more physiological model using keratinocytes embedded in a reconstructed human

epidermis.

Finally, the ultimate aim was to identify paracrine factors regulated by the UPR branch
of interest, which could be safely targeted, and to understand their mode of action on

the behavior of neighboring cells.
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Results

1. Research Article:

Most of the results of this thesis are formatted as a scientific research article.

Through this initial study:

¢ We investigated the expression of ER stress and UPR markers in skin samples from

donors of various ages and degrees of sun exposure.

o We have perfected a model of UVB-induced senescence in normal human dermal
fibroblasts (NHDFs), subjecting them to two exposures per day for five days at
500mJ/cm? of NB-UVB (312 nm), and we established their complete transcriptomic

signature.

e We assessed the impact of knocking down or chemically inhibiting each UPR sensor

on the development of the senescent phenotype, including the SASP.

e Utilizing conditioned media, we evaluated the physiological significance of our findings

using reconstructed human epidermis and cultured keratinocytes.
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Abstract

Skin aging is influenced by both intrinsic and extrinsic factors, particularly UV radiation, and is
characterized by an accumulation of senescent cells. Remarkably, exposure to UV can trigger
senescence in various skin cells, including dermal fibroblasts. However, the molecular
mechanisms underlying UV-induced senescence and the impact of the related senescence-
associated secretory phenotype (SASP) on the homeostasis of surrounding skin cells remain
poorly understood. Here, we identified that both chronological aging and photoaging induce
the unfolded protein response (UPR) in human dermal samples. We demonstrated that
silencing ATF6a disrupts the establishment of the UVB-induced senescent phenotype by
preventing the onset of several senescent biomarkers and alters the composition of the SASP,
consequently affecting its impact on the increased proliferation of keratinocytes embedded in
reconstructed human epidermis. Moreover, we found that ATF6a partially controls IL8
expression involved in the hyperproliferation of cultured keratinocytes. Together, our findings
highlight the importance of the ATF60a/IL8 axis in regulating the homeostasis of neighboring
cells during skin photoaging, thus suggesting ATF6a as a potentially promising target for

senotherapedutic interventions.
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Synopsis

Senescent cells display alterations of Endoplasmic Reticulum (ER) homeostasis and elicit
Unfolded Protein Response (UPR). This study examines the impact of ATF6a invalidation, one
UPR branch, on the establishment of the UVB-induced senescent phenotype in human dermal

fibroblasts, and its implications for the skin microenvironment.

e UPR is increased during human dermal aging and is intensified by chronic sun
exposure.

e Transcriptomic analyses of UVB-induced senescent human dermal fibroblasts reveal
an enrichment in protein processing in ER.

e UVB-induced senescent fibroblasts exhibit activation of all three branches of the UPR
(ATF6a, PERK, and IRE1q).

e Targeting ATF6a in human dermal fibroblasts prevents the establishment of UVB-
induced SA-Bgalactosidase, persistent DNA damage, morphological changes, and
modifies the SASP composition.

e The SASP of UVB-exposed human dermal fibroblasts influences the thickness of
reconstructed human epidermis and keratinocyte proliferation through an ATF6a/IL8-

dependent mechanism.

The paper explained

Problem

Aging is a key risk factor for age-related diseases, and the associated biological processes are
commonly referred to as “hallmarks of aging”. Among them, cellular senescence is an
adaptative response to damage. In the skin, evidence indicates the accumulation of senescent
cells. As a result, new strategies seek to uncover the underlying mechanisms behind the
development of the senescent phenotype to attenuate the adverse effects of senescent cells
on skin health. This is particularly relevant in the context of age-related skin disorders, pre-

cancerous lesions, and skin cancers.

Results

Our study demonstrates an elevated level of endoplasmic reticulum (ER) stress and unfolded
protein response (UPR) in aged and chronically sun-exposed human dermal samples. In UVB-
induced senescent fibroblasts, we observed activation of all three branches (ATF6a, PERK,
and IRE1a) of the UPR pathway. Invalidation or inhibition of ATF6a prevented the
establishment of certain UVB-induced senescent biomarkers. Importantly, in a model of

reconstructed human epidermis (RHE), we showed that secreted factors from UVB-induced
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senescent fibroblasts not only enhance the proliferation of keratinocytes but also contribute to
the thickening of the RHE. Finally, we identified the interleukin-8 (IL8) as a target of ATF6a

responsible for mediating this effect on 2D cultured keratinocytes.

Impact

Our study highlights ATF6a’s role in both establishing the UVB-induced senescence
phenotype and maintaining skin homeostasis under stress through the modified expression of

major SASP components, suggesting a potential new senotherapeutic target to investigate.

Introduction

Aging is defined as a gradual and cumulative decline of physiological functions and is
associated with an increased risk of developing age-related diseases (Childs et al. 2017). Over
the years, the skin undergoes structural and morphological changes, leading to the
deterioration of its functions (Russell-Goldman and Murphy 2020). Skin aging is associated
with both intrinsic and extrinsic factors including sun exposure, a phenomenon known as
photoaging, primarily attributable to ultraviolet (UV) rays (Kammeyer and Luiten 2015;
Krutmann et al. 2017). The main effects of UV exposure on skin aging include epidermal
thickening, wrinkles, solar elastosis, a decreased amount of extracellular matrix (ECM)
proteins, and an increased collagen fragmentation due to elevated activity of matrix
metalloproteinases (MMPs) (Wlaschek et al. 2001). Furthermore, UV radiation is a major risk
factor for the development of precancerous skin lesions (actinic keratosis) and skin cancers
(Narayanan, Saladi, and Fox 2010), including melanoma and non-melanoma skin cancers,

which represent the human cancers with the highest incidence (D’Orazio et al. 2013).

Cellular senescence, a hallmark of aging, was initially associated with replicative lifespan
exhaustion and later linked to telomere shortening, a phenomenon referred to as replicative
senescence (Hayflick and Moorhead 1961; Zhu et al. 2019; Di Micco et al. 2021). Additionally,
as an adaptative stress response, senescence can also be triggered following telomere-
independent mechanisms including oncogene expression, mitochondrial dysfunction, or
exposure to various stresses like ultraviolet radiation (Gorgoulis et al. 2019; Wiley et al. 2016;
Di Micco et al. 2020). Despite their likely differing origins, senescent cells share common
features, such as a stable and strong cell cycle arrest that mainly depends on the activation of
p53/p21WAFL and/or p16™X4/pRB pathways in an interconnected or independent manner.
Additionally, they exhibit senescence-associated B-galactosidase activity (SA-Bgal), enlarged
morphology, persistent DNA damage, and a specific inflammatory secretome referred to as

the senescence-associated secretory phenotype or SASP (Hernandez-Segura, Nehme, and
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Demaria 2018). The composition of SASP can vary depending on the context, although some
secreted factors such as interleukins and cytokines (e.g. IL6, IL8, CXCL1, CXCL2, and CXCL3)
are frequently present (Giroud et al. 2023; Gorgoulis et al. 2019).

Repeated UVB exposures can induce senescence in dermal fibroblasts, melanocytes, and
keratinocytes (Debacg-Chainiaux et al. 2005; Martic et al. 2020; Bauwens et al. 2023). In vivo,
the build-up of senescent cells is detected in the epidermis and dermis with age (Dimri et al.
1995; A. S. Wang et al. 2017; Tuttle et al. 2020; Ogata et al. 2023). Additionally, the
accumulation of senescent cells in the skin has been associated with skin aging characteristics
(Waaijer et al. 2016). The detrimental effects of senescent cells can be mainly attributed to
their secretome (Coppé et al. 2010), notably because of their potential to influence their
microenvironment (Acosta et al. 2013; Ogata et al. 2021). For example, in the skin, senescent
melanocytes have been shown to affect keratinocytes proliferation (Victorelli et al. 2019).
Besides, keratinocytes exposed to conditioned media from oncogene-induced senescent
keratinocytes (OIS-CM) exhibited increased clonogenic capacity, as well as in vivo

regenerative capacity (Ritschka et al. 2017).

The Endoplasmic Reticulum (ER) is the first compartment of secretion, responsible for the
folding and maturation of secreted proteins. Despite profound changes in the composition of
the secretome in senescent cells, there is limited understanding of how the ER adapts and
copes with these changes. Interestingly, there is evidence that different cell types, when
undergoing senescence, display unfolded protein response (UPR) activation (Denoyelle et al.
2006; Dorr, Yu, Milanovic, Beuster, Zasada, Henry, et al. 2013; Blazanin et al. 2017; Kim et al.
2019; Sabath et al. 2020). The UPR pathway is initiated by three transmembrane sensors, the
activating transcription factor 6 (ATF6a), the PKR-like ER kinase (PERK), and the Inositol
Requiring Enzyme 1 (IRE1a). However, the three branches are not always activated together
at senescence and the specific activation of one pathway varies depending on the cell type
and the senescence inducer (Matos, Gouveia, and Almeida 2015; Abbadie and Pluquet 2020).
We and others have demonstrated that in replicative senescence, UVC-induced senescence,
and HRas-induced senescence, the disruption of ATF6a alters the senescent phenotype in
different skin cell types (Druelle et al. 2016; Drullion et al. 2018; Kim et al. 2019; Denoyelle et
al. 2006). Indeed, ATF6a invalidation in replicative senescent normal human dermal fibroblasts
(NHDFs) causes the reversal of some characteristics of the senescence phenotype, such as
SA-Bgal, morphology, and SASP composition (Druelle et al. 2016). Nonetheless, the
significance of ATF6a in driving UVB-induced senescence in NHDFs, as well as its role in
determining SASP composition and the associated paracrine effects, remain poorly

understood.
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Therefore, we investigated whether the ATF6a branch of the UPR plays a role in the UVB-
induced senescent phenotype of NHDFs and examined whether the ATF6a -dependent SASP
influences the homeostasis of skin cells. Our findings suggest that ATF6a controls the UVB-
induced senescent phenotype and partly drives the SASP. We showed that ATF6a is required
for IL8 secretion, and that the paracrine effect of IL8 impacts the proliferation of surrounding
keratinocytes. Interestingly, invalidation of ATF6a or IL8 inhibition was sufficient to alleviate
hyperproliferation of keratinocytes. Overall, our data unveiled a novel role for ATF6a in UVB-
induced senescence regulation and skin homeostasis by influencing the behavior of

neighboring cells through the paracrine control of SASP factors such as IL8.

Results

UPR is triggered during normal dermal aging and is enhanced by chronic sun

exposure

To study UPR activation in vivo, we established a collection of skin biopsies obtained from
both non-sun-exposed or sun-exposed human dermal samples, encompassing both young
and elderly donors (Table 1 and Figure 1A). To visualize the accumulation of senescent cells
in the aged dermis, we performed immunostaining against the DNA damage protein 53BP1.
Indeed, 53BP1 foci have been reported as a reliable in vivo biomarker of senescence in the
skin (Nassour et al. 2016; Bauwens et al. 2023). In addition, vimentin staining was used to
identify dermal fibroblasts. Expectedly, the percentage of 53BP1 positive cells significantly
increased with age, supporting our previous observations (Figure 1B) (Nassour et al. 2016;
Bauwens et al. 2023). Interestingly, less than 5 % of dermal fibroblasts in young non-sun-
exposed dermis displayed 53BP1 foci, while 12 % of young sun-exposed dermis did. Moreover,
sun exposure significantly increased the percentage of 53BP1 foci from 15 % to 24 % in
fibroblasts from non-sun-exposed compared to sun-exposed sections, in elderly donors
(Figure 1B). To investigate whether UPR activation is modulated by age and sun exposure,
we analyzed the percentage of positive cells for proteins involved in ER stress (PDI) and UPR
(HERPUD1, XBP15s) in dermal sections. Analyses of the UPR-induced proteins HERPUD1 and
XBP1s showed a significantly increased abundance in dermal fibroblasts from aged non-sun-
exposed donors compared to young donors, whereas no obvious difference for the protein PDI
was observed (Figure 1B). Moreover, the proportion of HERPUD1-, PDI-, and XBP1s-positive
fibroblasts in aged sun-exposed dermis compared to young sun-exposed counterparts was
increased (Figure 1A and 1B). Additionally, sun exposure significantly increased HERPUD1-

positive fibroblasts in skin samples from young donors.
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Together, these results suggest that dermal (photo)aging may involve the activation of UPR-

induced proteins.

Donors age 28.3+10.1 31.7+15 79.7+2.1 66.7+11
Sample localization Right thigh; Left wrist; Right forearm; Left Left thigh; Right Right arm; Neck; Neck
Right thigh elbow; Right forearm shoulder; Right
buttock
Fitpatrick type I HE IV; 1L 00 LIV IV; ;1

Table 1. Characterisitics of skin samples donors
Abbreviations : Y, young; A, aged; NSE, non-sun-exposed ; SE, sun-exposed.
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Figure 1. Aging and sun-exposition induce the expression of UPR markers in human dermis

A. Histological imaging of the dermis from both young (19-39 years old) and aged donors (58-82 years old) non-sun-exposed or sun-exposed.
Samples were stained using immunofluorescence targeting 53BP1, HERPUD1, PDI, or XBP1s (red). Vimentin (green) was used to delineate the

dermal regions and DAPI (blue) for nuclei. Scale bar indicates 20 um.
B. Quantifications of the percentage of positive fibroblasts for 53BP1, HERPUD1, PDI, and XBP1s, determined by counting at least 100 cells per

conditions, (n=3).

Data information : Data in (B) are presented as means + SEM of three donors per group. Statistical comparisons were performed using ANOVA2
followed by Sidak’s multiple comparaison tests. p-values shown represent statistical differences between non-sun-exposed (NSE) and sun-exposed
(SE) dermis samples, and differences between young and aged group under the same sun exposure.
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Repeated UVB exposures induce premature senescence in normal human dermal

fibroblasts

Repeated UVB exposures have been established as a robust experimental model for inducing
premature senescence in various skin cell types (Debacg-Chainiaux et al. 2012), and can be
considered as an in vitro simplified model for dermal photoaging. Consistent with these
findings, we generated an experimental approach in which normal human dermal fibroblasts
(NHDFs) were exposed to narrowband (NB)-UVB irradiation (500 mJ/cm?) twice a day for five
consecutive days and confirmed that these repeated UVB doses led to stress-induced
premature senescence (UVB-SIPS). To do so, biomarkers of senescence were all studied
three days after the last UVB exposure. Phalloidin staining indicated that UVB-exposed
NHDFs underwent a drastic change in morphology, adopting a star-shaped, enlarged, and
irregular morphology (Figure 2A). A minimal proportion (25 %) of SA-Bgal-positive NHDFs was
observed in proliferative controls, whereas it increases to 51 % in UVB-exposed fibroblasts
(Figure 2B). As expected, repeated UVB exposures led to a decrease in proliferation, as
evidenced by a lower percentage of EdU-positive cells (Figure 2C), and an increased
abundance of p21WAFL (Figure 2D). Additionally, UVB-exposed NHDFs displayed an increased
proportion of nuclei with at least four 53BP1 foci (Figure 2E). Repeated UVB exposures also
increased the expression of SASP-associated genes, such as IL1G, IL8, CCL2, CXCL1,
MMP1, and MMP3 (Figure 2F), and increased IL8 and TGFB1 secretion (Figure 2G). This
confirms that UVB-exposed NHDFs exhibit the standard hallmarks of senescence.
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Figure 2. Repeated UVB exposures at 500 mJ/cm? induce premature senescence in NHDFs
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NHDFs were exposed (UVB) or not (CTL) to 500 mJ/cm? UVB twice a day for 5 days. At three days after the last UVBE exposure, the biomarkers of
senescence were studied.

A. (Left panel) Representative micrographies of phalloidin (red) and TO-PRO-2 (blue). Scale bar indicates 100 pm. {Right panel) Quantification of cell
roundness (4*area/(m*major_axis?)) and cell circularity {4m*area/perimeter?). Circularity measures the deviation from a perfect circle (Cl=1) whereas
roundness approximates a “best-fit” to an idealized ellipse (Ro=1). For each conditions 50 cells have been counted, {n=3).

B. (Left panel) Representative micrographies of SA-fgal staining (blue). Scale bar indicates 100 pm. (Right panel) Quantification of SA-Bgal positive cells
determined by counting 300 cells per conditions, (n=4).

C. (Left panel) Representative micrographies of EdU staining (green) and TO-PRO-3 (blue). Scale bar indicates 100 um. (Right panel) Quantification of EdU
positive cells determined by counting 200 cells per conditions, (n=4).

D. (Left panel) Representative western blot for p21. GAPDH was used as a loading control. (Right panel) Western blots quantifications, (n=3).

E. (Left panel) Representative micrographies of 53BP1 staining (green) and TO-PRO-3 (blue). Scale bar indicates 20 um. (Right panel) Quantification of the
percentage of cells harboring respectively one to three, or four to six, or more than six 53BP1 foci per nucleus determined by counting 200 cells per
conditions, (n=3).

F. Relative mRMA level of IL1/3, IL8, CCL2, CXCL1, MMP1 and MMP3 were quantified by RT-gPCR and normalized to RPL13A. Results are expressed as ratio
related to CTL cells, (n=7).

G. Quantifications of the level of secreted IL8 and TGF-B1 by ELISA assay. The level of secreted proteins is expressed as pg/mL normalized by the total
number of cells per conditions and is represented as IL8 and TGF-f1 concentration per 1 million NHDFs, (n=3).

Data information : Data in (A-G) are presented as means * SD. Statistical comparison was performed by unpaired t-test. p-value shown represents
difference between unexposed (CTL) and exposed (UVB) cells.
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Transcriptomic signature of UVB-induced premature senescence revealed regulatory
elements associated with key pathways in senescence and endoplasmic reticulum

functions

To further characterize the UVB-induced senescence signature in NHDFs, we conducted an
RNA sequencing (RNA-seq) analysis. For this purpose, RNA was extracted 3 days after the
last UVB exposure. Interestingly, we observed significant changes in the global gene
expression profiles when compared to young proliferative fibroblasts (CTL). Principal-
component analysis (PCA) illustrated a clear distinction between the transcriptional profiles of
control and UVB-induced senescent fibroblasts (UVB), with the first principal component
accounting for 85% of the variation (Figure 3A). Then, using EdegR, the differentially
expressed genes (DEGs) between UVB vs. CTL were performed on three independent
biological replicates (Figure 3B and 3C). The number of up and down-regulated genes was
430 and 216 respectively. The relevance of up and down-regulated genes was first compared
and examined with gene sets or lists from publications or publicly accessible databases such
as, the replicative senescence signature (LIST 1) (Druelle et al. 2016), GeneCards based
ontology “UVB-senescence” (LIST 2), “ER stress” (LIST 3), KEGG-ko04141 Protein
processing in ER (LIST 4) and KEGG-ko04062 Chemokine Signalling Pathway (LIST 5).
Comparative analysis revealed that our lists of differentially expressed genes overlap with
genes belonging to one or more gene sets of the aforementioned signatures (Figure 3B and
3C). Subsequently, we searched for processes that could be linked with UVB-induced
senescence. To do so, enrichment analysis was performed on up- and downregulated genes
from the UVB vs. CTL comparison using the over-representation analysis (ORA) method with
the Gene Ontology (GO) database focusing on Biological Processes (BP) (Figure 3D). This
analysis revealed that, among the significantly enriched GO terms, the “aging” and “skin
development” terms showed up (Figure 3D). Additionally, the sub-ontologies Molecular
Function (MF) and Cellular Component (CC) revealed GO terms consistent with the literature
such as “growth factor binding” and “extracellular matrix” terms (Saul et al. 2022) (Figure EV1A
and EV1B). Interestingly, we observed that “endoplasmic reticulum lumen” GO terms also
showed up in CC sub-ontologies. Importantly, Gene set enrichment analysis (GSEA) using the
KEGG database predicted highly significant enrichment of “protein processing in ER” term
(Figure 3E). Next, using the Reactome pathway database, “cell-cycle checkpoints” term
(Figure 3F) and other cell-cycle gene signatures (Figure EV1C) were also significantly
enriched. Finally, GSEA unveiled an almost significant enrichment of the publicly available
universal senescence signature with the whole transcriptome of UVB vs control comparison
(Hernandez-Segura et al. 2017) (Figure EV1D). Our data are in accordance with the literature

and show that the implemented senescence program strongly depends on the nature of the
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stressor. Based on these results and the knowledge that endoplasmic reticulum stress and
UPR activation have been shown to occur in response to various senescence inducers
(Denoyelle et al. 2006; Dorr, Yu, Milanovic, Beuster, Zasada, Dabritz, et al. 2013; Blazanin et
al. 2017), we chose to monitor the UPR activation status in UVB-induced premature senescent
fibroblasts. In addition to the detection of senescence biomarkers, the expression of a panel
of UPR target genes downstream of ATF6a (HSPA5/Grp78, PAHB, XPB1), PERK (CHOP,
PP1R15A/GADD34) and IRE1a (ERO1B, SEL1, PER1) was assessed by RT-qPCR.

Interestingly, mRNA levels of all tested genes except CHOP, SEL1, and PER1 were
significantly upregulated three days after the last UVB stress (Figure 3G). Moreover, using
immunoblotting, we showed that GRP78/BIP level was increased in UVB-induced senescent
NHDFs (Figure 3H).

Collectively, these data revealed that UVB-induced premature senescence transcriptomic
signature displays common senescence-associated genes and is associated with aging, skin

development, and ER stress.
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Figure 3. UVB-induced premature senescent NHDFs are associated with ER stress and UPR activation
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NHDFs were exposed (UVB) or not {CTL) to 500 mJ/cm? UVB twice a day for 5 days. At three days after the last UVB exposure, mRNA was extracted.

A. Principal Component Analysis (PCA) of transcriptional profiles obtained via RNA-seq for three independent experiments corresponding to the
samples from unexposed (CTL) and exposed (UVB) NHDFs represented by blue or red dots respectively. The two-dimensional scatter plot shows the
first two principal components of the analysis of all genes, {n=3).

B. Heatmap of the differentially up-regulated genes in UVB induced senescent NHDFs. (FDR < 0.05, log2(FC)+/-1.5) from UVB vs. CTL dataset.

C. Heatmap of the differentially down-regulated genes in UVB induced senescent NHDFs. {(FDR < 0.05 , log2(FC)+/-1.5) from UVB vs. CTL dataset.
Both up- and downregulated gene lists were compared to gene sets published or deposited into free access databases. LIST 1: Replicative senescence
signature (Druelle et al. 2016); LIST 2: GeneCards base dontology « UVB-senescence »; LIST 3: GeneCards based ontology « ER stress »; LIST4: KEGG
Protein processing in ER (ko04141); LIST 5: KEGG Chemokine Signaling Pathway (ko04062).

D. ORA (Over-Representation Analysis) of Biological Processes (BP) Gene Ontology (GO) terms of differentially expressed genes in UVB vs. CTL NHDFs.
Gene ratio provides ratio of input DEGs that are annoted in BP terms.

E. GSEA enrichment plot of one of the most positively enriched pathway associated with the whole UVB-induced senescent NHDFs using KEGG- ko04141
database. (NES, normalised enrichment score).

F. GSEA enrichment plot of one of the most positively enriched pathway associated with the whole UVB-induced senescent NHDFs using reactome
database. (NES, normalised enrichment score).

G. Relative mRNA level of HSPAS, PAHB, XBP1, PP1R15A, CHOP, ERO16, SEL1 and PER1 were quantified using RT-qPCR and were normalized to RPL13A.
Results are expressed as ratio related to CTL cells, (n=6).

H. (Left panel) Representative western blot for GRP78. GAPDH was used as a loading control. (Right panel) Western blots quantifications, (n=3).

Data information : Datas in (G-H) are presented as means x SD. Statistical comparison was performed using unpaired t-test. p-value shown represents
difference between unexposed (CTL) and exposed (UVB) cells.
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Figure EV1. DEGs and transcriptome from UVB-induced premature senescence display common senescence-related patterns.

NHDFs were exposed (UVB) or not (CTL) to 500 mJ/cm? UVB twice a day for 5 days. At three days after the last UVB exposure, mRNA was extracted.

A. ORA of Molecular Function (MF) GO terms of differentially expressed genes in UVB vs. CTL NHDFs. Gene ratio provides ratio of input DEGs that are
annoted in MF terms.

B. ORA of Cellular component (CC) GO terms of differentially expressed genes in UVB vs. CTL NHDFs. Gene ratio provides ratio of input DEGs that are
annoted in CC terms.

C. GSEA enrichment plot of the most positively enriched pathway associated with the whole UVB-induced senescent NHDFs using reactome database.
(NES, normalised enrichment score).

D. GSEA enrichment plot of the most positively and negatively enriched pathway associated with the whole UVB-induced senescent NHDFs using
Universal senescence signature published in Hernandez-Segura et al. 2017. (NES, normalised enrichment score).
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Repeated UVB exposures initiate premature senescence in an ATF6a-dependent

manner

To investigate whether a functional link exists between ER stress and the onset of UVB-
induced premature senescence in NHDFs, we individually silenced the expression of each
UPR sensor (ATF6a, PERK, and IRE1a) using RNA interference (Figure EV2A). The
knockdown efficiency of each siRNA was validated at the protein level until eight days following
SiRNA transfection (Figure EV2B). Subsequently, transfected fibroblasts were exposed to UVB
for five days. The specificity of the RNA invalidation was examined by RT-qPCR,
demonstrating that each siRNA specifically and efficiently invalidated the targeted UPR sensor
three days after the last UVB exposure. It is worth noting that the expression of all three
sensors was upregulated upon UVB exposures (Figure EV2C). Next, we assessed whether
invalidating the expression of ATF6a, PERK, and IRE1a prior to repeated UVB exposures
could impact the establishment of senescence biomarkers. Since ATF6a is known to mediate
cytoskeleton morphological changes in replicative senescent NHDFs (Druelle et al. 2016), we
first examined the cell morphology. Immunostaining of F-actin demonstrated that upon ATF6a
invalidation, UVB-exposed fibroblasts retained a spindle-shape morphology and exhibited cell
roundness and circularity similar to that of unexposed NHDFs (Figure 4A and EV3A). By
contrast, neither PERK silencing nor IRE1a impacted the morphology of UVB-induced
senescent fibroblasts (Figure 4A). Interestingly, ATF6a and PERK silencing prevented the
increase of SA-Bgal-positive cells after UVB exposures. However, only ATF6a invalidation
significantly limited the percentage of SA-Bgal-positive NHDFs compared to UVB-exposed
fibroblasts transfected with a non-targeting control siRNA (Figure 4B). In addition, ATF6a
invalidation, but not IRE1a or PERK, in UVB-exposed fibroblasts, resulted in a non-significant
decrease in EdU incorporation compared to control NHDFs (Figure 4C). Surprisingly, the
increase in p16™*** expression after UVB was limited in fibroblasts knocked down for PERK
and IRE1aq, but not for ATF6a, even though no significant difference between proliferative and
UVB-exposed NHDFs is observable following invalidation of either branch (Figure EV3B). The
same tendency was noted for p21"VA™ (Figure EV3B) suggesting that the potential influence of
ATF6a on the cell cycle regulation may not directly control classical cell cycle mediators.
Interestingly, an assessment of 53BP1 foci showed that only the silencing of ATF6a reduced
the percentage of cells with at least six 53BP1 foci within the nuclei of UVB-induced senescent
NHDFs (Figure 4D and EV3C). These findings suggest that ATF6a could potentially protect

against the persistence of DNA damage.

Altogether these data suggest that the UVB-induced premature senescent phenotype is
partially controlled by ATF6a. In line with this hypothesis, we investigated to what extent the

addition of chemical inhibitors for each UPR branch could impair the establishment of UVB-

114



induced phenotype. In this context, CA7 (Ceapin A7, ATF6a inhibitor), GSK2606414 (PERK
inhibitor), or 4u8c (IRE1a inhibitor) were added directly after the last UVB exposure (Figure
EV4A). The results showed similar trends with a protective role of ATF6a inhibition using
Ceapin A7 on the increased number of SA-Bgal-positive cells and persistent DNA damage
caused by UVB exposures (Figure EV4B and EV4D). However, none of the chemical inhibitors
had any effect on the UV-induced cell cycle arrest (Figure EV4C). Nevertheless, it seems that
targeting ATF6a prevents the appearance of some biomarkers of senescence induced by UVB

exposures.
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Figure EV2. Validation of ATF6a, PERK, and IRE1la knockdown efficiency in NHDFs

A. Schematic experimental RNA interference strategy for in vitro knockdown of the three UPR arms (ATF6a, PERK and IRE1a) in UVB-SIPS model.
Details of the model are provided in Materiel and Methods.

B. NHDFs were transfected with non-targeting control siRNA (siNT) or with siATF6a, siPERK or silREla. Representative Western Blots for ATF6a,
PERK, and IRE1a at 72h, 96h, and 192h post transfection. GAPDH was used as loading control, (n=1).

C. NHDFs were transfected with non-targeting control siRNA (siNT) or with siATF6a, siPERK or silRE1a 16 hours before repeated UVB exposures at
500 mJ/cm? twice a day for five consecutive days. Three days after the last UVB stress, mRNA was extracted, (n=3). Relative mRNA level of ATF6a,
PERK, and IRE1a were quantified using RT-gPCR and were normalized to RPL13A. Results are expressed as ratio related to CTL siNT cells.

Data information : Data in (C) are presented as means + SD. Statistical comparison was performed using ANOVA2 followed by Siddk’s multiple
comparaison tests. p-value shown represents differences between unexposed (CTL) and exposed (UVB) cells and differences between non-
targeting control siRNA (siNT) and siATF6a, or siPERK, and silRE1a.
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Figure 4. Knockdown of ATF6a prevents the complete establishment of UVB-induce senescent phenotype
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NHDFs were transfected with non-targeting control siRNA (siNT) or with siATF6a, siPERK or silREla 16 hours before repetitive UVB exposures at 500
ml/cm? twice a day for five consecutive days. The biomarkers of senescence were studied three days after the last UVB exposure.

A. (Left panel) Representative micrographies of phalloidin (red) and DAPI (blue). Scale bar indicates 100 pm. (Right panel) Quantification of the cell
circularity and the cell roundness. Circularity measures the deviation from a perfect circle {Cl=1) whereas roundness approximates a “best-fit” to an
idealized ellipse (Ro=1). For each conditions 50 cells have been counted, (n=3).

B. (Left panel) Representative micrographies of SA-Bgal staining (blue). Scale bar indicates 100 pm. (Right panel) Quantification of SA-Bgal positive cells
determined by counting 300 cells per conditions, (n=3).

C. (Left panel) Representative micrographies of EdU staining (green) and TO-PRO-3 (blue). Scale bar indicates 100 pm. (Right panel) Quantification of
EdU positive cells determined by counting 200 cells per conditions, {n=3).

D. {Left panel) Representative micrographies of 53BP1 staining (green) and TO-PRO-3 (blue). Scale bar indicates 20 pm. (Right panel) Quantification of
the percentage of cells harboring respectively one to three, or four to six, or more than six 53BP1 foci determined by counting 200 cells per conditions,
(n=3).

Data information : Data in (A-D) are presented as means + SD. Statistical comparison was performed using ANOVA2 followed by Sidak’s multiple

comparaison tests. p-value shown represents differences between unexposed (CTL) and exposed (UVB) cells and differences between non-targeting
control siRNA (siNT) and siATF6q, or siPERK, and silREla.
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Figure EV3. Impact of UPR invalidation before repeated UVB stresses on the senescent hallmarks

NHDFs were transfected with non-targeting control siRNA (siNT) or with siATF6a, siPERK or silRE1la 16 hours before repetitive UVB exposures at

500 ml/cm? twice a day for five consecutive days.
A. Predicted mask of F-actin micrographies from the generalist algorithm for cellular segmentation, Cellpose. Masks have been generated to use

shape description tools with Fiji.
B. Three days after the last UVB stress, mRNA was extracted, (n=3). Relative mRNA level of p16'N¥* gnd p21 WAL were quantified using RT-gPCR

and were normalized to RPL13A. Results are expressed as ratio related to CTL siNT cells.
C. Percentage of NHDFs harboring respectively six or more 53BP1 foci determined by counting 200 cells per conditions, {n=3).

Data information : Data in (B-C) are presented as means + SD. Statistical comparison was performed using ANOVA2 followed by Sidék’s multiple
comparaison tests. p-value shown represents differences between unexposed (CTL) and exposed (UVB) cells and differences between non-
targeting control siRNA (siNT) and siATF6a , or siPERK, and silRE1la.
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Figure EV4. Inhibition of ATF6a after UVB-exposures prevents the complete establishment of the senescent phenotype
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AG04431 were repetitively exposed to 250 mJ/cm? of UVB, twice a day for five consecutive days. After the last UVB stress, chemical inhibitors of the
ATF6a arm (CA7), PERK (GSK2606414) or IRE1a (4u8c) were added. The biomarkers of senescence were studied three days after the last UVB exposure.
A. Schematic experimental strategy for in vitro inhibition of the three UPR arms in UVB-SIPS model. Details of the model are provided in Materiel and
Methods.

B. (Left panel) Representative micrographies of SA-Bgal staining (blue). Scale bar indicates 100 um. (Right panel) Quantification of SA-fgal positive cells
determined by counting 300 cells per conditions, {n=5).

C. (Left panel) Representative micrographies of EdU staining (green) and TO-PRO-3 (blue). Scale bar indicates 100 pum. (Right panel) Quantification of
EdU positive cells determined by counting 200 cells per conditions, (n=5).

D. (Left panel) Representative micrographies of 53BP1 staining (green) and TO-PRO-3 (blue). Scale bar indicates 20 pm. (Right panel) Quantification of
the percentage of cells harboring respectively one to three, or four to six, or more than six 53BP1 foci determined by counting 200 cells per conditions,
(n=3).

Data information : Data in (B-D) are presented as means + SD. Statistical comparison was performed using ANOVA2 followed by Sidak’s multiple
comparaison tests. p-value shown represents differences between unexposed (CTL) and exposed (UVB) cells and differences between control DMSO
and CA7, or GSK2606414, and 4p8c.
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ATF6a silencing impairs the expression of major SASP factors after UVB exposures

To further investigate whether the UPR disruption could impact the establishment of UVB-
induced senescence, we analyzed the mRNA levels of genes encoding key secreted proteins
associated with the Senescence-Associated Secretory Phenotype (SASP). This includes pro-
inflammatory cytokines, as well as matrix metalloproteases (Figure 5). It is well-described that
the inflammatory SASP of senescent cells is mainly regulated at the transcriptomic level
(Acosta et al. 2008; Kuilman et al. 2008; Rodier et al. 2009). We noted that the overexpression
of IL18, IL8, MMP1, and MMP3 following repeated UVB exposures was no longer detectable
upon ATF6a invalidation (Figure 5A, 5B, 5C, and 5D). It is noteworthy that IRE1a knockdown
showed similar effects for IL18 and MMP3, and PERK silencing for MMP1 (Figure 5B, 5D, and
5C). This suggests that ATF6a invalidation modifies the secretory phenotype in UVB-induced
senescence by altering the expression of major inflammatory cytokines and remodelling

enzymes, which can alter the tissue microenvironment.

122



ns 0.0006
0.0014 s
=0.0001 ns 0.0095 ns -

10— 20— <0.0001 | E;;
T, 3 00001 ns 00085 00316
] -
< z 15
z -
€ 6 =

E
= @ 104
o 4 =
: 2
- Al n -
Milal o ”~
SiNT sidTFBo  siPERK  silRE1a sINT siaTFG6a  siPERK  siRE1a
c ns D
ns ns
ns
ns
_ ns
0.0076 ns ns 0.0154 —

304 30+ 0.0361 ns ns ns [
z =z m Ve
=2 H
% 20 % 204
: :

% 10 S 104
2 2
0 04

siNT - siATFGa sIPERK  silRE1g SINT  siATF6a SIPERK silRE1a

Figure 5. UPR disruption alters the SASP of UVB-induced senescent fibroblasts

NHDFs were transfected with non-targeting control siRNA (siNT) or with siATF6a, siPERK or silREla 16 hours before repetitive UVB exposure at
500ml/cm? twice a day for five consecutive days. Three days after the last UVB stress, mRNA was extracted.

A-D. Relative mRNA level of 1L18 (A), /L8 (B), MMPI (C), and MMP3 (D) were quantified using RT-gPCR and were normalized to RPL13A. Results are
expressed as ratio related to CTL siNT cells, {n=3).

Data information : Data in (A-D) are presented as means + SD. Statistical comparison was performed using ANOVA2 followed by Sidék’s multiple

comparaison tests. p-value shown represents differences between unexposed (CTL) and exposed (UVB) cells and differences between non-
targeting control siRNA {siNT) and siATF6a , or siPERK, and silREla.
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Conditioned media from UVB-senescent fibroblasts induce ATF6a-dependent

paracrine keratinocyte proliferation in RHE

The SASP of senescent cells can exert pleiotropic paracrine effects on the cellular environment
(Birch and Gil 2020). While numerous studies have demonstrated the pro-tumorigenic effects
of SASP from senescent fibroblasts (Farsam et al. 2016; Krtolica et al. 2001; Laberge et al.
2012), few data showed its impact in a physiological context. To investigate this, we
hypothesized that the alteration of SASP composition by ATF6a invalidation in NHDFs could
lead to changes in its impact on neighboring cells. Given that our previous RNA-seq data
associated the transcriptomic signature of UVB-induced senescent fibroblasts with skin
development, we leveraged an established model of reconstructed human epidermis (RHE)
utilizing keratinocytes (Aurélie Frankart et al. 2012). Additionally, we devised a novel method
of reconstruction involving the contact of keratinocytes with conditioned media (CM) from
fibroblasts exposed to UVB, with or without ATF6a invalidation, to decipher the impact of
secreted components on epidermal homeostasis. Over 11 days, keratinocytes develop into
multi-layered differentiated RHE under the influence of fibroblasts conditioned media, added
from day 4 to day 11 of the reconstruction. The day before the end of the reconstruction, BrdU
was added for 24h (Figure 6A). H&E staining of RHE section grown in contact with CM of UVB-
induced premature senescent fibroblasts displayed the same histological structure and layer
organization as those grown in contact with CM from proliferative control fibroblasts (Figure
6B). In addition, no differences in the RHE reconstruction or the staining of early (K10),
intermediated (involucrin), and late (loricrin) differentiation markers were observed in the
various epidermal layers (Frankart et al. 2012) (Figure EV5A, EV5B and EV5C). However, CM
from UVB-exposed fibroblasts appeared to slightly increase the epidermal thickness of RHE,
and surprisingly, this effect was no longer observable in RHE grown with CM from fibroblasts
invalidated for ATF6a (Figure 6C). Further analysis revealed that UVB-conditioned media
significantly increased the number of proliferative keratinocytes from 13,5% to 24% compared
to the total number of cells. Interestingly, the knockdown of ATF6a was sufficient to prevent
this effect (Figure 6D). These findings provide the first evidence that some secreted
components from UVB-induced senescent fibroblasts’ secretome can induce keratinocytes
hyperproliferation and epidermal thickening in an ATF6a dependent manner, without altering

epidermal differentiation.
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Figure 6. Proliferation of keratinocytes in RHEs is increased by the secretome of UVB-senescent fibroblasts through an ATF6a-dependent
mechanism
Reconstructed human epidermises (RHEs) were grown using conditioned media from NHDFs exposed or not (CTL) to UVB (UVB) and transfected or

not (siNT) with an siATF6a for 8 consecutive days.

A. Schematic experimental model used for the in vitro production of RHE. Epidermises were reconstructed in conditioned media derived from
fibroblasts, with BrdU incorporation occurring the day before the completion of the reconstruction.

B. Representative hematoxylin-eosin (H&E) staining on histological sections prepared from RHE. Scale bar indicates 100 um.

C. (Left panel) Representative brightfield micrographies of RHE thickness. Scale bar indicates 50 um. (Right panel) Quantification of the epidermal
thickness. For each RHE, fifteen measurements have been realised across the entire RHE section, (n=3).

D. (Left panel) Representative micrographies of BrdU staining (green) and brightfield. Scale bar represents 100 um. (Right panel). Quantification of
BrdU positive cells across the entire RHE section, (n=3).

Data information : Data in (C-D) are presented as means + SD. Statistical comparison was performed using ANOVA2 followed by Sidak’s multiple
comparaison tests. p-value shown represents differences between RHE grown in CM from NHDFs unexposed (CTL) and exposed (UVB) and
differences between non-targeting control siRNA (siNT) and siATF6a.
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Figure EV5. Conditioned media from fibroblasts do not impact keratinocytes differentiation in RHE.

RHE were grown using CM from NHDFs exposed or not (CTL) to UVB and transfected or not (siNT) with a siATF6a for 8 consecutive days.
A-C. RHE were stained using immunofluorescence targeting K10(red) (A), involucrin (red) (B), or loricrin (green) (C). DAPI (blue) was used to stain
nuclei. Scale bar indicates 100 pum.
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Increased proliferation of keratinocytes is mediated by an ATF6a/IL8 axis

To further describe the pro-proliferative effect of CM from UVB-induced fibroblasts on
keratinocytes, we took advantage of the ability of keratinocytes to form colonies and conducted
a clonogenic assay to assess their proliferation (Rafehi et al. 2011). To achieve this,
keratinocytes were seeded at low density and incubated with conditioned media from NHDFs
exposed or not to UVB and invalidated or not for ATF6a for three days. Colonies were fixed 48
hours after the last media change, and only colonies with at least 20 cells were counted (Figure
7A). We observed a significant increase in the number of colonies when keratinocytes were
grown with CM from UVB-exposed fibroblasts compared to CM from proliferative control
fibroblasts (Figure 7B). Interestingly, focusing on CM from UVB-exposed fibroblasts we
showed that ATF6a invalidation allowed to significantly reduce the number of colonies formed
(Figure 7C). To go further into our understanding of ATF6a-dependent effectors involved in
keratinocyte proliferation, we took advantage of our findings concerning the expression of
SASP factors as depicted in Figure 5. Among the components under the control of ATF6a and
based on the literature, we identified IL8 as a potent candidate. Although little is known about
the biological effects of IL8 on epidermal cells, a study showed that the addition of exogenous
IL8 in a culture medium stimulates keratinocyte proliferation (Steude, Kulke, and Christophers
2002). To delve deeper into this hypothesis, the secreted level of IL8 was quantified by ELISA,
revealing that ATF6a invalidation significantly reduces the quantity of IL8 in UVB-induced
senescent fibroblasts from 14.8 to 4.9 [pg/mL] per one million fibroblasts (Figure 7D). To
determine whether IL8 was necessary for the hyperproliferation of keratinocytes induced by
CM from UVB-exposed fibroblasts, a neutralizing antibody against IL8 was freshly added to
the CM daily. Results showed a more pronounced decrease in colony formation with I1L8
inhibition (Figure 7E), supporting our hypothesis regarding the paracrine effects of UVB-
induced senescent fibroblasts on keratinocytes proliferation, possibly mediated by an
ATF6a/IL8 axis. This demonstrates that ATF6a can control IL8 production and promote

epidermal hypertrophy by impacting keratinocyte proliferation.
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Figure 7. Inhibition of secreted IL8 replicates ATF6a invalidation effect on keratinocyte proliferation.

NHEKs were grown in 24-wells plate using conditioned media from NHDFs exposed to UVB (UVB) and invalidated or not (siNT) for ATF6a (siATF6a) for
five consecutive days.

A. Schematic experimental model used to evaluate keratinocytes proliferation. NHEKs were seeded at a low density and then cultured in a mixed media
containing 70% conditioned media derived from fibroblasts. The media were changed every day for three days, and the ability of keratinocytes to form
colonies was evaluated after staining with 0.025% crystal violet. Then, gray scale pictures of each well were acquired using Incucyte SX3.

B-C. (Left panel) Representative pictures of NHEKs forming colonies at day 5. Scale bar represents 200 um. (Right panel) Quantification of colonies
formed after 5 days (n=3).

D. Quantification of the level of secreted IL8 in UVB-induced senescent fibroblasts invalidated or not (siNT) for ATF6a (siATF6a) by ELISA assay. The level
of secreted proteins is expressed as pg/mL normalized by the total number of cells per conditions and is represented as IL8 concentration per 1 million
NHDFs, (n=4).

E. An IL8-neutralizing Ab or a control IgG was added in the conditioned media from UVB-induced fibroblasts transfected with non-targeting control
SiRNA (siNT).

Data information : Datas in (B-E) are presented as means + SD. Statistical comparison was performed by unpaired t-test. p-value shown represents
difference between CTL and UVB, or UVB siNT and UVB siATF6a, or UVB IgG control and UVB IL8 Ab.

128



Discussion

To date, studies have established the involvement of UPR in various models of senescence,
with specific branches being activated depending on the cell type and the senescence inducer
(reviewed in; Abbadie and Pluquet 2020). We first highlighted in ex vivo samples that UPR-
related proteins are overexpressed in dermal (photo)aging. More specifically, through a
combination of in vitro studies on skin cells and an experimental model of reconstructed human
epidermis, we have uncovered the regulatory role of the ATF6a branch in the onset of UVB-
induced senescence and highlighted its potential effect in maintaining epidermal homeostasis
under stress. The silencing of ATF6a prevented a complete establishment of UVB-induced
senescent phenotype in NHDFs, evidenced by reduced persistent DNA damage, prevention
of increased SA-Bgal positive cells, morphological changes, and selective alteration of the
SASP. Interestingly, several studies have shown that the SASP can spread to neighboring
normal cells and impair their function (reviewed in; Gonzalez-Meljem et al. 2018). However,
these studies often focused on the effect of senescent cells in the tumor microenvironment,
promoting the growth and proliferation of tumor cells, but did not address the
intercommunication of senescent cells in a physiological context. Here, we identified an
unexpected consequence of conditioned media from UVB-induced senescent fibroblasts in
causing keratinocyte hyperproliferation in an ATF6a/IL8-dependent mechanism. However, we
cannot exclude the potential participation of other SASP factors regulated by ATF6a in these

processes, which remains to be investigated.

The buildup of p16-positive senescent cells in the skin has been associated with donor age
(Ogata et al. 2023). Nonetheless, the exact origin of cellular senescence in the skin remains
elusive, with multiple potential sources being considered, such as sun exposure (Toutfaire,
Bauwens, and Debacqg-Chainiaux 2017). Photoaging denotes skin aging induced by ultraviolet
radiation, recognized as the most extensively researched type of extrinsic skin aging
(Krutmann et al. 2021). In vitro, cell exposure to UV radiation has been linked to the activation
of adaptative stress responses, with cellular senescence being among the most extensively
studied (Moon et al. 2019). Additionally, chronic UV exposure can induce other biological
responses such as endoplasmic reticulum (ER) stress and activation of the unfolded protein
response (UPR) (Komori et al. 2012; Karag6z, Acosta-Alvear, and Walter 2019). However, the
in vivo contribution of the UPR in skin aging remains poorly studied. We found that UPR
markers including HERPUD1 and XBP1s are detected in the dermis and increased with age.
Similar results were observed in aged sun-exposed dermis compared to young sun-exposed
counterparts. This indicates that dermal fibroblasts elicit UPR during skin aging, but this seems
to be tissue-specific, since a decrease in UPR activation has also been reported in other

models of aging (Chalil et al. 2015). This observation prompted us to investigate the role of
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UPR branches in UVB-induced senescence in dermal fibroblasts and the molecular
mechanisms contributing to age-related changes in the skin. Previous studies have
demonstrated that UV-induced senescent human dermal fibroblasts display several common
biomarkers of senescence (Mark Berneburg et al. 2004; Herrmann et al. 1998; Debacg-
Chainiaux et al. 2005). In our study, we used primary dermal fibroblasts, necessitating
adjustments in the UVB dose compared to the original model related to normal human fetal
dermal fibroblasts. This adaptation enabled the induction of a senescent phenotype,
characterized by SA-Bgal positive cells, enlarged morphology, cell cycle arrest, persistent DNA
damage, and establishment of the SASP in NHDFs. Interestingly, ER stress is now admitted
as one of the signalling pathways connected to senescence (reviewed in; Pluquet, Pourtier,
and Abbadie 2015; Hernandez-Segura, Nehme, and Demaria 2018). Indeed, we and others
have shown the involvement of ER stress and UPR activation in replicative and OIS-induced
senescence models (Druelle et al. 2016; Drullion et al. 2018; Blazanin et al. 2017). In this
study, we clearly showed that UVB-induced senescent fibroblasts are associated with ER
stress and UPR activation. Additionally, we demonstrated that silencing the UPR before
repeated exposures to UVB altered the complete establishment of the senescent phenotype.
We found that ATF6a invalidation, more than PERK and IRE1a invalidation, can prevent the
establishment of most UVB-induced senescent biomarkers. This observation reinforces the
suggested role of ATF6a as a key player in various types of senescence (Druelle et al. 2016;
Kim et al. 2019). However, the importance of PERK and IRE1a should not be overlooked, as
we observed that invalidation of PERK prevents the increased proportion of SA-Bgal positive
cells, while invalidation of IRE1a prevents the overexpression of IL18, IL8, and MMP3. In
comparison, we showed that ATF6a silencing impacts SA-Bgal, morphology, SASP
composition, and persistent DNA damage. Interestingly, it has been recently demonstrated in
cancer cells that ATF6a can prevent DNA damage in response to the cytotoxic effects of ER
stressors (Benedetti et al. 2022). This effect involves the stabilization of BRCA-1 through the
activation of mTOR signalling by ATF6a. Several groups already reported a link between
ATF6a and activation of mTOR signalling in different biological contexts (Blackwood et al.
2019; Allen and Seo 2018a; Schewe and Aguirre-Ghiso 2008), and others described mTOR
as necessary for SASP control and particularly for IL6 and IL8 expression (R. M. Laberge et
al. 2015; Herranz et al. 2015a). These results supported the possibility that in our model the
ATF6a-dependent SASP composition may involve mTOR. However, we cannot rule out the
implication of other pathways involved in the regulation of inflammatory SASP factors, such as
the DDR or cGAS/STING, as none of these hypotheses have been investigated in this study
(Bolland et al. 2021; Résing et al. 2024).
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To study the functional consequences of paracrine factors regulated by ATF6a, we used
reconstructed human epidermis composed of hormal human keratinocytes to partly mimic the
human epidermal environment (Aurélie Frankart et al. 2012). We observed that conditioned
media from UVB-induced fibroblasts thickened the epidermis without altering the expression
of differentiation markers in RHE. Interestingly, this thickening resembles the phenotype
induced directly by keratinocytes injury after UVB exposure (Scott et al. 2012), suggesting that
paracrine factors released by UVB-induced fibroblasts may partially overlap some effects of
direct UVB exposure on keratinocytes. Surprisingly, we highlighted that this process involves
paracrine factors under the control of ATF6a. We identified IL8 as a factor influencing
keratinocyte proliferation. Remarkably, IL8-neutralizing antibody added to conditioned media
from UVB-induced fibroblasts was able to prevent the increased number of keratinocyte
clones. This experiment revealed that IL8 selectively promotes keratinocyte proliferation, in
addition to its known chemotactic properties. Furthermore, the addition of exogenous IL8 in an
organotypic culture of keratinocytes has been shown to result in marked hyperproliferation
(Steude, Kulke, and Christophers 2002). Thus, these results connect the ATF6a/IL8 axis to
pro-proliferative phenotypes, shedding light on ATF6a's role as a potential regulator of a key
SASP component. Nevertheless, the mechanistically regulatory relationship between ATF6a
and IL8 remains unclear. The SASP is known to be dependent on the senescence inducer and
the cell type (Basisty et al. 2020; Ito, Hoare, and Narita 2017), and varies over time (Schmitt
2016). Therefore, SASP can modulate the fate of normal neighboring cells in several ways.
For example, the early secretion of PDGF-AA SASP factor by senescent cells affects
myofibroblasts differentiation (Demaria et al. 2014) whereas long-term exposure of primary
keratinocytes to SASP of senescent cells promotes senescence and reduces regenerative
capacities (Ritschka et al. 2017). This aligns well with our findings, suggesting that the transient
presence of SASP from senescent fibroblasts may initially stimulate processes such as
keratinocyte proliferation, before potentially leading to the establishment of a chronic
inflammatory environment. Indeed, several skin-related diseases have been linked to
keratinocytes hyperproliferation, such as psoriasis, atopic dermatitis (Niehues et al. 2022), and
in severe cases, actinic keratoses (AK). Actinic keratoses are precancerous skin lesions
arising from the excessive proliferation of transformed neoplasic keratinocytes in the
epidermis, caused by solar UV radiation. Common among the elderly population, actinic
keratoses present an elevated risk of developing squamous cell carcinoma (SCC) (Berman,
Cockerell, and Zografos 2013). In our model, normal keratinocytes were not directly exposed
to UVB, but were grown with conditioned media of UVB-induced senescent fibroblasts. This
suggests that, aside from direct acute physical stressors, long-term alterations in the cellular

microenvironment could also have additional effects on tissue homeostasis.
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Targeting senescent cells holds great promise. Indeed, emerging senotherapeutic strategies
fall into two categories: senolytics, which specifically kill senescent cells, and senomorphics,
which suppress certain properties of senescent cells, primarily SASP factors. Several studies
reported senomorphic properties of plant extracts exerting senomorphic properties on
senescent dermal fibroblasts, epidermal keratinocytes, and melanocytes (reviewed in; Csekes
and Rackova 2021). Nevertheless, very few studies investigated the senotherapeutic approach
in skin aging and age-related disorders. Azameh et al., showed that a prolonged expression
of p16™K** in mouse epidermis leads to hyperplasia and dysplasia, and that senolytic
elimination of p16-positive cells suppresses hyperplasia (Azazmeh et al. 2020). In this respect,
further experiments are required to determine whether senotherapy could revert skin aging. In
conclusion, this work has identified the ATF6a/IL8 axis in UVB-induced senescent fibroblasts
as a possible mechanism controlling paracrine proliferation in surrounding normal
keratinocytes. Understanding the regulation of SASP and developing strategies to counteract
its effects on skin aging and age-related skin disorders is imperative for future research. Finally,
manipulating the ATF6a pathway may offer potential therapeutic opportunities to target
senescent cells by modulating SASP composition.

Materials and methods
Immunofluorescence on human dermis samples

Human skin samples were obtained from the SkinAge Project (SKINAGE: NCT02553954) at
Oscar Lambret Centre (Lille, France), Department of Anatomopathology, in compliance with
French regulations. Skin punch biopsies of 5 mm were collected from both healthy young (aged
19-39 years) and older (aged 58-82 years) volunteers. The study was approved by local (Le
Comité de Protection des Personnes Nord-Ouest) and national (Agence nationale de sécurité
du médicament et des produits de santé€) ethics committees. Participants provided informed
written consent prior to inclusion in this study. Biopsies were embedded with optimal-cutting
temperature into plastic cryomolds before freezing. After frozen sectioning (6 pm thick) on a
microtome-cryostat, sections were mounted onto slides for analysis. Sections were fixed in
paraformaldehyde 4% for 10 minutes and washed in PBS. Nonspecific binding was blocked
by incubation in 5% BSA/PBS. The primary antibody was incubated overnight at 4 °C. The
used antibodies were anti-vimentin (AF2105, 1:100, R&D Systems, Minneapolis, MN), and
anti-XBP1s (2G4-3 E11-3 E9, 1:50) kindly provided by Eric Chevet (Inserm U1242, University
of Rennes, France), or anti-PDI (Ab2792, 1:100, Abcam, Cambridge, United Kingdom), or anti-
herpudl (HO0009709-M04, 1:300, Abnova, Taipei, Taiwan), or anti-53BP1 (NB100-304, 1:400,

Novus Biologicals, Englewood, CO, USA). After washes in PBS, tissue sections were
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incubated with Alexa Fluor 555 anti-IgG Mouse (A21422, 1:1000 Invitrogen, Waltham, MA), or
Alexa Fluor 568 anti-lgG Rabbit (A10042, 1:1000, Invitrogen), or Alexa Fluor 488 anti-lgG Goat
(A11055, 1:1000, Invitrogen) for 1 hour at room temperature. For double immunofluorescence,
the two primary and two secondary antibodies were co-incubated. Finally, tissue sections were
washed in PBS, and nuclei were stained for 5 minutes with DAPI (D9542, Sigma-Aldrich, St
Louis, MO, USA) at 2 ug/ml and mounted using Dako Glycergel Mounting Medium (C0563,
Dako, Santa Clara, CA, USA). Images were acquired on confocal Zeiss (LSM880 Airyscan,

Oberkochen, Germany).

Isolation of Primary Dermal Fibroblasts

Normal human dermal fibroblasts (NHDFs) were isolated from the foreskins of young and
healthy donors (aged < 10 years) as previously described (Tigges et al. 2013). Skin samples
were obtained from Clinique St-Luc (Dr. L. de Visscher, Bouge, Belgium) following approval
of the Medical Ethical Committee of the Clinique St-Luc and according to the principles set out
in the Declaration of Helsinki.

Cell Cultures

NHDFs and normal human fetal dermal fibroblasts AG04431 (Coriell Institute for Medical
Research) were cultured in Basal Medium Eagle (BME, 41010026, Gibco) supplemented with
10% Fetal Bovine Serum (FBS, Corning), 2 mM L-glutamine (Thermo Fisher Scientific,
Waltham, MA, USA), and penicillin-streptomycin (50 U/mL).

Human Epidermal Keratinocytes neonatal, HEKn (Thermo Fisher Scientific, C0015C) used for
reconstructed human epidermises were grown in a specific keratinocyte serum-free medium,
completed with bovine pituitary extract, epidermal growth factor, insulin, hydrocortisone,
transferrin, calcium, penicillin and streptomycin (KGM-2 BulletKit, CC-3107, Lonza, Basel,
Switzerland).

Normal human epidermal keratinocytes (NHEKs, 00192627, Lonza) used for clonogenic
assays were grown in KGM™-Gold Keratinocyte Basal Medium (KGM™-Gold Keratinocyte
Basal Medium BulletKit™, 192060, containing basal medium and supplements)

UVB-induced senescence, RNA interference and UPR inhibition

NHDFs at their exponential growth phase were seeded at 4,000 cells/cm? (CTL) or 8,000
cells/cm? (UVB) (or at 8,000 cells/cm? for AG004431) in BME with 1 % FBS, 2 mM L-glutamine,
and penicillin-streptomycin (50 U/mL). At day three after seeding, cells were exposed to NB-
UVB (312 nm) (TL20W/01, Philips) at 500 mJ/cm? two times a day for five days (or at 250
mJ/cm? for AG004431 cells, as previously described in Debacg-Chainiaux 2005).
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For ATF6a, PERK, or IRE1a knockdown, NHDFs were transfected at 48 hours after seeding
with  specific siGENOME SMARTpool (Dharmacon, Lafayette, CO), siATF6a

(GAACAGGGCUCAAAUUCUC, AACCAAAUCUGUACAGUUA,
UCACACAGCUCCCUAAUCA, GAACAGGAUUCCAGGAGAA), SIPERK
(CCAAGAUGCUGGAGAGAUU, GGAAGUACCAGCACAGUGA,
AGAACAAGCUCAACUACUU, CCCAAAAGCCUUACGGUCA), or silRE1a
(CCAAGAUGCUGGAGAGAUU, GGAAGUACCAGCACAGUGA,

AGAACAAGCUCAACUACUU, CCCAAAAGCCUUACGGUCA) at 25 nM using DharmaFECT
1 (Dharmacon) transfection reagent according to the manufacturer's instructions. A
SiGENOME non-targeting control siRNA pool (D-001206-13, Dharmacon), siNT
(UAAGGCUAUGAAGAGAUAC, AUGUAUUGGCCUGUAUUAG,
AUGAACGUGAAUUGCUCAA, UGGUUUACAUGUCGACUAA) was used as control. The
following day, NHDFs were exposed to UVB as described above.

For ATF6a, PERK, or IRE1a inhibition, AG04431 cells were treated directly after the last UVB
exposure for up to 72 hours with respectively Ceapin-A7 (CA7, 10 uM, SML2330, Sigma-
Aldrich), GSK2606414 (GSK, 10 uM, 516535, Sigma-Aldrich), 4u8c (4u8c, 100 uM, SML0949,
Sigma-Aldrich), or with DMSO (A994.1, Carl Roth, Karlsruhe, Germany) as control.

SA-Bgal staining

Three days after the last UVB exposure, cells were detached and seeded at a density of 15,000
cells per well in technical triplicates within 6-well plates. The next day, cytochemical detection
of SA-Bgal activity was carried out as previously described (Debacg-Chainiaux et al. 2009).

EdU staining

Three days after the last UVB exposure, cells were detached and seeded onto glass
coverslips. The next day, cells were incubated with 10 uM EdU for 16 hours before being fixed
with 4% paraformaldehyde (Merck, Rahway, NJ). EdU detection was performed using the
Click-iT EdU Cell Proliferation Kit (BCK-EDU488, Sigma-Aldrich) according to the
manufacturer’s instructions. Cell nuclei were counterstained with TO-PRO-3 (T3605, 1:80 in
RNAse 2 mg/mL, Thermo Fisher Scientific). Images were acquired on Leica Microsystems
(TCS SP5, Leica, Wetzlar, Germany).

Immunofluorescence of cultured cells

Three days after the last UVB exposure, cells were detached and seeded onto glass
coverslips. The next day, cells were fixed with 4 % paraformaldehyde (Merck) and
permeabilized using 1 % Triton X-100 in PBS (Sigma-Aldrich).
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For the detection of 53BP1, the primary antibody anti-53BP1 (N100-305, 1:2000, Novus) was
incubated overnight at 4 °C using 3 % BSA in PBS, followed by secondary antibody Alexa
Fluor 488 anti-lgG Rabbit (A11011, Invitrogen) for 1 hour at room temperature, then nuclei
were counterstained with TO-PRO-3 (T3605, 1:80 in PBS-RNAse 2 mg/mL, Thermo Fisher
Scientific).

For the detection of actin, the phalloidin probe (A12380, 1:100, Thermo Fisher Scientific) was
incubated overnight at 4 °C using 3 % BSA in PBS, followed by nuclei counterstaining with
DAPI (D9542, in PBS 1ug/mL, Sigma Aldrich). Images were acquired with a Broadband
Confocal TCS SP5 (Leica).

RNA isolation and RT-gPCR

Total RNA was isolated from cultured cells using the ReliaPrep™ RNA Tissue Miniprep System
(26111, Promega) and reverse transcribed using GoScript Reverse Transcriptase Kit (A2791,
Promega) in a final volume of 20 pL following to manufacturer’s instructions. Quantitative real-
time polymerase chain reaction (PCR) was performed using GoTaq gPCR Mix (Promega),
primers (sequences are provided in Table 1), and the Viaa7™ instrument (Applied
Biosystems). Relative mRNA level was determined using the AACt method normalized to the
MRNA abundance of RPL13A and expressed relative to the stated control (Schmittgen and
Livak 2008).

Protein extraction and western blot

Total cell protein extracts were harvested using homemade lysis buffer (40 mM Tris; pH 7.5,
150 mM KCI, 1 mM EDTA, and 1% Triton X-100) supplemented with a protease inhibitor
cocktail (Roche). Protein extracts were then incubated on a rotating wheel for 30 minutes at
4°C before centrifugation for 10 minutes at 16,000 g, at 4°C, to collect supernatants. Protein
concentration was determined with Pierce 660 nm Protein Assay Reagent (22660, Thermo
Fisher Scientific), complemented with lonic Detergent Compatibility Reagent (IDC) according
to the manufacturer's recommendations. For GRP78/BiP, PERK, and IRE1a blots, equal
protein concentration (5-10 pg) was loaded onto SDS-PAGE homemade polyacrylamide gels
and then transferred to PolyVinyliDene Fluoride (PVDF) membrane (Immobilon-P, Merck
Millipore, Burlington, MA, USA). Membranes were blocked for 1 hour at room temperature in
blocking solution Intercept Blocking Buffer (TBS-T, LI-COR Biosciences, Lincoln, NE, USA)
and then incubated with primary antibodies overnight at 4°C diluted in TBS supplemented with
0,1% Tween-20 (Carl Roth). The used antibodies were, anti-PERK (3192, 1:1000, Cell
Signalling, Danvers, MA, USA), anti-IRE1a (3294, 1:1000, Cell signalling), anti-GRP78 (3177,
1:1000, Cell Signalling), anti-GAPDH (G8795, 1:1000, Sigma-Aldrich or Ab128915, 1:1000,

Abcam). After washes in homemade TBS, membranes were incubated with anti-lgG rabbit
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goat polyclonal antibody coupled with IRDye 800CW (926-322111, LI-COR Biosciences) or
with anti-lgG mouse goat polyclonal antibody coupled with IRDye 680RD (926-68070, LI-COR
Biosciences) 1 hour at room temperature in TBS-T supplemented with 0,1% Tween-20
(9127.1, Carl Roth) and 0,01% SDS (A3942, Carl Roth). Membranes were finally dried for 1
hour at 37°C and scanned using Amersham Typhoon™.

For ATF6a blot, 4 ug of proteins were loaded onto SDS-PAGE homemade polyacrylamide gels
and then transferred to nitrocellulose membrane (88018, Thermo Fisher Scientific). The
membrane was blocked for 90 min using 5% non-fat milk in PBS and then incubated with anti-
ATF6a (Ab122897, 1:1000, Abcam) overnight at 4°C in the blocking solution. After washes in
PBS supplemented with 0,1 % Tween-20 (Carl Roth), the membrane was incubated with anti-
IgG mouse goat polyclonal antibody coupled with HRP (115-035-146, 1:10,000, Jackson
ImmunoResearch, West Grove, PA, USA) during 45 minutes at room temperature in the
blocking solution. ATF6a blot was revealed using the SuperSignal™ West Femto Maximum
Sensitivity Substrate (34096, Thermo Fisher Scientific) and scanned using Bio-Rad
ChemiDoc™ XRS+ (Bio-Rad, Hercules, CA, USA). GAPDH was used as loading control
(Ab128915, 1:1000, Abcam) and revealed using Amersham Typhoon™.

Conditioned media (CM)

At 48 hours after the last UVB exposure, NHDFs were washed three times with PBS and the
medium was changed to serum-free medium. Cells were cultured for an additional 16 hours,
and conditioned media were centrifuged at 200 g, at 4°C for 5 minutes to remove cellular
debris, then, media supernatant was filtered using a 0.2 um filter. Conditioned media were

then aliquoted and frozen at -20°C until use.

Reconstructed Human Epidermis (RHE)

RHE were produced following the protocol described by (Aurélie Frankart et al. 2012). Briefly,
HEKs at early passage were thawed in complete KGM-2 medium. The following day, the
medium was replaced by complete Epilife medium (Gibco, MEPIS00CA). When keratinocytes
reached 70-80% of confluency, HEKs were seeded on a polycarbonate filter (Millipore,
PIHP01250) in complete EpiLife medium supplemented with 1.5 mM Ca?", at a density of
250,000 cells/cm?. The next day, keratinocytes were exposed to the air-liquid interface for 11
days, and the medium under the polycarbonate filter was replaced by complete EpilLife medium
supplemented with 1.5 mM Ca?*, 10 ng/mL keratinocyte growth factors (KGF, R&D systems),
and 50 pg/mL vitamin C.

At 4 days after exposure to the air-liquid interface, the complete Epilife medium under the

polycarbonate filter was mixed with CM from NHDFs exposed or not (CTL) to UVB and
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transfected with siNT or siATF6a. CM was normalized to 95,000 cells/mL using serum-free
BME and then diluted to a 50%-50% ratio with complete Epilife medium supplemented with
1.5 mM Ca?*, 10 ng/mL keratinocyte growth factors (KGF, R&D systems), and 50 pg/mL
vitamin C. The medium was changed every two days. At day 10, bromodeoxyuridine (BrdU,
10 uM, b9285, Sigma) was added to the mixed medium. The reconstruction was stopped on
day 11.

RHE were fixed after 11 days of reconstruction in 4% formaldehyde for at least 24 hours. The
following day, they were dehydrated in methanol and incubated in toluene to facilitate the
detachment of the polycarbonate filter from the insert before embedding in paraffin. Tissue
sections (6 um thick) were prepared perpendicular to the filter using a microtome and mounted
onto slides for analysis. Paraffin-embedded tissues were stained using hematoxylin-eosin.
For immunofluorescence, non-specific binding was blocked by incubating slides in PBS
containing 0.2% BSA and 0.02% Triton X-100 for 1 hour followed by incubation for 1 hour at
room temperature with the primary antibody. The used antibodies were anti-keratin 10
(Ab9026, 1:100, Abcam), anti-involucrin (19018, 1:200, Sigma-Aldrich), or anti-loricrin
(Ab176322, 1:100, Abcam). After washes in blocking solution, tissue sections were incubated
with Alexa Fluor 568 anti-IgG mouse (A10037, 1:1000, Cell signalling), or Alexa Fluor 488 anti-
IgG rabbit (A11001, 1:200, Invitrogen) for 1 hour at room temperature, then nuclei were
counterstained with DAPI for 10 minutes (D9542, Sigma) at 2 pg/ml.

Visualization of BrdU* cells was performed on tissue sections deparaffinized and incubated for
30 minutes in 10 mM citrate buffer pH 6.0 at 95°C. DNA was denatured by incubation of section
for 30 minutes with 2N HCI at 37°C and then neutralized using 0,1 M borax pH 8.5. Anti-BrdU
(347580, 1:50, BD Biosciences, Franklin Lakes, NJ, USA) was incubated in PBS containing
0.2% BSA for 1 hour at room temperature. After washes in PBS, sections were incubated with
Alexa Fluor 488 anti-lgG mouse (A11001, 1:1000, Invitrogen) for 1 hour at room temperature.
All sections were mounted with coverslips using Dako Glycergel Mounting Medium (C0563,

Dako) and images were acquired on a Celldiscoverer 7 microscope (Zeiss).

Clonogenic assay and treatment with neutralizing antibody

NHEKSs at early passage were seeded at a density of 400 cells/cm? per well in 24-well plates.
The next day, culture media was replaced by mixed with CM from NHDFs exposed or not
(CTL) to UVB and transfected or not (UN) with siNT or siATF6a. CM was normalized to 5,000
cells/mL using serum-free BME and then diluted to a 70%-30% ratio with complete KGM-2
medium. For neutralization experiments, 0.1 pg/mL of anti-IL8 (AF-208, R&D Sytems) or
control 1gG (31245, Invitrogen) at the same concentration was added as the instructor

suggested a neutralization dose (ND50) of 0.1-0.5 pg/mL in the presence of 20 ng/mL
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recombinant human IL8. The media was changed daily for three days. 48 hours after the last
change media colonies were fixed and colored with crystal violet. Images of each well were

acquired using the IncuCyte® S3 Live-Cell Analysis System (Sartorius, Gottingen, Germany).

Transcriptomic analysis of fibroblasts

Total RNA was isolated from NHDFs exposed or not (CTL) to UVB (n=3) using the same
procedure as above. RNA quality was assessed using a NanoDrop 2000 (Thermo Fisher
Scientific). RNA integrity (RIN) was evaluated with an Agilent 2100 Bioanalyzer (G2938B,
Agilent, Santa Clara, CA, USA). RNA-seq was performed by the Giga’s Genomics platform
(GIGA Genomics, Liége, Belgium) using the lllumina RNA-Seq workflow. In brief, mRNA
sequencing libraries were generated using the lllumina mRNA Stranded Ligation Kit (lllumina,
San Diego, CA), following the manufacturer's instructions. A NovaSeq6000 sequencer was
used to generate 40 million PE reads of 2X150 base pair per sample. Differential Expression
Analysis of the UVB vs. CTL dataset was performed using EdgeR R-package (Robinson,
McCarthy, and Smyth 2010) with applied statistical cutoffs (FDR<O0.05,
log2(FoldChange)+log2(1.5)). Gene Ontology analysis, based on the DEGs list, was first
conducted with a published gene set or retrieved gene lists from publicly available databases,
such as MSigDB (Liberzon et al. 2011) and GeneCards (Stelzer et al. 2016)
(www.genecards.org), respectively. Further Gene Set Enrichment Analysis (GSEA) and Over-

representation analyses (ORA) were achieved with “fgsea” (Korotkevich et al. 2021) and
“ClusterProfiler” (T. Wu et al. 2021) R-packages, by querying Reactome Pathway (Fabregat et
al. 2018), MSigDB, KEGG, and DOSE (Yu et al. 2015) databases. In our analysis, a very small
gene set (n<9) has not been considered. The significance of GO-terms or enriched pathways
was determined according to the statistical cut-offs from p-adjusted value (padj<0.05) and

Normalized Enrichment Score (NES+1.5) and then plotted using R.

Quantifications

All images were processed using Fiji software (ImajeJ2).

For the quantification of the proportion of SA-Bgal* cells, it was determined by counting a total
of at least 300 cells per condition.

For the quantification of the proportion of EdU™ cells, it was determined by counting a total of
at least 200 cells per condition.

For the quantification of actin, micrographies were processed using a generalist algorithm for
cellular segmentation named Cellpose. Predictive masks were further analyzed using Fiji to
assess the morphology of fibroblasts, employing Fiji shape descriptors such as cell circularity

(4tr*areal/perimeter™2), or cell roundness (4*area/(TT*major_axis"2).
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For quantification on RHE, the epidermal thickness was measured in BrightField
micrographies, by determining the distance between the top of the polycarbonate filter and the
bottom of the cornified layer. Fifteen measurements were performed throughout the tissue
section for each RHE. BrdU™* keratinocytes in RHE were calculated as (number of BrdU* cells/
total number of cells in basal layer) *100 for each condition, as described in (Aurélie Frankart
et al. 2012).

For gquantification of colony formation, pictures of each well were obtained using the Incucyte

imaging system. The number of colonies (containing more than 20 cells) was counted.

Data plotting and statistics

Statistical analyses were conducted using GraphPad Prism (GraphPad Software, La Jolla, CA,
USA). Data used for statistics were obtained from at least three independent biological
experiments. Results obtained from skin biopsies samples are expressed as mean + SEM,
while results obtained from cells and RHE are expressed as mean = SD. All the statistical tests
applied are specified in the figures’ legend. Differences with a significance level of at least

P<0.05 were considered statistically significant.
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List of primers used.

Target Forward Reverse

plé GCCCAACGCACCGAATAGT CGCTGCCCATCATCATGAC

p21 CTGGAGACTCTCAGGGTCGAA CCAGGACTGCAGGCTTCCT
HSPA5 GGTGTGCTCTCTGGTGATCAAG ATGACACCTCCCACAGTTTCAAT
P4HB AGTGACGTGTTCTCCAAATACC AAAGTTGTTCCGGCCTTCAT
XBP1 TGCCAGAGATCGAAAGAAGG CCTGGTTCTCAACTACAAGGC
PP1R15A GGACACTGCAAGGTTCTGAT CCGGTGTGATGGTGGATAAG
CHOP GCAAGAGGTCCTGTCTTCAGATG CTCAGTCAGCCAAGCCAGAGA
EROI1EB GAGCCCTGTCCAGAGAGTAA GCTCCCAGTTTATTAGCTTGC
SEL1 GCAGCGAGAGAGATGTTTGA CACCAAGTCCAGAGGCATAC
PER1 GCGTGCGGAGGACACT GAGGGAGTGAGGTGGAAGAT
ATF6a GATGATGAAAAATGGAGCAGCTT AGACTGAAGAGCAGGTGAGCAAA
PERK ATGCTTTCACGGTCTTGGTC TCATCCAGCCTTAGCAAACC
IRElc CGAAACTTCCTTTTACCATCCC CGATGACAAAGTCTGCTGCTT
ILig GCCCTAAACAGATGAAGTGCTC GAGATTCGTAGCTGGATGCC

IL8 CTGGCCGTGGCTCTCTTG GGGTGGAAAGGTTTGGAGTATG
MMP1 TCGGGGAGAAGTGATGTTCT GTCGGCAAATTCGTAAGCAG
MMP3 CCCTTTTGATGGACCTGGAA CATGAGCAGCAACGAGAAATAA
RPL13A GCCTACAAGAAAGTTTGCCTATCTG TGAGCTGTTTCTTCTTCCGGTAGT
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Research article annex for the PhD thesis manuscript

In Figure 7 of our research article, we investigated the effect of conditioned medium (CM) from
UVB-induced fibroblasts on keratinocytes, focusing on their colony-forming ability. More than
a proliferation assay, we wanted to evaluate the potential of keratinocytes cultured with CM
from fibroblasts to survive over time, capacity to proliferate into clonal populations under our
experimental conditions. To do so, we conducted a clonogenic assay to assess keratinocyte
proliferation. To quantify the results, we focused on counting the number of colonies under our
different conditions of interest. However, other parameters, such as colonies area and
circularity, could provide valuable information on the behavior of keratinocytes when exposed
to CM from UVB-induced fibroblasts. Indeed, when primary cultures of normal cells like primary
keratinocytes are cloned, three types of colonies grow known as holoclones, meroclones, and
paraclones, each displaying distinct criteria of shape and size (Barrandon and Green 1987).

Firstly, when we compared the colony area between keratinocytes exposed to CM from UVB-
exposed fibroblasts and CM from proliferative control fibroblasts, we observed that the colony
area was similar between these two conditions (Figure 21A). Additionally, neither the CM from
UVB-exposed fibroblasts invalidated for ATF6a nor the addition of a neutralizing antibody
against IL-8 affected the colony area (Figure 21A). Additionally, same conclusions were drawn
regarding colonies circularity, even if a slight non-significant decrease were observed with the
CM from from UVB-exposed fibroblasts invalidated for ATF6a (Figure 21B).
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Figure 21. Conditioned media from UVB-induced senescent fibroblasts do not impact keratinocyte colonies
area and circularity.

NHEKs were grown in 24-wells plate using conditioned media from NHDFs exposed to UVB (UVB) and invalidated
or not (siNT) for ATF6a (siATF6a) for five consecutive days.

A. Quantification of NHEK colonies area formed after 5 days (n=3).

B. Quantification of NHEK colonies circularity formed after 5 days (n=3).

Data information: Datas in (A-B) are presented as means + SD. Statistical comparison was performed by unpaired
t-test. p-value shown represents difference between CTL and UVB, or UVB siNT and UVB siATF6a, or UVB IgG
control and UVB IL8 Ab.
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2. Complementary results

A. Study of the potential pro-tumorigenic effects of the altered SASP of UVB-
induced senescent NHDFs invalidated or not for ATF6a

A.1 Context and objectives

As mentioned, the SASP from senescent cells has been described both in cell culture and in
vivo animal models as capable of promoting tumor development or enhancing it (reviewed in;
Schmitt, Wang, and Demaria 2022). However, little is known about the potential pro-

tumorigenic effects of UVB-induced senescent SASP of NHDFs on skin cancer cells.

Previous results obtained in our lab showed that the conditioned media from UVB-induced
senescent keratinocytes and replicative senescent fibroblasts increase the migration of A431
cutaneous squamous cell carcinoma cells (Bauwens et al. 2023; Toutfaire et al. 2018).
Moreover, Menicacci et al. demonstrated that treating pre-replicative senescent fibroblasts with
resveratrol counteracted the pro-proliferative and pro-invasive effects of the conditioned media
harvested from replicative senescent fibroblasts on A375 melanoma cells (Menicacci et al.
2019). In addition, a study identifying IL-8 as an essential autocrine growth factor for melanoma
cell proliferation demonstrated that blocking IL-8 was sufficient to inhibit melanoma cell
proliferation. Conversely, this effect was reversed when exogenous IL-8 was reintroduced into
the culture media (Schadendorf et al. 1993).

Thus, knowing that in our conditions IL-8 secretion increases after UVB exposures and that its
expression is potentially regulated by ATF6a, we have established two main hypotheses:
Firstly, the CM from UVB-exposed NHDFs could enhance the migration and/or invasion of skin
melanoma cells. Secondly, the modifications induced by ATF6a silencing in NHDFs could

modify the behavior of skin cancer cells.

Consequently, our first aim was to investigate the impact of conditioned media harvested from
UVB-induced senescent NHDFs on several skin melanoma cancer cell lines with different
degrees of aggressiveness. Therefore we used three different cell lines ranked from in vitro
high- to low- melanoma aggressiveness score (MAGS = (growth x migration x invasion) /
doubling time): A375, SK-MEL-2, and SK-MEL-28 (Rossi et al. 2018). Secondly, we sought to
assess the influence of ATF6a invalidation on the potential observed pro-tumoral
characteristics of UVB-induced conditioned media in these three cell lines. To this end, we
performed migration and invasion assays using two distinct techniques: a precise approach
enabling live-cell analysis through Incucyte technology, and an established method employing

Boyden-chambers.
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A.2 Material and methods

Cells culture

Human melanoma cell lines A375, SK-MEL-2, and SK-MEL-28 were kindly provided by Prof.
Jean-Pierre Gilet who received them from the Center for Cancer Research, NCI-NIH,
Laboratory of Cell Biology, Bethesda USA. The three cell lines were maintained in Dulbecco’s
Modified Eagle Medium - High Glucose (DMEM, 41966, Gibco) supplemented with 10% FBS
(Corning), 1 mM pyruvate (Gibco), 2 mM GlutaMAX™, and penicillin-streptomycin (50 U/mL).

NHDFs were cultured in Basal Medium Eagle (BME, 41010026, Gibco) supplemented with
10% Fetal Bovine Serum (FBS, Corning), 2 mM L-glutamine (Thermo Fisher Scientific,
Waltham, MA, USA), and penicillin-streptomycin (50 U/mL).

UVB-induced senescence

NHDFs at their exponential growth phase were exposed to NB-UVB (TL20W/01, Philips) at
500 mJ/cm?twice a day for five days and maintained in BME with 1% FBS, 2 mM L-glutamine,

and penicillin-streptomycin (50 U/mL) between each UVB exposure.
Conditioned media from NHDFs

48 hours after the last UVB exposure, NHDFs were washed three times with PBS and the
medium was changed to serum-free medium. Cells were cultured for an additional 16 hours,
and conditioned media were centrifuged at 200 g, at 4°C for 5 minutes to remove cellular debris
and filtered using a 0.2 pum filter. Conditioned media were then aliquoted and frozen at -20°C

until use.

Scratch wound assay

Melanoma cell lines A375, SK-MEL-2, and SKMEL-28 were respectively plated at 50,000
cells/well, 45,000 cells/well, and 40,000 cells/well on Incucyte® Imagelock 96-well plate
(Sartorius, BA-04856, Gottingen Germany) to obtain a confluent cell monolayer. At 24 hours
after plating, cells were treated for 1 hour with 10 pg/mL of mitomycin C (M4297, Sigma-
Aldrich), and scratch wounds (700-800 microns wide) were made using the Incucyte® Cell
Migration Kit (BA-04858, Sartorius). Cells were then washed with PBS and replaced with 200
pL of fresh mix media. Conditioned media were normalized to 43,000 cells/mL using serum-
free fibroblast media and were then diluted to a 75%-25% ratio with complete DMEM,
corresponding to 2,5% serum final concentration in the wells. Cells were monitored every 2
hours for 48 hours using Incucyte® S3 Live-Cell Analysis System (Sartorius) at 10x

magnification.
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Cultrex cell migration and invasion assays

Cellular migration and invasion were carried out using the Cultrex™ cell migration or invasion
assay 96-well kits (3465-096-K or 3455-096-K, R&D Systems). Briefly, these kits utilize a
simplified Boyden chamber containing a polyethylene terephthalate (PET) membrane with
pores of 8um to facilitate the migration of cells from the upper chamber to the bottom chamber.
For invasion assays, the chambers were coated with 0.5x basement membrane matrix the day
before the seeding. Melanoma cell lines SK-MEL-2 and SK-MEL-28 were serum-deprived for
18 h before being seeded at 50,000 cells/well in the upper chamber, while 150 pL of CM from
NHDFs exposed or not (CTL) to UVB and transfected or not (siNT) with siATF6a were added
to the bottom chambers. CM was normalized to 75,000 cells/mL using serum-free BME but
was not mixed with complete DMEM, allowing for the exclusive evaluation of the impact of the
conditioned media for 24 h. The next day, the upper and bottom chambers were aspirated and
washed. Cells attached to the bottom filter were dissociated using a dissolution solution with
fluorescent Calcein-AM for 1 h. Subsequently, the upper chambers were removed, and the
optical density (OD) of each bottom well was read at 485 nm. The number of migrating or

invading cells was calculated from a standard curve following the manufacturer’s instructions.

Quantifications

For quantifications of scratch wound assays, pictures of each were analyzed using the Incucyte
imaging system. The selected metric used to compare the wound closure between each
condition was the relative wound density (RWD). RWD relies on comparing the spatial cell
density within the wound area to the spatial cell density outside the wound area at each time
point. It is calibrated to be zero at t=0 and reaches 100% when the cell density inside the
wound matches the cell density outside the initial wound. This tool is consistent across various

cell types and does not depend on identifying cell boundaries (Roddy et al. 2017).

For quantifying migration and invasion using Cultrex assays, the optical density (OD) values
were converted into the number of migrated/invaded cells using a standard curve generated

for each experiment.

Statistical analyses were conducted using GraphPad Prism (GraphPad Software, La Jolla, CA,
USA). Data used for statistics were obtained from at least three independent biological
experiments. All the statistical tests applied are specified in the figures’ legend. Differences

with a significance level of at least P<0.05 were considered statistically significant.
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A.3 Results

To investigate other functional consequences of the altered SASP of UVB-induced senescent
NHDFs silenced for ATF6a, we conducted experiments using skin melanoma cancer cells.
This model could be physiologically relevant as melanoma cells (in their growth phase) can

invade the dermis in vivo.

We selected three different cell lines with known differences in migratory capacities and
seeded them at high density. The following day, scratch wounds were performed. Conditioned
media (CM) from UVB-induced senescent NHDFs or young and proliferative fibroblasts (CTL)
were added, and the relative wound density was recorded over two days for each cell line.
Unexpectedly, we did not observe an increased migratory capacity in either the A375 or SK-
MEL-2 and SK-MEL-28 cell lines, when incubated with CM from UVB-exposed fibroblasts
(Figure 22A-C).

Surprisingly, we have noticed that for SK-MEL-2, the cell density in the wound area expressed
relative to the cell density outside of the wound area was lower with CM from UVB-exposed
fibroblasts transfected with a siNT compared to CTL siNT conditioned media (Figure 23B). In
addition, due to the high variability observed in live cell imaging, we encountered difficulties in
interpreting the potential effects of CM from UVB-induced senescent NHDFs silenced for
ATF6a (Figure 23A-C).

To overcome this technical bias, we used another technique to assess cell migration and
invasion, based on Boyden chambers (Figure 24A and 24D). To do so, we seeded SK-MEL-
2 and SK-MEL-28 in the upper chamber of each Cultrex transwell migration assay. The
following day, CM was added at the bottom of the chambers and the capability of each cell line
to migrate was measured. Curiously, when investigating whether the CM of NHDFs would
attract melanoma cells, we found that the attraction potential of CM for each condition closely
resembled that of the negative control, which consists of culture media used for fibroblasts
depleted in serum (Figure 24B-C). In addition, when compared to the potential of cancer cell
media supplemented with 10% FBS, the latter exhibited six times more efficiency than the
conditioned media in attracting skin cancer cells (Figure 24B-C). Besides, upon rationalizing
the number of migrated cells to the total number of seeded cells, we observed minimal
migration in our conditions of interest. Similarly, we obtained consistent results using the

Cultrex transwell invasion assay (Figure 24E-F).

Collectively, these data underscore two key concepts: Firstly, CM derived from UVB-induced
senescent NHDFs does not enhance the migration or invasion of melanoma cancer cells
compared to CM from CTL NHDFs. Secondly, for cells invalidated for ATF6q, the effect of the
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CM on the behavior of melanoma cancer cells remained the same. This second result is
particularly encouraging, as the silencing of ATF6a did not enhance the pro-tumorigenic
potential of the melanoma cells, further emphasizing the significance of this target for the
development of a safe senomorphic strategy.
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Figure 22. Conditioned media from UVB-induced senescent fibroblasts do not increase the migration of skin
melanoma cancer cells. CM was harvested from NHDFs exposed or not (CTL) to UVB, and then adjusted with
serum -free BME to normalize the number of secreted cells to 43,000 cells/mL before being mixed with skin cancer
cells media to a final ratio of 75:25. Migration of skin cancer cells was measured by evaluating the relative wound
density.

A-C (Left panel) Representative images of scratch wounds at 0, 6, 12 and 18 hours for A375 (A), SK-MEL-2 (B), and
SK-MEL-28 (C) measured by wound healing assay using Incucyte Sartorius. Scale bar indicates 20 um. (Right panel)
Quantification of the relative wound density calculated (n=3).

Data information: Each point represents the mean + SD
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Figure 23. Conditioned media from UVB-induced senescent fibroblasts invalidated for ATF6a do not
impact the migration melanoma cancer cells. CM was harvested from NHDFs exposed or not (CTL) to UVB,
silenced for ATF6a or not (SiNT), and then adjusted with serum-free BME to normalize the number of secreted
cells to 43,000 cells/mL before being mixed with skin cancer cells media to a final ratio of 75:25. Migration of skin
cancer cells was measured by evaluating the relative wound density.

A-C Quantification of the relative wound density of A375 (A), SK-MEL-2 (B) and SK-MEL-28 (C), (n=3).

Data information: Each point represents the mean + SD.
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Figure 24. Conditioned media from UVB-induced senescent fibroblasts invalidated for ATF6a do not impact
the migration and invasion potential of melanoma cancer cells. CM was harvested from NHDFs exposed or not
(CTL) to UVB, and then adjusted with serum-free BME to normalize the number of secreted cells to 75,000 cells/mL.
Cells migrate from the upper chamber through the filter pores, previously coated with basement membrane extract or
not, to the bottom chamber. After 24 hours, a dissociation solution was added in the bottom chamber to allow the
complete dissociation of skin cancer cells from the filter. Detection of migrating cells was quantified using Calcein AM.

A. Schematic experimental model used for the in vitro cell migration assay using the Cultrex cell migration kit. SK-MEL2
and SK-MEL 28 were seeded on the upper chamber and incubated for 24 hours in the presence of conditioned media
in the bottom chamber.

B-C. Quantification of the number of migrating SK-MEL-2 (B) and SK-MEL-28 (C), (n=3).

D. Schematic experimental model used for the in vitro cell invasion assay. Extracellular matrix hydrogel is used to
measure the ability of cells to degrade the basement membrane.

E-F. Quantification of the number of invading SK-MEL-2 (E) and SK-MEL-28 (F), (n=3).

Data information: Data in (B,C,E,F) are presented as means + SD. Statistical comparison was performed using

ANOVA2 followed by Sidak’s multiple comparison tests. p-value shown represents differences between unexposed
(CTL) and exposed (UVB) cells and differences between non-targeting control siRNA (siNT) and siATF6a.
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B. Study of the whole secretome of UVB-induced senescent NHDFs invalidated
or not for ATF6a by mass spectrometry analysis

B.1 Context and objectives

As mentioned earlier, the complexity and variety of SASP arise from both the cell type and the
senescence inducer, resulting in a diverse array of secretomes. Therefore, to address the
challenge of characterizing senescent phenotypes, “omics” approaches are increasingly
utilized. Particularly, the use of mass spectrometry (MS) for SASP characterization enables
detailed exploration of the secretome's composition, delving into finer details than other

techniques, and allowing its monitoring over time.

Secretome analyses of the SASP using MS have attracted significant attention, particularly
since the publication of Basisty et al. (2020). In their study, they not only demonstrated that the
composition of the soluble SASP (sSASP) and the extracellular vesicles SASP (eSASP)
differed significantly among senescent inducers and cell types, but they also identified a “core”
SASP consisting of a reduced fraction of few secreted proteins shared among all the models
used (Basisty et al. 2020). This work not only provided insights into the composition of the
SASP across different cell types and stressors but also created a valuable resource for
secretomic analysis known as the “SASP Atlas” (http://www.saspatlas.com/). This freely
accessible database containing a list of positively or negatively enriched secreted proteins and
exosomal cargo components from various models of senescence (e.g. different cell types and
senescence inducers) is a highly relevant tool allowing the comparison of secretomes between

several senescence studies.

However, it is important to clarify two points here: Firstly, certain secreted proteins with small
molecular weights, such as interleukins, are typically not detected by MS. This is not a bias,
but a technical limitation that must be taken into account directly. Secondly, the heterogeneity
of SASP is such that we do not yet understand which type of composition is associated with
specific biological effects, and it's probably not the small common fraction that plays a major

role.

Within this context, we took advantage of the powerful utility of MS to uncover new effects of
UVB-induced SASP of NHDFs on biological processes, and to investigate the impact of ATF6a
silencing on them. Previously, we observed that these SASPs did not contribute to pro-
migratory or pro-invasive effects, but for the moment we only have limited information on the
SASP from UVB-induced senescent cells, and its impact on the cellular environment. Thus,

utilizing omics data would enable us to predict these potential effects more accurately.
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Our primary objective was to exclude microvesicles and exosomes from conditioned media,
focusing solely on studying the class of proteins whose secretion would be modified in UVB-
induced senescent NHDFs compared to control cells.

Then, our second aim was to analyze the impact of ATF6a invalidation on the secretome
profile. As demonstrated in the first part of the results, we observed a modified gene expression
of some of the main SASP factors by ATF6a. However, at this stage of the study, we did not
have an idea of the effects of ATF6a at the protein level, except for IL-8. Therefore, we aimed
to determine globally what kind of changes the knockdown of ATF6a led to and to answer
these questions: Does SIATF6a alter a specific class of secreted proteins preferentially, and if

yes, what biological processes or molecular functions are they associated with?

Indeed, the aim of this section was not to directly identify secreted proteins as potent
candidates for further validation, but rather to gain an overview of the modifications induced in
the SASP by UVB exposure and siATF6a.

Additionally, it is worth mentioning that data on replicative senescent NHDFs, with or without
ATF6a inhibition using CA7, have already been generated in Dr. Olivier Pluquet's team
(unpublished). Ultimately, comparing these two datasets — replicative and UVB-exposed
senescence with or without ATF6a — would be valuable to identify common pathways or
components under the control of ATF6a in two different models of senescence, thereby

strengthening the potential of the results.

B.2 Material and methods

Cells culture

NHDFs were cultured in Basal Medium Eagle (BME, 41010026, Gibco) supplemented with
10% Fetal Bovine Serum (FBS, Corning), 2 mM L-glutamine (Thermo Fisher Scientific,
Waltham, MA, USA), and penicillin-streptomycin (50 U/mL). 48 hours after the seeding, NHDFs
were transfected with either a SiIGENOME non-targeting control siRNA pool (D-001206-13,
Dharmacon) referred to as siNT, or a SIGENOME SMARTpool (Dharmacon, Lafayette, CO),
siATF6a, or were left untransfected (UN). The day before, cells were exposed to NB-UVB
(TL20W/01, Philips) at 500 mJ/cm?twice a day for five days and maintained in BME with 1%

FBS, 2 mM L-glutamine, and penicillin-streptomycin (50 U/mL) between each UVB exposure.
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Conditioned media harvesting

48 hours after the last UVB exposure, NHDFs were washed three times with PBS and the
medium was changed to serum-free medium. Cells were cultured for an additional 16 hours,
before the harvesting of the conditioned medium and centrifugating it at 200 g, at 4°C for 5

minutes to remove cellular debris.

Exclusion of microvesicles and exosomes from the secreted soluble fraction

The day after harvesting the CM, the supernatant was centrifuged at 2,200 g for 10 minutes at
4°C to remove dead cells. Next, the supernatant was further centrifuged at 10,000 g for 30
minutes to eliminate cellular debris, followed by centrifugation at 20,000 g for 70 minutes to
remove microvesicles. Subsequently, the supernatant underwent ultracentrifugation at
100,000 g for 70 minutes to eliminate exosomes. All these steps were carried out at 4°C, using
a Beckman Optima LE-80K Ultracentrifuge equipped with a swinging bucket rotor (SW-41) in
13.2 mL polypropylene tubes (50 Pk) (331372, Beckman Coulter).

Protein concentration and quantification

Soluble secreted proteins were concentrated using Amicon Ultra Centrifugal Filter Units (3 kDa
cutoff) (UFC9003, Sigma-Aldrich). Prior to adding the supernatant, the Amicon filters were
rehydrated with PBS and centrifuged at 2,200 g for 40 minutes at 4°C. Excess PBS was
removed, and then the supernatant was centrifuged at 2,200 g for 60 to 90 minutes at 4°C.
Once most of the supernatant had passed through the collection tube, leaving approximately
500 uL on top of the filter device, 2 mL of 8 M urea buffer (8 M urea in 0.1 M Tris buffer at pH
8.5) was added. The secreted proteins mixed with the buffer were then centrifuged at 2,200 g
for approximately 60 minutes at 4°C until less than 300 pL of supernatant remained on top of
the filter device. The filters were scraped to recover as much protein as possible, and the

concentration of each sample was quantified using the Pierce 660 assay.
Protein digestion
The samples were then treated using Filter-aided sample preparation (FASP).

Filters of Millipore Microcon 30 (MRCFORO030 Ultracel PL-30) were first washed using 100 uL
of formic acid 1 %, before being centrifugated at 14,500 rpm for 15 minutes.

For each sample, 10 ug of protein adjusted in urea buffer 8 M (urea 8 M in buffer Tris 0.1 M at
pH 8,5) to obtain a final volume of 325 pL were placed individually in a column and centrifuged
at 14,500 rpm for 15 minutes.

The filtrate was discarded, and the columns were washed three times by adding 200 pL of

urea buffer before being centrifugated at 14,500 rpm for 15 minutes.
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For the reduction step, 100 pL of dithiothreitol (DTT) was added and mixed for 1 minute at 400
rpm with a thermomixer before an incubation of 15 minutes at 24 °C. Samples were then
centrifugated at 14,500 rpm for 15 minutes, the filtrate was discarded, and the filter was
washed by adding 100 pL of urea buffer before another centrifugation step at 14,500 rpm for
15 minutes. An alkylation step was performed by adding 100 uL of iodoacetamide (IAA), in
urea buffer, in the column and mixing at 400 rpm for 1 minute in the dark before an incubation
of 20 minutes in the dark and a centrifugation at 14,500 rpm for 10 minutes. To remove the
excess of IAA, 100 uL of urea buffer was added and the samples were centrifugated at 14,500
rpm for 15 minutes.

To quench the rest of IAA, 100 pL of DTT were placed on the column, mixed for 1 minute at
400 rpm, and incubated for 15 minutes at 24°C before centrifugation at 14,500 rpm for 10
minutes.

To remove the excess of DTT, 100 pL of urea buffer was placed on the column and centrifuged
at 14,500 rpm for 15 minutes.

The filtrate was discarded, and the column was washed three times by adding 100 pL of
sodium bicarbonate buffer 50 mM ((ABC), in ultrapure water) followed by a centrifugation at
14,500 rpm for 10 minutes. The last 100 uL were kept at the bottom of the column to avoid any
evaporation in the column.

The digestion process was performed by adding mass spectrometry grade trypsin (1/50 in ABC
buffer) in the column and mixed at 400 rpm for 1 minute before being incubated overnight at
24°C in a water-saturated environment.

The next day, Microcon columns were placed on a LoBind tube of 1.5 ml and centrifuged at
14,500 rpm for 10 minutes. 40 uL of ABC buffer was placed on the column before centrifugation
at 14,500 rpm for 10 minutes. Trifluoroacetic acid (TFA) 10 % in ultrapure water was added to
the contain of the LoBind Tube to obtain 0.2 % TFA.

Finally, samples were dried in a SpeedVac up to 20 uL and transferred in an injection vial.
Mass Spectrometry

The digested proteins were analyzed using nano-LC-ESI-MS/MS tims TOF Pro (Bruker,
Billerica, MA, USA) coupled with a UHPLC nanoElute (Bruker). Peptides were separated by
nanoUHPLC (nanoElute, Bruker) on a 75 pym ID, 25 cm C18 column with integrated
CaptiveSpray insert (Aurora, ionopticks, Melbourne) at a flow rate of 200 nl/min, at 50°C. LC
mobile phases A was water with 0.1% formic acid (v/v) and B ACN with formic acid 0.1% (v/v).
Samples were loaded directly on the analytical column at a constant pressure of 800 bar. The
digest (1 pl) was injected, and the organic content of the mobile phase was increased linearly
from 2% B to 15 % in 22 min, from 15 % B to 35% in 38 min, from 35% B to 85% in 3 min.

Data acquisition on the tims TOF Pro was performed using Hystar 6.1 and tims Control 2.0.
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Tims TOF Pro data were acquired using 160 ms TIMS accumulation time, mobility (1/KO) range
from 0.75 to 1.42 Vs/cm2. Mass-spectrometric analysis was carried out using the parallel
accumulation serial fragmentation (PASEF) acquisition method (Meier et al. 2018). One MS

spectra followed by six PASEF MSMS spectra per total cycle of 1.16 s.
Scaffold analyses

Data analysis was performed using Mascot 2.8.1 (Matrix Science). Tandem mass spectra were
extracted, charge state deconvoluted and deisotoped by Data analysis (Bruker) version 5.3.
All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; version 2.8.1).
Mascot was set up to search the Human Proteome from UniProt (220705-79687 entries)
assuming the digestion enzyme trypsin. Mascot was searched with a fragment ion mass
tolerance of 0.050 Da and a parent ion tolerance of 15 PPM. Carbamidomethyl of cysteine was
specified in Mascot as fixed modifications. Oxidation of methionine and acetyl of the N-

terminus were specified in Mascot as variable modifications.

Scaffold (version Scaffold_5.0.0, Proteome Software Inc., Portland, OR) was used to validate
MS/MS based peptide and protein identifications. Peptide identifications were accepted if they
could be established at greater than 96.0% probability to achieve an FDR less than 1.0% by
the Scaffold Local FDR algorithm. Protein identifications were accepted if they could be
established at greater than 5.0% probability to achieve an FDR less than 1.0% and contained
at least 2 identified peptides. Protein probabilities were assigned by the Protein Prophet
algorithm (Nesvizhskii et al. 2003). Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped to satisfy the principles of

parsimony. Proteins sharing significant peptide evidence were grouped into clusters.
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B.3 Results

Before harvesting the conditioned media (CM), we employed the same transfection model and
UVB exposures as previously described. At three days after the last UVB exposure, the
conditioned media was collected from 1 T75 flask per condition. Simultaneously, biomarkers
of senescence, such as p16™¢4, p21°'"1 SASP factors, and ATF6a invalidation were confirmed

at the mRNA levels to ensure that UVB-induced senescence was correctly established.

After these validations, the CM was processed freshly. As outlined in the introduction, our first
objective was to remove microvesicles and exosomes from the secreted proteins of the SASP.
To achieve this, we devised an ultracentrifugation protocol based on literature and adapted it
to our equipment (Théry et al. 2006; Basisty et al. 2020). In brief, the conditioned media
underwent multiple centrifugation steps (2,200g for 10 minutes, 10,000g for 30 minutes,
20,000g for 30 minutes, and ultracentrifugation at 100,000g for 70 minutes) allowing the
removal of dead cells, cellular debris, microvesicles and exosomes (Figure 25A). At the final
stage of this protocol, a pellet containing exosomes should have been formed at the bottom of
the ultracentrifuge tubes. Subsequently, the soluble fraction was concentrated using Amicon
Ultra-15 centrifugal filters, and the concentration of secreted proteins was quantified. Finally,
the secreted proteins were digested and analysed by mass spectrometry.

Before starting the secretomic analyses, we first ensured the efficient removal of microvesicles
and exosomes (MVs/EVs) from the soluble fraction. To do so, we examined 100 MVs/EVs
markers referenced in a database called ExoCarta (http://www.exocarta.org/), and we
compared the number of identified spectral counts of these biomarkers in conditioned media
(CM) that underwent ultracentrifugation steps. Among the 100 major markers identified from
published proteomic exosomal studies of several contexts, we detected 27 of them in our
experiments. Given the particular context of senescence, and the variation in exosomal content
which are not taken into account in the database, this ratio appears to be quite promising.
Additionally, we observed a reduction of more than half of these markers after the
ultracentrifugation steps. To illustrate this, we have provided a table representing four of the
most found markers (TSPAN4, CD9, ANXA1, and HSP90AAL1) in the literature, along with the
number of spectral counts identified in CMs with or without ultracentrifugation steps (Figure
25B). These results indicate that our subsequent analysis will indeed mostly focus on directly

secreted proteins.
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Figure 25. Proteomic workflow for microvesicles and exosomes exclusion and secreted

soluble proteins concentration.

A. NHDFs were transfected with non-targeting control siRNA (siNT), siATF6aq, or left untransfected.
The following day, cells were either exposed or not (CTL) to UVB twice daily for five days. Three days
after the last UVB exposure, conditioned media (CM) from one T75 flask was harvested. Microvesicles
and exosomes were removed from the secreted soluble proteins using centrifugation and
ultracentrifugation steps. Only the fraction containing secreted soluble proteins was processed and
concentrated using Amicon centrifugal filter devices. Finally, the samples were digested and subjected
to mass spectrometry (data-dependent acquisition (DDA) - label free).

B. Table of four microvesicle and exosome-specific markers in conditioned media (CM), with or without
ultracentrifugation steps, identified by mass spectrometry. Markers were selected based on literature
and ExoCarta database's top 100 published markers. Data for CM without ultracentrifugation steps was
obtained from young proliferative fibroblasts (n=1), while data for CM with ultracentrifugation steps
represent the mean of each of our six conditions of interest across three independent replicates.
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To begin with, we examined untransfected cells (UN) and compared the secretome of UVB-
exposed cells (UVB) with that of respective control (CTL) cells.

Quantitative profiling of protein clusters between these two conditions revealed that 31
secreted proteins were negatively enriched, while 113 were positively enriched in UVB
compared to CTL. Among these, 24 and 6, respectively, were identified as secreted proteins
in the UniProt database (Figure 26A).

Using the STRING database, we constructed an interaction network based on these 30
differentially secreted proteins. This representation not only reveals the extent of interactions
among the proteins, drawn from verified experimental data or predictions but also emphasizes
the nodes of interaction between them (Figure 26B). Among the differentially enriched
secreted proteins in UVB, we observed an increase of the metalloproteinase inhibitor 1
(TIMP1) and a decrease in various collagens, notably COL1A1, COL2A1, COL5A1, COL5A2,
decorin (DCR), fibulin-1 (FBLN1), fibronectin (FN1) (Figure 26C-D). Interestingly, the STRING

interactions predicted the strongest connection for them.

Subsequently, we conducted enrichment analysis using the STRING method with the Gene
Ontology (GO) database, focusing on Biological Processes, with the lists of differentially
secreted proteins in UVB UN vs. CTL UN. This analysis revealed that among the significant
GO terms, those associated with “adhesion” and “ECM/collagen/fibres organization” showed
up (Figure 26E).
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Figure 26. Only few secreted proteins implicated in cell adhesion, ECM/collagen/fiber
organization are differentially enriched in UVB-induced senescent NHDFs compared to CTL.
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A. Venn Diagram of protein clusters showing the quantitative profile between UVB UN and CTL UN
identified proteins using Scaffold 5.0. Among them, 2347 proteins showed statistically insignificant
changes across UVB and CTL conditions, whereas 113 were significantly increased only in UVB and
31 were significantly decreased. Among the latter, only 6 and 24 proteins, respectively, were identified
as secreted proteins in the UniProt database.

B. Protein-protein interactions network of the 30 and down secreted proteins using STRING database.
Green represents neighborhood evidence, blue cooccurrence evidence, purple experimental evidence,
light blue database evidence, and black line coexpression.

C. Barplot of the differentially 24 decreased secreted proteins in untransfected UVB-induced senescent
NHDFs.

D. Barplot of the differentially 6 increased secreted proteins in untransfected UVB-induced senescent
NHDFs.

E. STRING analysis of Biological Processes (BP) Gene Ontology (GO) terms of differentially enriched
secreted proteins in UVB vs. CTL NHDFs. Strength provides the protein-protein interaction score. Only
terms with FDR < 0.05) are shown.

Data information: The Scaffold 5.0 quantitative profile was done using a t-test without corrections and
a p-value significance threshold of 0.05.
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When comparing UVB sINT vs. CTL siNT, we identified 10 common differentially enriched
proteins (GPC6, COL2A1, C1RL, ACAN, MEGF6, COL5A1, COL5A2, C1S, CI1R, and
COL1A1) also found in the comparison of UVB UN vs. CTL UN.

In fact, we observed 26 negatively and 7 positively enriched secreted proteins in UVB SINT
compared to CTL siNT (Figure 27A and 27C-D). Moreover, the STRING database once again
established strong protein-protein interactions between most of these proteins, particularly for
collagens (COL4A5, COL4A1, COL2A1, COL1A1, COL5A1, COL6AL) and Follistatin-related
protein 1 (FSTL1) (Figure 27B) that are all decreased in UVB siNT compared to CTL SiNT.
Although 33 proteins appeared to be differentially secreted in UVB siNT vs. CTL siNT, the
enrichment analysis using the STRING method with the GO database for the BP sub-family
shared common terms with the comparison of UVB UN vs. CTL UN, such as “collagen fibril

organization” and “negative endodermal cell differentiation” (Figure 27E).
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A. Venn Diagram of protein clusters showing the quantitative profile between UVB siNT and CTL siNT
identified proteins using Scaffold 5.0. Among them, 2309 proteins showed statistically insignificant
changes across UVB and CTL conditions, whereas 170 were significantly increased only in UVB and
37 were significantly decreased. Among the latter, only 7 and 26 proteins, respectively, were identified
as secreted proteins in the UniProt database.

B. Protein-protein interaction network of the 33 up and down secreted proteins using STRING database.
Green represents neighborhood evidence, blue cooccurrence evidence, purple experimental evidence,
light blue database evidence and black line coexpression.

C. Barplot of the differentially 26 decreased secreted proteins in UVB-induced senescent NHDFs
transfected with a siNT.

D. Barplot of the differentially 7 increased secreted proteins in UVB-induced senescent NHDFs
transfected with a siNT.

E. STRING analysis of Biological Processes (BP) Gene Ontology (GO) terms of differentially enriched
secreted proteins in UVB vs. CTL NHDFs. Strength provides the protein-protein interaction score. Only
terms with FDR < 0.05) are shown.

Data information: The Scaffold 5.0 quantitative profile was done using a t-test without corrections and
a p-value significance threshold of 0.05.
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The last comparison we examined was the difference between the secreted proteins from
UVB-exposed NHDFs transfected with siATF6a and those from UVB-exposed NHDFs
transfected with siNT (UVB siATF6a vs. UVB siNT).

Protein clusters analysis revealed that, on the one hand, 2254 protein clusters were shared
between UVB siATF6a and UVB siNT NHDFs, and on the other hand, 12 and 31 secreted
proteins, respectively, were positively and negatively enriched in UVB siATF6a compared to
UVB siNT NHDFs (Figure 28A). Surprisingly, more proteins appeared to be differentially
enriched after the invalidation of ATF6a, and their interactions together seem to be stronger
than in the two other comparisons (Figure 28B). This was patrticularly true for the extracellular
matrix protein lumican (LUM), laminins, and laminin-associated proteins (LAMB1, LAM4, NID1,
NID2).

Interestingly, when investigating more in detail the list of positively- and negatively enriched
proteins, we identified one protein known as extracellular superoxide dismutase [Cu-Zn]
(SOD3) whose secretion seems to increase in UVB siNT compared to CTL siNT and
decreased in the comparison UVB siATF6a vs. UVB siNT (Figure 27D and 29). Moreover,
SERPINH1 and CCL2 were significantly increased (Figure 29B).

Finally, on a more general note, the STRING method using the GO database for the BP sub-
family on UVB siATF6a vs. UVB siNT revealed a significant enrichment of 45 terms. Many
term descriptions were linked to “adhesion” and “ECM assembly/organization” as well as
“‘morphogenesis/development”, “differentiation” and “migration” (Figure 30). Moreover,
Molecular Function (MF) sub-family predicted significant enrichment in secreted proteins

associated with for instance, “ECM constituent” and “laminin binding” (Figure 31).

Overall, although these results may not entirely reflect biological reality, they could lead to
reflexion, especially if biological processes or pathways appear to be common with the already
performed secretome analysis of NHDFs undergoing replicative senescence, inhibited or not

for ATF6a. At least, our results may encourage the exploration of interrelated functions.
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Figure 28. Invalidation of ATF6a in UVB-induced senescent NHDFs leads to a secretome profile
containing more positively- and negatively-enriched secreted proteins.

LOXL2

172



A. Venn Diagram of protein clusters showing the quantitative profile between UVB siNT and UVB
SiATF6a identified proteins using Scaffold 5.0. Among them, 2254 proteins showed statistically
insignificant changes across UVB and CTL conditions, whereas 176 were significantly increased only in
UVB and 86 were significantly decreased. Among the latter, only 12 and 31 proteins, respectively, were
identified as secreted proteins in the UniProt database.

B. Protein-protein interaction network of the 43 up and down secreted proteins using STRING database.
Green represents neighborhood evidence, blue cooccurrence evidence, purple experimental evidence,
light blue database evidence and black line coexpression.

Data information: The scaffold 5.0 quantitative profile was done using a t-test without corrections and a
p-value significance threshold of 0.05.
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Figure 29. Invalidation of ATF6a in UVB-exposed NHDFs significantly modify the secretion of
43 proteins.

A. Barplot of the differentially 31 decreased secreted proteins in UVB-induced senescent NHDFs
transfected with a siATF6a.

B. Barplot of the differentially 12 increased secreted proteins in UVB-induced senescent NHDFs
transfected with a SiATF6a.
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GO- Biological Process
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GO0:0097241
GO0:0070831
GO:0071711
G0:0085029
GO0:0030199
G0:0035987
G0:0008347
GO:0060711
G0:0030198
G0:0031589
GO0:0001525
GO0:0001568
G0:0030335
G0:0048514
G0:0050878
GO0:0007155
G0:0016477
G0:0048870
G0:0072359
G0:0009887
G0:0030334
G0:0035239
G0:0048646
G0:0045597
G0:0030155
G0:0035295
GO0:0051336
GO0:0051241
G0:0009888
G0:2000026
GO0:0051094
GO0:0009653
G0:0048513
G0:0051240
GO0:0050793
G0:0048468
GO0:0007399
G0:0048731
GO0:0051239
GO0:0030154
G0:0048856
G0:0032502
G0:0032501
G0:0016043
G0:0048519

term description

Hematopoietic stem cell migration to bone marrow
Basement membrane assembly

Basement membrane organization

Extracellular matrix assembly

Collagen fibril organization

Endodermalcell differentiation

Glial cell migration

Labyrinthine layer development

Extracellular matrix organization

Cell-substrate adhesion

Angiogenesis

Blood vessel development

Positive regulation of cell migration

Blood vessel morphogenesis

Regulation of bodyfluid levels

Celladhesion

Cell migration

Cell motility

Circulatory system development

Animal organ morphogenesis

Regulation of cell migration

Tube morphogenesis

Anatomical structure formation involved in morphogenesis
Positive regulation of cell differentiation

Regulation of cell adhesion

Tube development

Regulation of hydrolase activity

Negative regulation of multicellular organismal process
Tissue development

Regulation of multicellular organismal development
Positive regulation of developmental process
Anatomical structure morphogenesis

Animal organ development

Positive regulation of multicellular organismal process
Regulation of developmental process

Cell development

Nervous system development

System development

Regulation of multicellular organismal process
Cell differentiation

Anatomical structure development

Developmental process

Multicellular organismal process

Cellular component organization

Negative regulation of biological process

strength
2.27
215
1.89
.83
.68
.5
.49
.48
43
1.23
0.94
0.92
0.9
0.89
0.88
0.8
0.79
0.76
0.76
0.75
0.75
0.75
0.74
0.73
0.73
0.68
0.67
0.66
0.64
0.64
0.63
0.58
0.57
0.57
0.55
0.55
0.54
0.53
0.53
0.49
0.47
0.44
0.36
0.35
0.31

1
]
1
1
1
]

Figure 30. Biological Processes enriched in UVB siATF6a vs. UVB siNT based on the list of the
43 secreted proteins.

STRING analysis of Biological Processes (BPs) Gene Ontology (GO) terms of differentially enriched
secreted proteins in UVB siATF6a vs. UVB siNT. Strength provides the protein-protein interaction score.
Only terms with FDR < 0.05) are shown.
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GO- Molecular function

#termID term description strength
G0:0043237 laminin-1 binding 2.13
Extracellular matrix structural constituent conferring compression

GO0:0030021 resistance 1.97
G0:0050840 Extracellular matrix binding 1.77
G0:0030020 Extracellular matrix structural constituent conferring tensile strength 1.7
G0:0043236 Laminin binding 1.7
G0:0005201 Extracellular matrix structural constituent 1.67
G0:0005518 Collagen binding 1.63
G0:0043394 Proteoglycan binding 1.58
GO0:0005178 Integrin binding 1.25
GO:0005539 Glycosaminoglycan binding 1.24
G0:0008201 Heparin binding 1.21
G0:1901681 Sulfur compound binding 1.08
G0:0061134 Peptidase regulator activity 1.01
G0:0005198 Structural molecule activity 0.93
G0:0005509 Calcium ion binding 0.89
G0:0044877 Protein-containing complex binding 0.68
GO:0005102 Signaling receptor binding 0.61

Figure 31. Molecular functions enriched in UVB siATF6a vs. UVB siNT based on the list of the
43 secreted proteins.

STRING analysis of Molecular Functions (MFs) Gene Ontology (GO) terms of differentially enriched
secreted proteins in UVB siATF6a vs. UVB siNT. Strength provides the protein-protein interaction score.
Only terms with FDR < 0.05) are shown.
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Discussion and perspectives

Throughout this work, cellular senescence has been described as an adaptive
response triggered by several stresses. Among physiological stressors, ultraviolet can
induce premature senescence in the major skin cell types in vitro. However, the
mechanisms underlying the establishment of UV-induced senescence remain to be

understood.

In vivo, chronic exposure to UV rays is known to induce photoageing. This, results in
specific histological consequences in the skin, overlapping with those of chronological
ageing, which accelerates the appearance of age-related signs, such as wrinkles.
Although cells expressing senescence markers accumulate with age in the different
compartments of the skin, their contribution in skin ageing and particularly skin
photoageing is still being discussed. Nonetheless, the chronic effect of their SASP
seems to be implicated in the onset of age-related disorders and diseases.

Since its discovery, studies on cellular senescence have focused mainly on
understanding the signalling pathways involved in the development of the phenotype
and their role in its maintenance. For decades, the main goal in the field has been to
identify key players, sometimes common to several inducers and cell types, with the

aim of modulating the effects of senescent cells depending on the context.

Since then, several molecular regulators of the senescent phenotype have been
identified. However, most of them are mainly involved in the development of the SASP
and do not necessarily appear to be involved in the establishment of other biomarkers.
Conversely, for a few years, endoplasmic reticulum (ER) stress and unfolded protein
response (UPR) have been described as a signalling platform that seems to be
associated with the major senescence hallmarks.

In this context, we investigated whether the UPR pathway could also be involved in the
appearance of the senescent phenotype following repeated UVB exposures in dermal

fibroblasts, with a particular interest in the composition and impact of the SASP.
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A. Is the senescent phenotype induced by UVB exposures dependent on the
UPR pathway?

Models of UV-induced senescence have been developed to mimic and study skin
photoageing. These useful models have been established for all the wavelengths of
ultraviolet light and are sometimes used in combination with drugs such as the
combination of UVA with psoralen (W. Ma et al. 2002). In this study, we focused on
UVB rays because they are the most energetic fraction of the sunlight encountered by
the skin, and thus are the most damaging for the skin as they can penetrate until the

upper dermis.

Among the models of stress-induced premature senescence (SIPS), the primary
technical challenge lies in determining a dose that adequately induces senescence
without causing toxicity, a constraint common to all stress agents. In UV-induced
senescent models, the dose and number of exposures vary depending on the
irradiation system and UV band utilized, as well as the cell type and origin (Chainiaux
et al. 2002; Greussing et al. 2013; Zeng et al. 2014). In this work, we used dermal
fibroblasts from two different origins: human dermal fibroblasts (HDFs or AG04431
cells, Coriell Institute for Medical Research, USA) and human primary dermal
fibroblasts (NHDFs), isolated in our lab from foreskins of young donors. These two
populations of fibroblasts exhibit different proliferative lifespans in vitro. Embryonic
fibroblasts typically enter replicative senescence after 35-40 passages, whereas
primary fibroblasts can continue to proliferate for over 80 passages. Consequently,
although the UVB-induced senescent model for AG04431 consisting of UVB
exposures at 250 mJ/cmz? twice a day for five days has already been published
(Debacg-Chainiaux et al. 2005), the UVB-induced senescent model using NHDFs
needed optimisation. Therefore, the UVB dose was readjusted, and we set up a new

model using sub-cytotoxic UVB exposures at 500 mJ/cm? twice a day for five days.

We then assessed in our new model using NHDFs whether the senescent phenotype
was effectively induced after UVB exposures. We confirmed this through several
observations: an increase in the size of fibroblasts exposed to UVB, as indicated by a
significant increase in cell circularity and roundness index, enrichment in SA-Bgal-

positive cells, cell cycle arrest identified by a decrease in EdU incorporation and an
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increased abundance of p21¢®1 persistent DNA damage evidenced by the
accumulation of 53BP1 foci accumulation in the nuclei, and finally, a significant

increase in the expression of major SASP factors.

An important point to note about SIPS models is that it allows the study of a cellular
population enriched in senescent cells, but not exclusively composed of senescent
cells, such as in models of replicative senescence. In our model, if we consider the
number of SA-Bgal-positive NHDFs after UVB exposure, 51% of the cells appear
positive, which means that 49% of cells are, either not senescent or are in an early
phase of senescence induction, for which SA-Bgal activity may not yet be evident
(Halkoum et al. 2022). A possible technical improvement of this kind of senescence
model would be to selectively sort out these well-established senescent cells and work
only on them. To do so, cells can be sorted by flow cytometry according to SA-Bgal
activity, cell size and granularity (Goy et al. 2023). However, this protocol requires
specific equipment with nozzles of an unusually large diameter, which was not

available during this project.

Furthermore, the choice of a three-day timeframe to study the senescent phenotype
was based not only on the enrichment of senescent cells in the population but also on
the expression of UPR markers in this population. Indeed, our initial question was; Are
UVB-induced senescent NHDFs associated with ER stress and UPR activation? We
monitored the expression of several UPR-associated genes via RT-gPCR at one, two,
three, and seven days after the last UVB exposure in HDFs and NHDFs. We observed
that the UPR was indeed activated after UVB exposures on day one and that the
expression of these markers was maximal three days after the last UVB exposure in
both models (preliminary results).

Several studies have reported that UV exposures can induce ER stress, however, most
of them often used higher doses of UV to rapidly induce important damage in cells and
studied the link between, for example, UV, UPR, and autophagy (reviewed in;
Bahamondes Lorca and Wu 2023). To date, only another study has demonstrated that
UV-induced senescent cells are associated with ER stress and UPR but this model
used UVC at 5 J/m? on human breast adenocarcinoma cell line MCF-7 (H. S. Kim et
al. 2019). As UVC rays cannot penetrate the ozone layer, this model seems less

relevant from a physiological point of view. However, interestingly, this study observed
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that invalidation of ATF6a before UVC exposure prevents the increase of SA-Bgal
positive cells, but this senescence biomarker was the only one they investigated (H.
S. Kim et al. 2019).

Other studies have explored the link between UPR and senescence, however no
general conclusion can be drawn from them. Indeed, depending on the senescence
inducer and the cell type, the involvement of one or several UPR branches in the
appearance and maintenance of the senescent phenotype can vary. For instance,
while the knockdown of ATF4 allows a significant reduction of SA-Bgal positive cells in
human melanocytes induced in senescence by H-RAS (Denoyelle et al. 2006), its
invalidation in H-RAS-induced senescent primary murine keratinocytes increased SA-
Bgal positive cells (B. Zhu et al. 2014). Concerning the role of ATF6a in senescent
cells, it appears that its invalidation in replicative senescent NHEKs and NHDFs, or the
expression of its dominant negative form in H-RAS melanocytes resulted in a
decreased percentage of SA-Bgal positive cells (Drullion et al. 2018; Druelle et al.
2016; Cormenier et al. 2018; Denoyelle et al. 2006)

In our study, we demonstrated that silencing ATF6a using siRNA in NHDFs before the
first UVB exposure, not only prevents the morphological changes but also reduces the
increased percentage of SA-Bgal positive cells and 53BP1 foci, as well as the
overexpression of several SASP factors in UVB-induced senescent cells. In line with
these observations, we obtained similar results using ATF6a chemical inhibitor ceapin
A7 in HDFs, following the last UVB stress.

Interestingly, some of these effects were consistent between our model and replicative
senescent NHDFs (Druelle et al. 2016). However, in their case, the invalidation of
ATF6a led to a reversion of the replicative senescent phenotype previously
established, whereas in our UVB-induced senescent model, we prevented its

establishment.

For instance, they also observed a significant impact of ATF6a invalidation on the
shape and size of senescent cells, as well as an expansion of the ER that we did not
check in our model. Similar to the study of Cormenier et al., they both examined the
impact of ATF6a invalidation on the network of intermediate filaments by staining

vimentin (Druelle et al. 2016; Cormenier et al. 2018), whereas in our model, we
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investigated microfilaments. Considering that the cytoskeleton is made of both these
fibres and microtubules, and that a microtubule-disrupting agent, TCD, induced ATF6a
activation (Ho et al. 2015), this would suggest a larger role of ATF6a on the
cytoskeleton of senescent cells. Furthermore, as the ER expansion and cell
morphology changes have been described as being mediated through an
ATF60/COX2/PGE: in replicative senescent cells, it could be of interest to examine its
potential implication in morphological changes in UVB-induced senescent NHDFs,

starting by finding out whether COX2 is activated after UVB exposure.

Surprisingly, in most studies investigating the impact of ATF6a knockdown or inhibition
on the senescent phenotype, little or no information is available on its effect on the cell
cycle arrest. While in RS-NHDFs ATF6a knockdown did not impact the cell growth due
to the strong telomere attrition that occurs within senescent fibroblasts (Druelle et al.
2016), in senescent NHEKS its invalidation and the one of PERK led to an increased
post-senescence neoplastic emergence (PSNE) (Drullion et al. 2018). In our model,
the silencing of ATF6a prior to UVB exposures seems to slightly increase the number
of EdU-positive cells after UVB exposure. However, more generally, it seems difficult

to draw a global conclusion on the impact of UPR on cell cycle arrest.

At present, linking the effects of ATF6a invalidation on these various biomarkers
remains challenging. One of the logical outcomes of this project would be to identify a
target upstream of ATF6a that could be the missing link and that could be easily

targeted to prevent their appearance.

Our first hypothesis regarding the effect on the persistence of DNA damage and the
regulation of SASP, particularly cytokines, suggested a potential link between ATF6a
and the DDR. Indeed, there is a known association between SASP expression and
some DDR proteins (Malaquin et al. 2020), notably ATM and CHK2, which appear to
play a role in the initiation and maintenance of IL-6 and IL-8 secretion (Rodier et al.
2009). To investigate a hypothetical regulation of ATF6a on DDR proteins, such as
ATM or CHK2, we assessed the protein abundance of both total and phosphorylated
forms of ATM and CHK2 three days after the last UVB exposure. This first investigation
revealed a slight increase in these two DDR proteins’ abundances in UVB-induced
senescent NHDFs, but the invalidation of ATF6a did not appear to impact it.

Nevertheless, further experiments could confirm this initial observation, and shorter
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time intervals after the UVB exposure could be considered for analysis since the DDR
is strongly activated a few hours after the stresses before diminishing and leading, in

the context of senescence to a persistent DDR (Fumagalli et al. 2014).

Then, we hypothesized another potential link between ATF6a and mTOR, which has
not yet been investigated in our model. In fact, the mTORC pathway has already been
shown to play a major role in the establishment of senescent biomarkers. For instance,
activation of the PIBK/AKT/mTORC pathway in senescent endothelial cells, where no
major morphological changes were observed, induced their enlargement (Bent,
Gilbert, and Hemann 2016). In addition, mTORC is known to regulate the SASP (R.-
M. Laberge et al. 2015; Herranz et al. 2015), and it has been demonstrated that the
addition of rapamycin, an mTORC inhibitor, prior to H202-induced senescence,
significantly reduced the number of SA-Bgal positive cells. Moreover, in contexts other
than senescence, it has been shown that under ER stress, ATF6a is responsible for
MTORC activation (Allen and Seo 2018; Schewe and Aguirre-Ghiso 2008).
Interestingly, a recent study observed that in human colon cancer cells, the
ATF6a/mTORC axis is responsible for sustaining the expression level of HSP90 and
stabilizing BRCA-1 (a protein involved in DNA homologous repair), allowing for
protection against DNA damage accumulation and cell death (Benedetti et al. 2022).
Furthermore, several studies revealed that multiple components of the DDR, such as
CHK1, are HSP90 clients (reviewed in; Pennisi, Ascenzi, and di Masi 2015). Thus,
investigating the link between ATF6a and mTOR in the context of UVB-induced

senescence appears to be an intriguing avenue to explore.

Finally, in various studies examining the link between senescence and UPR, the
guestion of whether UPR is a cause or a consequence of senescence is almost always
raised (reviewed in; Abbadie and Pluguet 2020). In this study, we chose to transfect
NHDFs with siRNA against either ATF6a, PERK or IRE1a the day before the first UVB
stress. Thus, our results suggest that the invalidation of ATF6a could have a preventive
effect on most of the senescence biomarkers. PERK appears to slightly prevent the
increased proportion of SA-Bgal positive cells, and IRE1a the overexpression of IL-16,
IL-8 and MMP-3 and both prevent the increased expression of p16'Nk4, Given these
results, we could imagine that even if the establishment of the senescent phenotype is
dependent on one of the UPR branches, its maintenance can be controlled by one or
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both. In our case, we could for example, hypothesize that while ATF6a may regulate
the appearance of several senescence biomarkers, PERK and IRE1a might be
necessary for maintaining the long-term cell cycle arrest. This notion could be
supported by evidence showing that PERK activation provokes a decreased
expression of cyclin D1 and promotes cell-cycle arrest (Brewer and Diehl 2000).

Finally, the question regarding the cause or consequence effect of UPR in our model
using HDFs treated with chemical inhibitors of the UPR directly after the last UVB
exposure remains challenging. In fact, we have never examined the presence or
abundance of senescent cells during SIPS or immediately afterward. Given the
enrichment of senescent cells we observed after three days after the last UVB
exposure, it is highly likely that only few cells should already be established in
senescence immediately after the last stress. Nevertheless, it would be interesting to
delve deeper into this, notably to determine whether this model prevents the
establishment of the senescent phenotype from spreading or if it can reverse it.
Furthermore, it might be feasible to add the chemical inhibitors three days after the last
UVB exposure, to investigate their potential for reversal, as observed in the case of

fibroblasts undergoing replicative senescence (Druelle et al. 2016).

B Is the UPR activation associated with skin ageing?

Our results indicating a dependence on ATF6a for the establishment of the senescent
phenotype induced in vitro by UVB in fibroblasts, naturally prompt the question of how
these observations could be translated to in vivo reality. Depending on various factors,
such as model constraints and cell types utilized, the biological effect observed in vitro
may sometimes be exaggerated or underestimated. In such cases, it becomes crucial

to broaden the range of models used to support the relevance of the result.

As mentioned earlier, the detection of senescent cells in tissue samples remains
challenging, especially in tissues like the skin where multiple cell populations coexist.
The high inter-heterogeneity between different skin senescent cell populations and
potential intra-heterogeneity within each, make it difficult to identify all of them in ex

vivo tissues (reviewed in; Gonzalez-Gualda et al. 2021). For instance, a single-cell
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RNA-seq (scRNA-seq) analysis of human skin from individuals of different ages
identified eleven skin cell types with unique gene expression profiles (Zou et al. 2021).
Interestingly, another study using sScCRNA-seq as well, observed ten major cell types in
mouse skin exposed to UVB, including a population of senescent fibroblasts (Qiang
and Dai 2024).

However, techniques such as immunofluorescence to specifically identify senescent
cells in tissues remain complicated. More than a technical aspect of the limitation of
antibodies that can be used, some well-established markers in vitro are just
undetectable in vivo, such as morphological changes. Through this work, we could
benefit from access to a biobank of dermal skin samples from both young and elderly
donors and from areas sun-exposed or not, which has enabled us to answer the
guestion: do senescent cells accumulate in the dermis with age, and does chronic sun-
exposure increase their accumulation? In our study, we detected an accumulation of
53BP1-positive fibroblasts with age, which was already observed in other studies
(Nassour et al. 2016; Bauwens et al. 2023). However, we also demonstrated that this
accumulation was further exacerbated in sun-exposed areas regardless of age. To
strengthen this observation, we could look at another senescent biomarker such as
lamin B1, as its loss has been recognized as a robust biomarker, enabling the detection
of senescent cells in photoaged skin (A. S. Wang et al. 2017).

Among the physiological responses induced by chronic exposure to UV light in the
skin, senescence is certainly not the only adaptive response triggered. Interestingly, in
their study, Gupta et al., showed that in UVB-exposed mice skin, the level of p-eiF2
was significantly increased and that treatment with rosmarinic acid alleviated ER stress
(Gupta et al. 2023).

However, little is known about the in vivo status of UPR during skin ageing. For the
first time, we demonstrated that ER stress and UPR-related proteins, such as PDI,
HERPUD1 and XBP1 were increased in dermis samples of elderly compared to young

donors and that sun-exposure could enhance their expression.

At first sight, these results may seem surprising, as the commonly accepted idea is
that the expression and activity of ER chaperones and UPR decline with age, resulting
in a dysfunctional ER. For instance, Nuss et al. demonstrated a decreased activity of
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PDI and BiP in aged mouse livers (Nuss et al. 2008). In addition, several recent studies
investigating the impact of age on the ER stress response in rats, suggest a reduced
protective response and an increased pro-apoptotic signalling mediated by a
prolonged UPR activation (Hussain and Ramaiah 2007; Paz Gavilan et al. 2006).
However, this interpretation is not always corroborated for the three branches of the
UPR. For instance, Kristensen et al. demonstrated that aged mouse liver is associated
with increased activity of the ATF6a pathway. In addition, they demonstrated that
regular exercise did not alter this observation, although it prevented the age-associated
decline in BiP and IRE1 protein levels, suggesting that the regulation of the UPR
pathway could vary with ageing (Kristensen et al. 2017). Finally, a recent study showed
that the loss of ATF6a in C. elegans extends lifespan (Burkewitz et al. 2020). Once
again, it appears that depending on the organism, the context and the tissue, the
response to prolonged ER stress can be specific. Although the activity of the UPR
could be diminished during ageing, its chronic activation could also be mandatory to

manage SASP proteins in a senescence-prone context.

Thus, exploring the status of the UPR during skin ageing, influenced by both intrinsic
and extrinsic factors, reveals its significance, and deserves further investigation. This
could involve expanding the number of markers studied to have a clearer
understanding of the activity within each of the three UPR pathways. Additionally,
examining the UPR in the epidermis could provide valuable insights, allowing for
comparisons with dermal results, to identify potential similarities or differences in the

UPR activity between epidermal and dermal cells from young and elderly individuals.

Then, our subsequent question was: under what physiological and/or
pathophysiological conditions could targeting the UPR, and more specifically ATF6a

or one of its effectors, be beneficial?

C. What could be the physiological or pathophysiological relevance of
targeting ATF6a?

As described above, a clear remodelling of the secretory profile can be observed in
cells undergoing senescence. Besides, due to its diverse composition, SASP can have

pleiotropic effects on the cellular environment.
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In this work, we observed that one of the effects of ATF6a invalidation on NHDFs
exposed to UVB, was a modulation of their SASP composition when compared to SINT
UVB-exposed NHDFs. This investigation was initially carried out using RT-gPCR on
well-known SASP genes, revealing a decrease in the expression of specific
interleukins and MMPs, notably IL-78, IL-8, MMP-1, and MMP-3 in siATF6a UVB-
exposed NHDFs.

To date, despite efforts to characterize the senescence phenotype and the composition
of SASP, understanding their biological effects remains challenging. The paracrine
effects of the SASP have notably been associated with potential pro-tumorigenic
activity (reviewed in; Schmitt, Wang, and Demaria 2022). In these studies, pro-
tumorigenic effects was often linked to one individual SASP factors, such as IL-6, IL-
8, and CCL-5, which have been described as SASP effectors increasing cancer cell
proliferation (Ortiz-Montero, Londofio-Vallejo, and Vernot 2017; Eyman et al. 2009), as
well as chemerin and CXCL-12, promoting cancer cells migration and invasion
respectively (Farsam et al. 2016; Y. H. Kim et al. 2017).

In light of these observations and considering the impact of ATF6a invalidation on the
MRNA expression of interleukins and on the secretion of IL-8, our aim was to
investigate how the SASP of UVB-induced senescent NHDFs modified the migration
and invasion of skin cancer cells, and how the modifications of the SASP composition

induced by ATF6a invalidation would impact these effects.

To achieve this, we collected conditioned media (CM) from NHDFs exposed to UVB or
not, and invalidated or not for ATF6a, three days after the last UVB exposure.
Subsequently, we assessed the migration and invasion potential of three melanoma
cell lines, when grown in contact with the CM from our different experimental
conditions. Among the various types of cancer cells that can originate in the skin, we
used melanoma cells because, unlike carcinomas, they could easily penetrate in the
dermis (McCarter 2018). Therefore, in the context of ageing, they are more likely to

encounter the SASP of senescent fibroblasts.

Firstly, we observed that the conditioned media from UVB-induced senescent NHDFs

did not specifically induce a pro-migratory or pro-invasive effect of melanoma-derived
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cells, regardless of the technique used (e.g. scratch wound healing using Incucyte or

Boyden chambers).

Although a limited number of studies have investigated the role of conditioned media
(CM) from UVB-exposed skin cells, Toutfaire et al. also reported no significant pro-
proliferative, pro-migratory, or pro-invasive effects of CM from UVB-exposed human
dermal fibroblasts (HDFs) in squamous cell carcinoma (Toutfaire et al. 2018).
Additionally, Bauwens et al., demonstrated that although the secreted levels of IL-6
and IL-8 are significantly increased three days after UVB exposure in normal human
epidermal keratinocytes (NHEKS), the CM did not enhance the migratory capacities of
A431 epidermoid carcinoma cells. Conversely, the CM harvested at seven days after
UVB exposure accelerated the migratory capacities of A431 cells, even though at this
time point, no significant increase in the secretion of either IL-6 or IL-8 was detected
(Bauwens et al. 2022). These findings, along with ours, suggest that despite the
presence of interleukins known in other models to induce pro-tumorigenic effects, their
presence in the UVB SASP is not sufficient to elicit similar effects (Malaquin, Tu, and
Rodier 2019) .

Surprisingly, during the use of conditioned media (CM), we noticed a lack of consensus
regarding the percentage of CM added in experiments, or the ratio between the number
of senescent secretory cells per cancer cell that should be considered. This potential
bias, which could significantly influence the biological outcomes observed, is never
addressed in the articles (Demaria 2019). Conversely, in this work, we consistently
standardized the number of secretory cells to facilitate comparisons, as recommended
(Malaquin, Tu, and Rodier 2019).

Secondly, we found that invalidation of ATF6a prior to UVB exposure does not result
in the production of a SASP that increases the pro-migratory or pro-invasive properties
of the conditioned media. Hence, our results suggest that the modified SASP produced
by siATF6a UVB NHDFs does not possess the potential to enhance the pro-
tumorigenic effects of UVB-conditioned media. As a comparison, a study demonstrated
that inhibiting ATF6a with Ceapin-A7 in chondrocytes stimulated with TNFa, IL-17, or
IFNy reduced the pro-migratory capacities of HUVECs (M. Ma et al. 2021), but this was

done on another context than senescence and on normal cells.
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As targeting ATF6a does not seem particularly relevant in a pathophysiological
context, we focused our attention on its potential effects in a physiological context. To
address this, we wondered which types of skin cells could be affected by senescent

fibroblasts' secretome and devised methods to demonstrate this in vitro.

Given the essential crosstalk between dermal fibroblasts and epidermal keratinocytes
in maintaining skin homeostasis (Jevti¢ et al. 2020), we sought to investigate how the
altered SASP of siATF6a UVB-exposed NHDFs influenced the behavior of
keratinocytes. However, once again, we observed that most studies using senescent
fibroblasts’ secretome focused on skin carcinogenic events. For example, CM from
senescent NHDFs has been shown to increase the post-senescence emergence of
NHEKs (Malaquin et al. 2013), and promote EMT-like phenotype in primary

keratinocytes from elderly donors (Tinaburri et al. 2021).

This is why we decided to use a more sophisticated model of reconstructed human
epidermis, employing normal and young primary keratinocytes (Frankart et al. 2012),
to assess the impact of conditioned media (CM) on the behavior of keratinocytes,
particularly on their proliferation and differentiation.

As keratinocyte differentiation can be influenced by some inorganic salts and vitamins
found in culture media (Bikle et al. 2001), the effects of fibroblast-cultured media
named Basal Medium Eagle (BME) in the reconstruction of the epidermis were first
assessed. A mix ratio of 50% Epilife : 50% BME showed neither observable differences
in H&E staining nor in BrdU incorporation. Consistent with this observation, we added
the same volume of conditioned media from fibroblasts to classical reconstruction

media.

Surprisingly, and probably due to the technical constraints, very few similar models
have been used in the literature, most relying on the addition of cytokines directly into
the reconstruction medium to mimic skin diseases such as atopic dermatitis (Hubaux,
Bastin, and Salmon 2018) or moving directly to a more complete model including
fibroblasts and keratinocytes in a reconstructed human skin model. This last option has
indeed been considered to answer our question, however, given the long period of
reconstruction required (Bernerd and Asselineau 2008), this necessitates the

fibroblasts to be constitutively invalidated for ATF6a. To this end, we attempted to
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establish a knock-out NHDFs cell line using CRISPR-Cas9. However, our first attempt
based on the electroporation of NHDFs with the CRISPR-Cas9 ribonucleoparticles, led
to their premature replicative senescence, due to the limiting dilution. Hence, it would
be useful to repeat the procedure, either by employing CRISPR-Cas9 lentiviral
particles to avoid the limited dilution step or by using immortalized fibroblasts to avoid

premature entry into replicative senescence.

Nevertheless, using our model of RHE, we noted that CM from UVB-induced
senescent NHDFs resulted in epidermal thickening without affecting the expression of
differentiation markers. Unexpectedly, we discovered that this mechanism was
mediated by an ATF60/IL-8 dependent mechanism, and we confirmed this effect by
adding neutralizing antibody against IL-8 on keratinocytes forming colonies. These
observations align perfectly with prior studies that have described the influence of IL-8
on keratinocytes’ proliferation (Tuschil et al. 1992; Steude, Kulke, and Christophers
2002). However, these observations were made by the exogenous addition of IL-8 to
the culture medium, whereas in our case, the quantity of IL-8 in the MC is surely more

representative of what happens in vivo.

For the first time, we demonstrated that the transient presence of SASP from
senescent fibroblasts may initially stimulate processes such as keratinocytes’

proliferation in a physiological context.

Furthermore, while the SASP composition can influence physiological and
pathophysiological outcomes in the microenvironment, the long-term effects of these
modifications within the tissue environment could potentially reciprocally modulate the
SASP composition (Giroud et al. 2023). This hypothesis which remains to be
investigated, suggests that the communication of senescent cells may not be
unidirectional, and reinforces the idea that establishment and maintenance of

senescence probably depend on different effectors (Figure 32).
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Figure 32. The crosstalk between the senescent cells and their microenvironment through the
SASP. From Giroud et al., 2023.

Finally, from the outset of the study, we were aware of the heterogeneity within our cell
population of UVB-exposed NHDFs. Thus, it is possible that some of the potential
effects of the UVB-induced SASP could be masked by the secretome of non-senescent
or early senescent cells in our population that we cannot discriminate. Hence, to
facilitate the identification of ATF6a effectors, we conducted transcriptomic and

secretomic analyses.

Firstly, our transcriptomics results have enabled us to identify an association between
the UVB profile and classical pathways of senescence, such as cell cycle regulation
and chemokine signalling pathways. Indeed, the UVB-induced senescent signature
appears to overlap with other signatures of senescence derived from various
senescent models. Moreover, gene ontology predictions revealed the enrichment of
biological processes that we successfully verified in vitro, thereby reinforcing our
findings.
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Analysis of the effect of siATF6a on the transcriptome is still ongoing. Surprisingly, our
initial results seem to suggest that a few genes (less than 70) are differentially
regulated by ATF6a in UVB-induced senescent NHDFs. As a comparison, another
study demonstrated that in ATF6a-deficient mesenchymal stem cells at late passage,
but not senescent, 48 genes were upregulated and 145 downregulated, and that the
majority of these genes encode membrane and transmembrane proteins (S. Wang et
al. 2018). In our senescent dataset, it appears that genes regulated by ATF6a also
exhibit specificity in their function as most of them encode protein structures or are

involved in the organization of the extracellular matrix.

Interestingly, even though we have encountered technical limitations in the
development of the analysis of the UVB-induced senescence secretome, we also
highlighted the potential impact of ATF6a on the extracellular matrix organization and
structure. As we know that mass spectrometry would provide us with different
information than the impact on cytokines, chemokines, and interleukins, we expected
to identify other biological processes, and the intersection with results of

transcriptomics is particularly intriguing.

Given the cross-referencing of these results at two levels of regulation (transcriptomic
and secretomic), the impact of ATF6a on extracellular matrix (ECM) organization,
composition, and effects deserves interest. Similar questions to those in our project
could be investigated: How does the composition of matrices produced by senescent
or young fibroblasts, whether deficient in ATF6a differ? Do the matrices impact the
proliferation of cancer cells? Can they influence other cellular behaviors? Could they

improve the visible effects of skin ageing?

In summary, our findings and the pursuit of these perspectives will enable us to confirm or
refute the potential safe senomorphic nature of the ATF6a pathway, which would consist of
inhibiting several of the senescent cell's characteristics by blocking their SASP, without

killing them.
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Conclusion

In conclusion, this work highlights the potential role of ATF6a in the establishment of
the UVB-induced senescent phenotype and skin homeostasis maintenance. On the
one hand, the effects mediated by the ATF6a/IL-8 deserve further investigation to
understand the full regulatory mechanism. On the other, the contribution of ATF6a in
maintaining skin homeostasis under stress could be expanded by the study of
extracellular matrices which are known to be largely modified during skin ageing. In
addition, our results suggest that targeting ATF6a would be a safe strategy that would

not promote potential pro-tumorigenic effects (Figure 33).

Finally, since chemical inhibitors of ATF6a exist, they could be used in mouse models
(young and old) to examine physiological and pathophysiological consequences on the

skin and overall ageing.

controls keratinocyte proliferation
through IL8

Doesn't present pro-tumorigenic potential

Effects of
ATF6a invalidation

UVB-induced
senescent fibroblast

Effects on the composition of ECM

Figure 33. The physiological and pathophysiological effects of ATF6a in the skin
microenvironment. Figure created using Biorender.
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Abstract: Cellular senescence is a complex cell state that can occur during physiological ageing
or after exposure to stress signals, regardless of age. It is a dynamic process that continuously
evolves in a context-dependent manner. Senescent cells interact with their microenvironment by
producing a heterogenous and plastic secretome referred to as the senescence-associated secretory
phenotype (SASP). Hence, understanding the cross-talk between SASP and the microenvironment
can be challenging due to the complexity of signal exchanges. In this review, we first aim to update
the definition of senescence and its associated biomarkers from its discovery to the present day. We
detail the regulatory mechanisms involved in the expression of SASP at multiple levels and develop
how SASP can orchestrate microenvironment modifications, by focusing on extracellular matrix
modifications, neighboring cells’ fate, and intercellular communications. We present hypotheses on
how these microenvironmental events may affect dynamic changes in SASP composition in return.
Finally, we discuss the various existing approaches to targeting SASP and clarify what is currently
known about the biological effects of these modified SASPs on the cellular environment.

Keywords: ageing; senescence; intercellular communication; senescence-associated secretory phenotype
(SASP); microenvironment; age-related disease; senomorphics

1. Introduction

Cellular senescence was first described as a stable and irreversible cellular state, in
which cells permanently stop proliferating while remaining metabolically active. Since
then, our understanding and definition of cellular senescence and its various roles have
constantly evolved. Currently, senescence is presented as a complex and partially heteroge-
neous phenotype that can occur in response to the exhaustion of the proliferative capacity
of the cell, and/or as a result of exposure to intrinsic and extrinsic stressors [1-5].

Since there is no universal marker for senescence, a combination of specific biochemical
markers and phenotypic features is necessary to identify senescent cells. However, there is
no consensus on the number and type of markers required to identify senescent cells, as one
senescent cell is not equivalent to another [6]. Despite this, multiple pieces of evidence in
the literature suggest that senescent cells share several characteristics, including a strong or
prolonged growth arrest, an altered metabolism [3,4], and a specific senescence-associated
secretory phenotype (SASP) [7-10]. Although SASP is a hallmark shared by various
types of senescence, it is heterogeneous and can evolve in conjunction with changes in
gene and protein expression, impacting biochemical features, trafficking, and intercellular
signaling [3]. The diversity and the dynamic nature of SASP make it a complex process to
understand, which is well demonstrated by its close association with both beneticial and
detrimental effects depending on the physiological context [1,11-15].
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These diverse effects are commonly linked with key SASP proteins whose secretion
is increased in different senescence models. However, the variable component of SASP,
which is modulated according to context, is often neglected in current knowledge, despite
its importance.

Here, we first present the complexity of the senescence phenotype and the new
biomarkers that have recently been revealed. Then, we describe the heterogeneity and
plasticity of SASP composition, as well as its different levels of regulation, and highlight
its contribution to both ageing and cancer. Additionally, we emphasize the importance
of further investigating the complex crosstalk between the microenvironment and the
SASP. Finally, we discuss how controlling SASP might be a suitable approach to treating
age-related diseases.

1.1. The Senescent Phenotype: A Large Definition

Cellular senescence was identified more than 60 years ago by Hayflick and Moorhead
who observed in vitro that normal human fibroblasts grown in optimal culture conditions
have a limited proliferative capacity [16]. Nowadays, the “Hayflick limit” is widely accepted,
especially since the discovery of telomere shortening-induced genomic instability [17]. This type
of senescence is therefore referred to as replicative senescence (RS).

In recent years, progress has been made to suggest that senescence could be an adap-
tive stress response, resulting in the persistence of irreparable damages and mainly in
a prolonged cell division arrest. Indeed, senescence can be induced by the activation of
oncogenes or repression of tumor suppressor genes, known as oncogene-induced senes-
cence (OIS) [18], or by repeated exposures to oxidative or genotoxic stress, known as
stress-induced premature senescence (SIPS) [19]. Since the range of potential senescence-
inducing stresses is wide, it is commonly labeled based on the nature of the inducer such as
irradiation-induced senescence (IRIS) or therapy-induced senescence (TIS). One common
feature of these different senescence inducers is the generation of irreparable DNA damage
at the origin of the sustained cell cycle arrest. However, senescence induction can occur
independently of DNA damage, such as senescence induced by sodium butyrate, a histone
deacetylase inhibitor (HDACi) [20], or by mitochondrial dysfunction, known as MiDAS
(Mitochondrial Dysfunction-Associated Senescence), which is associated with decreased
NAD+/NADH ratios [21]. Finally, cellular senescence can also be triggered by epigenetic
modifications, perturbed proteostasis, and autophagy impairment [22].

1.2. Biomarkers and Characteristics of Senescence

The scientific community has faced challenges in identifying robust and specific
markers that characterize the senescent state, likely due to the heterogeneity of cellular
senescence. While growth arrest is the main characteristic of senescent cells, it is not
sufficient to distinguish them from other non-proliferative cell states, such as quiescence
or terminal differentiation. Interestingly, prolonged quiescence induces a lack of response
to proliferative stimuli and progressively leads to senescence [23]. Nevertheless, the
establishment of the senescent phenotype is accompanied by a set of features and alterations
that are now accepted as “standard hallmarks” (Figure 1).

To ensure the senescent state of a cell, several of these hallmarks must be validated
in combination.

1.2.1. Standard Hallmarks

As displayed in Figure 1, the cell cycle arrest that characterizes the senescent cell
often depends on the activation of two main pathways, p53/p21"WAF! and/or p16™K* /pRb.
Senescent cells are enlarged and adopt a flat shape and their nuclei undergo structural
and functional alterations [3]. These alterations include a decreased expression of lamin
B1, a structural protein of the nuclear lamina, impairment of their structural integrity
due to epigenetic alterations, and the formation of condensed heterochromatin regions,
termed senescence-associated heterochromatic foci (SAHF) [24-27]. Senescent cells also
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« mTOR

"STANDARD HALLMARKS"

exhibit alterations in histones (de)methylations and persistent DNA damage [28,29]. Their
metabolic profile is deregulated, mainly through mitochondrial dysfunction, increased
production of reactive oxygen species, elevated lysosomal activity (resulting in the SA-
Bgal activity), increased autophagy, and activation of the AMPK signaling pathway [30].
Apoptosis resistance via the upregulation of ephrins and anti-apoptotic proteins of the Bcl-2
family is also used as a senescence biomarker [31]. Finally, senescent cells have a particular
secretory phenotype including soluble pro-inflammatory factors as well as growth factors,
regulatory components of the MEC, bioactive lipids, and extracellular vesicles referred to
as the senescence-associated secretory phenotype and further developed in Section 2.

While these biomarkers are commonly encountered in the literature, it is not unusual
to observe variations in their expression and effectors.

"RECENT HALLMARKS"

Cell cycle arrest mediated by two main CDKIs

* p16™“/pRb pathway
& pzrw"/ggmmy

activation

Shape and cell sur

Enlargement and flattening of the cell

+ ATF6 branch of the UPR pathway
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(SCAPs)

Secretion of soluble factors
» mainly cytokines, chemokines, growth factors and extracellular
matrix proteases

Figure 1. The updating hallmarks of senescence. The scheme compiles the major hallmarks of
senescent cells, which are classified into five characteristic groups: cell cycle arrest, shape and cell
surface proteins, nuclear alterations, organelle and metabolic dysfunctions, and senescence-associated
secretory phenotype. The light and dark brown portions indicate the well-described standard
hallmarks and the more recent ones, respectively. CDKIs, cyclin-dependent kinase inhibitors; UPR,
unfolded protein response; ER, endoplasmic reticulum; ERAD, ER-associated degradation. This
figure was created using BioRender.com.

1.2.2. Other Pathways Involved in the Senescence-Mediated Cell Cycle Arrest

The cell cycle arrest mediated by the p53, p21"VA™, and p16™K* results in the hypophospho-
rylation of pRb. This leads to the subsequent sequestration of E2F and prevents the expression
of genes necessary for cell cycle progression. Interestingly, the p53/p21"WAF! pathway is also in-
volved in assembling the repressive DREAM complex, which serves the same purpose, thereby
reinforcing the role played by p53 [32,33]. However, other cell cycle regulators are also involved
in this senescence-associated cell cycle arrest. Additionally, the actors of the cell cycle arrest
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can vary over time, with some being expressed at the onset of senescence and others during its
late phases. As an example, in glyoxal-induced senescent keratinocytes, the cell cycle arrest is
first mediated by the protein kinase B-FOXO3a-p27XIF! pathway but is sustained over time by
the p16™&4 /pRb pathway [34]. Furthermore, in therapy-induced senescence in positive breast
cancer cell lines, the tyrosine kinase inhibitor Lapatinib can induce senescence by increasing
the expression of p27KIF! and p15™K4 [35] and in prostate cancer cells, supraphysiological
androgen levels regulate the establishment of senescence through p15%K4% [35]. Thus, it is
important to extend the study of the expression of other proteins involved in cell cycle arrest
and to verify their expression over time. It would be beneficial to decipher the actors involved
in the cell cycle arrest and their expression patterns over time according to the cell type and
senescence inducer. Currently, it is still unclear which pathways act concurrently and whether
there are differences in the hierarchy and kinetics of the events, as well as which pathways are
dispensable. It is worth noting that while the senescence-associated cell cycle arrest has histori-
cally been considered “irreversible”, primarily studied in fibroblasts, under certain conditions
and contexts, both tumoral and normal senescent cells can resume proliferation and thus escape
senescence [37,38].

1.2.3. Surfaceome

Since any cell population is inherently heterogeneous, the induction of senescence
only affects a fraction of the population, which therefore becomes enriched in senescent
cells. Therefore, the identification, sorting, and targeting of these senescent cells using
surface markers is of crucial importance. Althubiti et al. [39] were the first to perform
proteomic analyses of plasma membrane-associated proteins in an EJ bladder cancer cell
line with regulating expression of p21"WAF! or p16™ % They identified 107 potential protein
markers and demonstrated that a set of 10 proteins (DEP1, NTAL, EBP50, STX4, VAMP3,
ARMX3, B2MG, LANCLL1, VPS26A, and PLD3), when combined, could serve as markers
of senescence and facilitate the detection of senescent cells in various human tissues [39].
Since this first analysis, other proteins that contribute to the surfaceome of senescent cells
have been described such as the dipeptidyl peptidase 4 (DPP4) [40] and the urokinase-type
plasminogen activator receptor uPAR [41]. B2MG, DPP4, and uPAR are therefore used as
targets for the specific clearance of senescent cells in vitro and in vivo [41-43].

1.2.4. Alterations of Nuclear Shape and Nucleus-Cytoplasm Exchanges

Senescence is also associated with alterations of the nuclear architecture. Besides
the well-known modification of the nuclear lamina partly linked to lamin B1 loss [44],
other nuclear features including nuclear matrix, nucleolus, heterochromatin, and even
nuclear shape and size can also be altered [45]. In particular, the increased nuclear shape
is a promising biomarker to predict the senescent state [46]. By using machine learning
algorithms, the group of Heckenbach demonstrated that nuclear morphology could predict
senescence following different senescent inducers, in different cell types and species. Deep
learning could therefore be used as a tool to predict the occurrence of senescent cells
in clinical contexts and to study their potential negative effects, paving the way for the
prevention of the harmful effects of senescence [47].

Moreover, the nucleus—ytoplasm exchanges are altered in senescence, as the transcription-
export (TREX) machinery and the nucleocytoplasmic trafficking (NCT) are downregulated [48,49].
Interference in exchanges between the nucleus and the cytoplasm of senescent cells leads to a
reduction in the transmission of extrinsic signals toward the nucleus and alters the nucleus-to-
cytoplasm protein—-RNA transport, resulting in the establishment of a “nuclear barrier” [48,49].

1.2.5. UPR and ER Control Quality

The endoplasmic reticulum (ER) is a dynamic structure playing a major role in the
folding, synthesis, processing, and quality control of secreted and transmembrane proteins.
When ER homeostasis is perturbed, an adaptive mechanism called UPR (Unfolded Protein
Response) aims to restore ER homeostasis and promote cell survival [50]. It is now well
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accepted that different cell types undergoing senescence upon various inducers promote
UPR activation [47,51]. We and other groups have shown evidence that the different arms
of the UPR pathway may control several senescence hallmarks. Indeed, UPR inducers
promote a premature senescence phenotype [52,53]. Moreover, the ATF6x arm of the UPR
controls cell size and enlargement in replicative senescent fibroblasts [52]. In addition,
the expression of autophagic component MAP1LC3-II in glioblastoma cells undergoing
therapy induced-senescence is triggered by the PERK/ATF4 arm [54], and in Hras-induced
senescence, production of SASP induces the UPR activation via proteotoxic stress [55,56].
The role of the UPR regarding SASP is discussed in Section 3.

How senescence affects the other ER quality control systems, namely, the ERAD (En-
doplasmic reticulum-associated protein degradation) and ER-phagy, is poorly understood.
To date, only one study has reported a relationship between ER-phagy and senescence. The
authors demonstrated activation of the ER-phagy mediated by FAM134B, an ER-phagy re-
ceptor, upon advanced glycation end product (AGE) stress-induced senescence in primary
human nucleus pulposus (NP) cells [57]. They also found that enhancement of ER-phagy
by FAM134B overexpression reduces the percentage of SA-B Gal positive cells, while the
suppression of FAM134B exacerbates it upon AGEs stress in NP cells [57]. The role of
ERAD and ER-phagy deserves to be further explored in senescence.

2. Characteristics of SASP

During its lifespan, a cell can release a range of molecules into its surrounding extracel-
lular environment. The secretory profile is constantly influenced by intrinsic characteristics,
which depend on the cell type and its differentiation stage, as well as extrinsic factors such
as the change in the cellular environment. Indeed, a clear remodeling of the secretory
profile can be observed in cells undergoing senescence [58]. Examining the secretome of
senescent cells reveals modifications in the levels of soluble, insoluble, and extracellular
vesicle (EV)-related components. Senescence establishment can cause these components
to be either exacerbated or partially depleted, and can also lead to the secretion of new
components when compared to proliferative cells [59].

2.1. Reported SASP Factors

Senescent cells exhibit a distinct and dynamic secretome different from their exponen-
tially growing counterparts [60]. This SASP is complex and is composed of hundreds of
different proteins and non-protein signaling molecules [60,61]. Despite the diversity of
the factors secreted, a core protein secretome can be distinguished from the soluble part
of SASP (sSASP) (Table 1). In human primary fibroblasts subjected to various senescence
inducers (IR, RAS, atazanavir (ATV)), this core protein sSASP includes, among others,
STC1 (stanniocalcin 1), chemokines such as CXCL1 (C-X-C motif ligand 1), and proteases
such as MMP-1 (matrix metalloproteinase 1) [60]. Hemostasis-related factors, another
class of bioactive compounds, show a marked increase in secretion into the extracellular
medium by senescent human primary fibroblasts when exposed to different inducers (IR,
doxorubicin (DOX), and MiDAS) [61]. Non-protein signaling molecules, including various
bioactive oxidized lipid metabolites, prostaglandins, and nitric oxide can also be found
enriched in the sSASP of senescent cells [62-65]. While empirical research has focused on
soluble factors secreted by senescent cells, new studies show evidence that EVs are also
a substantial and effective part of SASP [66]. EVs are lipid membrane vesicles containing
cytosol from the secreting cells and are released by multiple cell types. According to their
origin, biological function, and secretion, EVs can be classified into two main subtypes:
exosomes and microvesicles (MVs) [67]. In this context, it has been evidenced in multiple
cell types that EV secretion increases after exposure to different senescence inducers, with
changes in cargo composition including proteins and genomic content such as microRNAs
(miRNAs) and lipids [63,68,69].
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The core secretome is a concept based on a limited number of established cellular
models used to study senescence, such as human primary fibroblasts, and represents only a
portion of the complete picture. Hence, the application of a core SASP should be considered
as a tool to evaluate the acquisition of the senescent phenotype in a standardized manner,
rather than a way to generalize the effects of SASP on the cellular microenvironment.

Indeed, the bioactive effects of SASP may be more closely linked to specific and
possibly subtle variations in the secretome that result from the combination of a specific
cell type and a particular senescence inducer, rather than the shared components.

2.2. SASP Heterogeneity and Plasticity

Coppé and colleagues demonstrated initially that only a subset of SASP proteins
was shared between fibroblasts and prostate epithelial cells upon irradiation-induced
senescence (IRIS) [9]. A subsequent large-scale proteomic analysis of SASP then revealed
only 58 shared SASP factors between fibroblasts and renal epithelial cells in IRIS [60]. When
considering other proteomic studies on various cell types and senescence inducers, such
as UVA-induced senescent keratinocytes and IRIS mesenchymal stem cells [71,72], the
number of shared SASP factors drops to 19, suggesting that only a handful of proteins are
commonly secreted across all types of senescent cells. Given the differences in experimental
parameters such as EV isolation methods, detection techniques, and time points assessed
after senescence induction, comparing these studies remains challenging.

Secondly, some SASP factors are secreted at different times depending on the cell type.
For instance, in IRIS, the IL-1B gene is overexpressed on days 10 and 20 in fibroblasts, but
only on day 10 in keratinocytes, and on day 20 in melanocytes [73]. This point emphasized
SASP plasticity over time. Moreover, we showed an increased secretion of IL-6 and IL-8
in UVB-induced senescent keratinocytes on day 3 that disappeared on day 7 following
senescence induction [70]. In addition, HDFs in replicative senescence also exhibit two
distinct phases of SASP gene expressions. The first phase is often characterized by an
overexpression of SASP genes related to inflammation, such as IL-6 and IL-8, while the
second phase is more characterized by changes in the expression of genes associated
with extracellular matrix modulation, such as MMPs [74]. This is related to the temporal
regulation of SASP, further developed in Section 3. Further experiments are required to
better understand the kinetics of SASP factors and their physiological relevance in the short
and long term.

Thirdly, SASP composition is also influenced by the senescence inducers. Senes-
cent IMR-90 fibroblasts present a different secretome profile depending on whether the
senescence was induced by X-rays, ATZ, or RAS overexpression [60]. Similar results were
observed on mesenchymal stem cells in senescence induced by oxidative stress, doxorubicin
treatment, X-ray irradiation, or replicative exhaustion [72].

Finally, the matrix and cellular microenvironment of senescent cells can impact their
secretome composition. The substrate stiffness impacts the NF-«B phosphorylation status in
UV-induced senescence in fibroblasts [75], suggesting that the ECM composition could have
an impact on SASP composition. Moreover, it has been demonstrated that co-cultivating
squamous cell carcinoma and RS fibroblasts exacerbate some SASP gene expressions, such
as IL-8, IL-1B, or CCL2, in RS fibroblasts [76]. These findings demonstrate the need of
developing cellular models that consider the influence of the ECM and other cell types
within the same tissue. Such models would allow a better understanding of the complex
interplay between SASP and its microenvironment, which can affect SASP composition
over time.

3. Regulation of SASP

The regulation of SASP involves transcriptional, post-transcriptional, epigenetic, and
translational mechanisms. In addition, the secretion of SASP components is regulated
through intracellular trafficking, and many compartments of secretion are altered during
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senescence. These alterations could potentially affect the dynamic and heterogeneous
composition of SASF.

3.1. Transcriptional Regulation

Multiple signaling pathways have been identified to activate transcription factors that
play a crucial role in regulating the expression of inflammatory cytokines.

First, there is a clear link between the expression of SASP and the DNA Damage
Response (DDR) pathway, as several DDR proteins (ATM, Chk2, and NBS1) are necessary
for the initiation and maintenance of the cytokine response in IRIS fibroblasts [29]. It
has recently been described that in the absence of DNA damage, such as after sodium
butyrate treatment, the SASP of fibroblasts still relies on the non-canonical activation of
DDR and the accumulation of ATM, MRE11, and NF-kB on chromatin [77]. However, the
expression of SASP factors seems independent of the cell-cycle regulators p53 and pRb, as
their invalidation or inactivation even promotes IL-6 secretion [9,29]. On the other hand,
it has been recently demonstrated that the knockdown of p16 in fibroblasts decreases the
expression of [L-6 and IL-8 in OIS and etoposide-induced senescence [78].

Then, the NF-kB and C/EBPp transcription factors were identified to be involved in
the regulation of CXCR2 ligands expression, including IL8 in fibroblasts in OIS [79]. The
activation of NF-kB in fibroblasts has been demonstrated to depend on GATA4, whose
regulation by p62 is suppressed during senescence but mediated by DDR-related ATM and
ATR [80]. NOTCHI plays a dual role in the regulation of SASP. It is positively associated
with early SASP expression in OIS in fibroblasts but then represses late SASP expression by
suppressing C/EBP expression [81].

Regarding the regulation of inflammatory cytokine expression, the activation of an-
other signaling pathway involved in inflammation, JAK/STAT, has also been demon-
strated in a PTEN-deficient prostate cancer mouse model [582], as well as in senescent
preadipocytes [83].

Finally, the cGAS/STING pathway has been highlighted to be involved in the reg-
ulation of inflammatory SASP factors, notably, IL-6 and CXCL10 secretion, via NF-kB
activation in vitro and in vivo [84], following the detection of cytoplasmic chromatin frag-
ments (CCFs) [85] associated with a loss of nuclear integrity following Lamin B1 (LMNBI)
downregulation [86]. It has recently been demonstrated that COX2 plays an important role
in regulating the expression of several inflammatory SASP components in OIS through
an autocrine feedback loop involving prostaglandin E2 (PGE2) binding to EP4, but the
downstream pathways of PGE2 and EP4 remain unknown. Nevertheless, the COX2 path-
way is thought to be able to activate major SASP transcriptional regulators, such as NF-«B,
C/EBPp, and GATA4 [87].

3.2. Post-Transcriptional Regulation

While early SASP is mainly regulated at the transcriptional level, its long-term SASP
expression is mainly driven by post-transcriptional mechanisms. This has been demon-
strated by the lack of impact of actinomycin D treatment, an inhibitor of transcription, on
the expression of several SASP factors [88]. P38MAPK gppears to be an important factor in
the temporal regulation of SASP. It it is first activated after the induction of senescence, it en-
ables the expression of SASP factors, such as IL-6 and IL-8, through NF-kB activation in IRIS
fibroblasts [89]. It is also involved in the subsequent post-transcriptional regulation of SASP
by restricting the binding of AUF1 to the 3'-UTRs of several SASP mRNAs, including IL-6
and IL-8, thereby preventing their destabilization, as demonstrated in bleomycin-induced
senescent fibroblasts [88]. The mTOR pathway is also involved in the post-transcriptional
regulation of SASP. Specifically, mTOR activates the translation of MK2 (or MAPKAPK2),
which can phosphorylate and inhibit the RNA-binding protein ZFP36L1, also involved in
the destabilization of several SASP mRNAs [90]. The mTORCI1 kinase has also been shown
to modulate senescence-induced inflammation and SASP [91].
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As previously mentioned, studies on the regulation of SASP have primarily focused on
the transcriptional and post-transcriptional regulation of inflammatory cytokines. However,
there is a limited understanding of the regulatory mechanisms underlying other SASP
factors, such as growth factors and proteases. A recent study on fibroblasts has described
that E2F4, TEAD1, and AP-1 transcription factors are major regulators of RS [92]. Moreover,
AP-1 is involved in the expression of IL-6, IL-18, and MMP-10), as their expression is
abrogated when expressing a dominant-negative isoform of ¢-Jun, one of the subunits
of AP-1, during OIS in fibroblasts [93]. Future studies focusing on the regulation of non-
inflammatory SASP factors would be valuable.

3.3. Epigenetic Regulation

The physical clustering of SASP genes, such as MMPs (MMP-1, -3, -10, and -12) or
chemokines (CXCLs and CCLs), suggests that the regulation of their expression may depend, at
least in part, on broader changes in chromatin conformation [94]. Indeed, several histone vari-
ants can influence the expression of SASP genes. For example, the relocation of the macroH2A1
histone variant away from SASP genes following ER stress response-mediated activation of ATM
in fibroblasts in OIS is involved in the maintenance of SASP gene expression [56]. Moreover,
the increased expression of histone variant H2A ] in fibroblasts undergoing etoposide-induced
senescence enhances the expression of multiple genes associated with inflammation and im-
mune response. This effect is likely attributed to the interaction of H2A ] with other factors [95].
In addition, nuclear HMGBs bind to DNA, facilitating the access of transcription factors to
promoter regions. In fibroblasts in RS or IRIS, HMGBI can be released into the extracellular
space and act as an alarmin to activate NF-kB, which subsequently upregulates the expression of
pro-inflammatory target genes [96]. Furthermore, HMGB2 preferentially localizes to SASP gene
regions during OIS in fibroblasts, protecting them from being incorporated in transcriptionally
repressed SAHF regions [97].

3.4. Secretory Control: Compartments of Secretion and Vesicular Trafficking

Even though most organelles are morphologically or functionally affected during
senescence, their proportion increases in senescent cells due to various signaling defects. In
addition to nuclear and mitochondrial dysfunction, the endoplasmic reticulum, Golgi ap-
paratus, and lysosomal compartments are strongly involved in the generation, processing,
and release of SASP factors [91].

The ER is the site of membrane biosynthesis used in secretory and excretory path-
ways. It is responsible for folding and maturating secreted proteins, making it the first
compartment of secretion. Recently, it has been proposed that ER stress and the subse-
quent activation of the unfolded protein response upon senescence could contribute to the
modified secretome of senescent cells [98]. While there are multiple connections between
the UPR and inflammation [99,100], the UPR and normal or tumoral secretome [101-103],
as well as the UPR and direct control of MMPs [104], the data directly linking ER stress
with SASP are scarce. Our group demonstrated that knocking-down ATF6 in RS fibroblasts
decreased IL-6 mRNA levels [57]. Chen et al. [56] proposed that UPR induction in RAS-
mediated senescence led to macroH2A1 expression, which, in turn, induces the expression
of various SASP-associated genes in fibroblasts. Moreover, Dorr et al. [55] suggested that
OIS and TIS induce proteotoxic stress and UPR activation to ensure SASP production.
Nevertheless, the exact role of ER and UPR must be further addressed to confirm a central
role in the establishment and composition of SASF.

The Golgi structure is also altered in senescent cells [105]. These alterations can
not only be mediated by the translocation of a G protein y subunit from the plasma
membrane to the Golgi [106] but also by the impaired expression of the vacuolar ATPase
ATP6V0OA2, which acidifies organelles such as Golgi, endosomes, or lysosomes [107].
This results in deep changes in post-translational glycosylation in the Golgi, impacting
SASP compounds. In addition, the trans-Golgi network (TGN) appears to be increased in
senescent cells. A blockade of TGN components such as the protein kinase D1 (PKD1) is
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associated with the intracellular accumulation of some SASP factors including IL-6 and IL8
in OIS fibroblasts [108].

Lysosomes are at the crossroads of endocytic and exocytic pathways, and their in-
creased abundance in senescent cells may be associated with the exacerbation or dereg-
ulation of these pathways. Besides their partnership with the Golgi apparatus and the
endosomal compartments, lysosomes are also important for the clearance of cytoplasmic
chromatin fragments (CCFs). CCFs may leak from the nucleus in the cytoplasm of senescent
cells and induce an SASP; both CCFs and SASP inductions would be related to a retrograde
mitochondrial-nucleus signaling pathway associated with the mitochondrial increase in
ROS species [91].

In melanoma cells, the lysosomal exocytosis mediated by the small GTPase RAB27A
has also been shown to be upregulated in TIS and to participate in SASP factors secretion,
including the chemokines CCL-2 and CXCL-12 [109]. Along with this enhanced lysosomal
secretion, senescent cells exhibit a remodeling of their lysosomal proteome with selective
enrichment in some lysosomal resident proteins such as those implicated in vesicular
transport and fusion [109].

Small EV and exosome secretions are now part of the specific secretory phenotype.
The release of senescence-associated exosomes is linked to RAB27A expression, as silencing
of RAB27A leads to decreased exosome secretion in fibroblasts undergoing RS or OIS [110].
Rab27 GTPases are associated with the connection of multivesicular endosomes and the
secretion of exosomes [111]. The enhanced biogenesis of EVs and their release by senescent
cells have been demonstrated to be associated with the extent of DNA damage generated
by the senescence inducer, as well as the activation of the ceramide synthetic pathway [112].
EVs and exosomes also contribute to SASP and its paracrine impact. For example, EVs
from senescent stromal cells can enhance the proliferation of cancer cells by promoting
the activation of the ephrin-A2 tyrosine kinase receptor, which interacts with overex-
pressed ephrin-A1l on the surface of the cancer cells, thereby boosting an Erk-dependent
proliferation pathway [110,113]. In addition to being components of SASP, the release of
senescence-associated EVs seems to be a mechanism used by senescent cells to discard
cytoplasmic chromatin DNA fragments (CCFs), thus limiting DNA damage accumulation
caused by major stress exposure and potentially modulating SASP [110,112]. Finally, EVs
and exosomes are opening a new era of a multifunctional SASP due to their wide range
of potential contents, as well as the specificities of the cellular niches and partnerships in
which they operate.

4. Senescence and SASP In Vivo

Senescent cells accumulate in tissues with age. A meta-analysis showed that even if the
proportion of senescent cells in 14 different human tissues is correlated with chronological
age, it varies depending on the tissue type and the senescence marker used [114]. Moreover,
the accumulation of senescent cells is also detected at pathological sites due to various
stress signals regardless of age [115]. As a result, there is a wide diversity of senescent
cells throughout the body. Furthermore, several studies have indicated that the elimination
of senescent cells using transgenic mice, such as the INK-ATTAC and p16-3MR mouse
models that both specifically target the elimination of pl6-positive cells [15,116], or through
the use of small pharmacological molecules called senolytics (which kill senescent cells)
or senomorphics (which suppress some or all of their phenotype/properties) has shown
improvements in healthspan, alleviated several age-associated conditions, delayed tumor
formation, and mitigated the side effects of chemotherapy [117-120]. These findings
highlight senescence as a signiticant contributor to ageing and associated pathologies.
Theretore, SASP profiles may contribute to developing senescence biomarkers in human
plasma or other biofluids, as well as assessing the efficacy of senescence-targeted therapies
(see Section 6). Basisty and colleagues defined in senescent culture cells a core SASP
including GDF15, STC1, SERPINE1/PAI-1, and MMP1, which are also reported to be
significantly increased among the plasma markers of ageing in humans [60]. Another
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study showed that doxorubicin-induced senescence enriched the SERPINE1/PAI-1 SASP
factor in plasma in vivo [61]. However, these markers can also serve as biomarkers for
several diseases such as cardiovascular, metabolic, neurodegenerative, and malignant
diseases, regardless of age. This makes them indicators of a “state of ageing” rather than a
chronological accumulation of senescent cells. Surprisingly, the production of SASP factor
IL-6 is increased in in vitro senescent models, but the circulating levels of IL-6 are not
significantly different between young and elderly subjects [121,122]. Interestingly, Markov
et al. identified, by using machine learning on a human cohort, immune biomarkers to
predict brain ageing and suggested that intervention on these biomarkers could prevent
brain ageing [123]. Regarding the use of senolytics for treating human cellular senescence-
associated diseases, it is worth noting that the SASP factors assayed or detected can vary
significantly from one study to another [124,125]. These variations are undoubtedly specific
to the origin of senescent cells, which makes them difficult to use as markers in clinical
settings. Further studies are needed to be able to robustly consider SASP factors, or a subset
of them, as reliable biomarkers and to determine how SASP could be effectively translated
into clinical applications.

5. Pleiotropic Roles of SASP

Due to its diverse composition, SASP can have pleiotropic effects on the cellular
environment, which can be either beneficial or deleterious. Several recent publications have
extensively covered this topic [10,58,126]. However, in this section, we focus on certain
physiological and pathophysiological consequences that SASP can cause. Specifically, we
examine how SASP influences extracellular matrix remodeling, intercellular communication
modification, ageing, and the development of cancer.

5.1. Extracellular Matrix Remodeling

Collagen alterations in the dermal ECM have been associated with the decline in
human skin structure and function during ageing. This emphasizes the overexpression of
cysteine-rich protein 61 (CCN1) and MMP-1 expression in the SASP of senescent fibrob-
lasts [127]. Changes in ECM composition and ECM-degrading molecules produced by
SASP also disrupt elastin and collagen fiber networks and basement membranes in ageing
tissue [128]. Therefore, SASP-related changes in ECM components have a notable effect on
cell functions and fates by altering the tortuosity of collagen or by increasing the stiffness
of the ECM as ageing progresses.

In the context of tissue injury, senescent cells can play a role in regeneration by ac-
celerating wound healing or limiting fibrosis. For instance, the transient secretion of
PDGF-AA (Platelet-derived growth factor AA) from senescent fibroblasts is necessary
for effective healing following skin injury [15]. Strikingly, the short-term presence of
miR-23a-3p in EVs derived from senescent fibroblasts allows a faster wound closure of
epidermal keratinocytes [129]. However, to date, few studies have investigated the link
between senescent cells and ECM since the matricellular protein CCN1 has been shown to
induce ROS-induced senescence in fibroblasts during wound healing [130]. In addition,
the secretome of senescent HSCs (hepatic stellate cells) plays an important role in fibrotic
degradation and maintenance of liver tissue homeostasis [131]. Moreover, the elimination
of senescent p16High LSECs (Liver Sinusoid Endothelial Cells) in mice induces fibrosis [132].
Recently, efforts have been made to better characterize the changes in the matrisome of
senescent cells and their effects on the environment. Hierbert and colleagues [133] described
that the activation of Nrf2 in fibroblasts triggers the production of a senescence-promoting
ECM via the expression and secretion of certain ECM proteins, such as PAI-1. This can
accelerate wound closure and promote re-epithelization in vivo. In addition, Nrf2 inhibi-
tion in fibroblasts reduces the production of collagen I and alters ECM deposition [134].
Furthermore, when muscle stem cells are seeded onto decellularized ECM maintained
by senescent fibroblasts, their responses and functions are affected, resulting in enhanced
expression of fibrogenic markers and reduced myogenic markers [135].
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5.2. Tumor Suppression and Promotion

While cellular senescence is widely recognized as an anti-tumor barrier, there is
growing evidence to suggest that senescence may also have a tumor-promoting role.

Senescent cells have been observed at sites of benign tumors, such as prostatic hy-
perplasia and melanocytic naevi [136,137]. The factors secreted by these cells influence
the tissue microenvironment and impact cellular differentiation and proliferation, no-
tably in cancer cells [136,138]. Moreover, the first studies pointing out the role of the
cellular microenvironment in the promotion of cancer progression highlighted the role
of Carcinoma-Associated Fibroblasts (CAFs) in prostate cancer progression [139]. It has
been subsequently reported that senescent fibroblasts share many features with CAFs,
and can have a similar impact on the differentiation of epithelial cells initiated by cancer,
and on tumor growth both in vitro and in vivo [13,140]. Co-culture systems and xenograft
models have shown that SASP from senescent fibroblasts promotes the tumorigenesis of
premalignant epithelial cells [141], induces epithelial-mesenchymal transition (EMT), and
increases tumor vascularization, which suggests pro-tumorigenic properties [98].

We and others have shown that Normal Human Mammary Epithelial Cells (HMECs)
and Normal Human Epidermal Keratinocytes (NHEKSs) can spontaneously and system-
atically escape from the senescent state [142]. Some rare senescent cells re-enter the cell
cycle via a process called Post-Senescence Neoplastic Escape (PSNE) with characteristics
similar to those observed during the early stages of tumor initiation [52,143-146]. More im-
portantly, when xenografted in nude mice, these PSNE cells developed into disseminated
skin lesions such as hyperplasia and small non-melanoma skin carcinoma, evidencing
their tumorigenic potential [144,145]. SASP from senescent dermal fibroblasts promotes
neoplastic escape from normal human keratinocytes and increases markers of EMT as
well as the migration of emerging cells [145]. This was attributed to the activation of the
membrane PAR-1/Thrombin receptor by MMPs among SASP of senescent fibroblasts [145].
Furthermore, a recent study has identified a BDNF-TrkB axis as being associated with the
role of SASP of aged fibroblasts in promoting EMT initiation in primary keratinocytes from
aged donors [147].

Another point is that the alteration in the secretion of ECM components and regulators
by senescent prostate cells generates a favorable environment for tumor development [148].
UVB-induced senescent fibroblasts were shown to produce an ECM that promotes prolifer-
ative signaling pathways of preneoplastic HaCaT epidermal keratinocytes [149]. Enhanced
collagen deposition has been described along breast cancer progression, with dysregu-
lated architecture and increased reticulation via abnormal expression of lysyl oxidase and
MMP-resistant collagen isoforms, contributing to carcinoma progression [150]. Moreover,
increased collagen matrix stiffness has been shown to control the cell fate of normal breast
cells in 3D models. The increase in collagen concentration led to the overexpression of the
ab6B4 integrin pair, profound disruption of the architecture from regular normal-like acini
and tubes to a tumor-like mass of increasing size, and decreased differentiation [151].

Taken together, the combination of SASP factors responsible for the pro-tumorigenic
effects remains poorly understood. However, progress has been made in defining how
context-dependent (such as cellular partnerships, specific soluble proteins, or membrane
receptors) can influence the effects of SASP in cancer promotion [152].

5.3. Senescence Induction and Reinforcement

In addition, SASP primarily influences the induction and reinforcement of senescence.
It is now clear that senescent cells maintain their phenotype through an autocrine positive
teedback loop in which the main factors identified are cytokines such as IL-6 and IL-
8[79,153]. Similarly, the same SASP factors and many others such as TGF-p family ligands,
VEGE, and chemokines such as CCL2 and CCL20 also play an important role in inducing
paracrine senescence in neighboring cells [154]. The intensity of SASP can impact local
homeostasis paracrine through signals that propagate the senescent state, exacerbating
local stress, and inducing ROS-mediated damage in neighboring cells. This is the so-called
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SMS effect of SASP. Hence, conditioned media (CM) of cells exposed to UV radiations
(UVA, B, and C) initiate bystander DNA damage in non-exposed neighboring cells [155].
Moreover, since the recent interest in deciphering the role of eSASP, new studies have
shown the important contribution of microvesicles in the propagation of the senescent
phenotype, for example, via the transfer of interferon or miRNA cargo factors [156,157].

5.4. Other Functions of SASP

SASP can modulate the fate of neighboring cells in several ways and can even impact
the differentiation of surrounding cells.

For example, Wiley et al. [21] have shown that CM harvested from fibroblasts whose
mtDNA has been depleted (rho()) can block adipogenesis in preadipocytes but promote ker-
atinocyte differentiation. A recent study also showed that TGF-{3 secreted by senescent cells
can influence the differentiation of T helper cells during the response to influenza infection
in mice [158]. A proteomic analysis of CM of fibroblasts in IRIS identified a role for SASP
in hemostasis, platelet activation, and degranulation [61]. Moreover, transient exposure of
primary mouse keratinocytes to SASP of OIS keratinocytes led to enhanced plasticity via
the increased expression of stemness markers and better regenerative capacities in vivo,
while long-term exposure promoted senescence, reducing regenerative stimuli [159]. There-
fore, SASP may induce cellular plasticity and tissue regeneration capacities according to its
intensity and duration, and may promote cellular reprogramming in neighboring cells [160)].
In parallel, ECM stiffness is also of particular importance in stem cell response and can lead
to considerable changes in cell signaling, shape, and differentiation status [161]. Decellu-
larized matrices form cardiac explants of donors of various ages, differentially impacting
the cell fates and functions of IPSC-derived cardiomyocytes (ICMs) cultured on top of the
matrices. In fact, matrices from young donors can enhance the proliferation and functions
of young ICMs, while matrices from aged donors promoted their senescence [162]. In
addition, SASP can reduce muscle stem cell expansion. In damaged muscle, senescent cells
altered their normal niche to create an age-related-inflamed microenvironment that impairs
regeneration [163].

Finally, Saul et al. [164] conducted a bioinformatic analysis and identified a panel of
genes, called SenMayo, which is enriched in elderly vs. young women. They evaluated
the applicability of SenMayo across tissues and species. Using their tool, they were able to
evaluate intercellular communication patterns of senescent cells with other cells in their mi-
croenvironment at the single-cell level. Overall, they showed that senescent hematopoietic
and mesenchymal cells interact with neighboring cells mainly through the Macrophage
Migration Inhibitory Factor (MIF) pathway.

6. Developing Strategies to Block SASP or Its Specific Effects

Given the importance of senescence in physiological processes, it is reasonable to
think that there is a threshold beyond which the accumulation of senescent cells induces a
microenvironment conducive to the development of pathologies via SASP. The accumula-
tion of senescent cells can also occur when the immune system ages, altering the ability of
immune cells to clear senescent cells.

Elimination of senescent cells by senolytics demonstrated a contributive role of senes-
cent cells in ageing and age-related diseases [165] and paved the way for the development of
senotherapeutic approaches. Therefore, over the past 5 years, senotherapeutic research has
emerged to slow down the ageing phenotypes. Current senotherapeutic strategies targeting
senescent cells are mainly based on drugs that specifically kill senescent cells (senolytics)
and components that suppress the detrimental effects of SASP without inducing senescent
cell death (senomorphics, also known as senostatics) [166-172]. Other senotherapeutic
strategies include prodrugs, protein degraders, nanocarriers, and immunotherapies [173].
It is worth noting that a recent study showed that eliminating senescent cells by using
chimeric antigen receptor (CAR) T cells that specifically target senescence-specific surface
antigens such as uPAR improved the survival of mice with lung adenocarcinoma and re-
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stored tissue homeostasis in a chemical-induced liver fibrosis mouse model [41]. Emerging
preclinical evidence has highlighted the significant potential of these approaches [27,28,124].
However, further analyses are necessary to rule out the potential adverse effects of long-
term administration. Additionally, there are ongoing efforts to evaluate combinations of
senotherapies in individuals with multiple age-related diseases [174].

Nevertheless, in this section, we will not cover all senotherapeutic strategies, especially
as excellent reviews have recently been published on senolytic developments [171,175-177],
but rather focus on those with senomorphic activities (Table 2), based on their ability to
block SASP components.

A first strategy would consist in using neutralizing antibodies, recognizing and block-
ing specific surface proteins upregulated at senescence. Secretion of IL-6 has been decreased
in senescent HUVECs and fibroblasts treated with anti-TNFo or anti-ephrin B2 antibodies,
respectively [178,179]. Several other surface proteins are known to play a role in the regula-
tion of SASP profiles, including SCAMP4, Notch, and CD36 [40,51,180]. However, it has
not yet been reported that the use of neutralizing antibodies targeting SCAMP4, Notch, or
CD36 can impact the composition of SASP and, therefore, arrive at a conclusion regarding
their senomorphic properties. In a model of bleomycin-induced senescence, the secretion
of certain SASP factors (including IL-6 and IL-8) can be directly inhibited with neutralizing
antibodies such as those against the membrane-bound IL-1x [181]. It would be interesting
to investigate the impact of other neutralizing antibodies directed against other major SASP
factors such as circulating IL-13-, IL-6, or their receptors [152], on their abilities to alter the
chemical composition of SASF, impair SASP-mediated effects, and attenuate other features
of senescence in different cell types.

A second strategy would be to use pharmacological and natural compounds. Many
senomorphics are polyphenols (including flavonoids, phenolic acids, lignans, and stil-
benesenes) that possess antioxidant activities, but their modes of action have not been
thoroughly studied. Other senomorphics are plant extracts consisting of a mixture of
terpenes, alkaloids, and polyphenols. The biological effects of these compounds are
multiple, ranging from the activation of antioxidant enzymes to the reduction in inter-
leukin or MMP expression, and the inhibition of MAPKSs. Data in Table 2 show that most
senomorphics modulate the senescent phenotypes to disrupt the proinflammatory nature
of senescent cells.
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Most studies, however, have only assessed a few SASP major factors (such as IL-6,
IL-1B, and MMPs) following senomorphic treatments, which is not representative of SASP
as a whole. Moreover, the impact of senomorphics on the secretion of ECM components,
microvesicles, and complex lipids remains largely unexplored. Senomorphics can act on
multiple targets depending on the context, the nature, and the model of senescence. In
some cases, we cannot rule out that they might even increase the secretion of some detri-
mental factors. This raises the concern that SASP resulting from senomorphic treatment
should probably be less deleterious and should be considered as modified rather than
non-senescent-like. In addition, few studies are using CM from senescent cells treated
with senomorphics to examine the biological effects of the modified SASP (such as the
pro-tumoral impact or differentiation) on other cell types. A study demonstrated that
CM from senescent HUVECs treated with anti-TNFa reduced the migration and mammo-
sphere formation of MCF7 cells compared to the CM obtained from untreated senescent
HUVECs [178]. Other authors showed that CM from senescent preadipocytes treated
with a JAK inhibitor (ruxolitinib) prevented macrophage migration, reduced inflammation
in non-senescent preadipocytes [83], and attenuated osteoclast differentiation [202]. CM
collected from simvastatin-treated senescent tibroblasts suppressed breast cancer cell pro-
liferation by reducing the phosphorylation of ERK1/2 [195]. Furthermore, CM of senescent
cancer cells treated with metformin attenuated the sphere-forming ability of growing cancer
cells [191]. Metformin has also been shown to reverse the decrease in the migration of
senescent VSMCs [192]. Therefore, in the absence of more extensive data, it is difficult to
assess the real effectiveness of senomorphics on SASPE.

7. Conclusions and Future Directions

Despite the efforts to characterize the senescence phenotype and the composition
of SASPs, understanding the biological effects at a given time for a given cell type and
senescence inducer remains challenging. Senescent cells are very heterogeneous, there-
fore, comparing the effects and status of senescence between senescent cells is a complex
operation. Indeed, senescence evolves based on the microenvironment and time elapsed.
This modulation suggests that the factors responsible for initiating senescence may not
be the same as those involved in maintaining the senescent phenotype. In other words,
the “initial /early” senescence is not the same as the “terminal/late” senescence. Once
senescence is reached, senescent cells can correct some characteristics of their phenotype
via the microenvironmental context. This indicated that the tissue’s physiological and
pathological context contributes to the extent, intensity, and regulation of senescence. In
turn, the new information received can prompt senescent cells to adapt and produce an
SASP that is more attuned to the context, meaning that the communication of the senescent
cells is not unidirectional (Figure 2). This gives rise to a large variety of SASPs, and the
different combinations of SASP components could generate distinct « barcodes » that may
dictate SASP-mediated responses. For this reason, machine learning might be a promising
tool to help the better characterization of SASPs [203].

Although etforts have been made to understand the effects of secreted factors, partic-
ularly, pro-inflammatory factors, little is known about the effects of changes in the ECM
as well as direct cell-to-cell contacts. Secreted factors are only one of the means by which
cells communicate with their matrix and cellular microenvironment [13]. Moreover, most
studies on senescence have been carried out on fibroblasts, a model that, in essence, does
not give rise to direct intercellular communication. Furthermore, the precise role of each
class of secreted molecules in mediating the biological effects of SASP remains unclear.
While the pro-inflammatory portion is known to be related to the pro-oncogenic effects of
SASPF, the role of secreted matrix proteins is not well understood. Models of decellularized
matrices from senescent cells could help to fill this gap in our knowledge.
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cell type

factors influencing the composition of the SASP

variable SASP variable SASP

core SASP core SASP

senescence
inducer

micro- cell type senescence micro-
environment inducer environment

factors influencing the composition of the SASP

Figure 2. The crosstalk between the senescent cells and their microenvironment through the SASP.
The core SASP is defined as the common SASP components shared between different senescent
cells regardless of the cell type, senescence inducer, micro-environment, or time-point. The final
composition of SASP (colored dots) is the combination of the core SASP and the variable SASP,
which is defined by the four different factors mentioned above. Altogether, the whole SASP will
influence different physiological and pathophysiological processes, such as cell differentiation, micro-
environment deregulation, paracrine induced-senescence, and age-related pathologies (left panel).
However, the question remains, are those modulations of the cellular environment influencing,
in turn, the composition of SASP, and to what extent the core and variable SASP are affected

(right panel)?

Beyond the fact that SASP may evolve and that we lack knowledge on temporal
aspects, data on the transcriptomic, proteomic, and secretomic concordance are necessary.
There are limited secretomic data available to support conclusions about the effects of SASP.
In addition, co-culture models could be of great interest for modeling cellular interactions
and the evolution of SASP, as the presence of other cell types can influence the secretome of
senescent cells, either by slowing it down or stimulating its production. Several studies
have attempted to define a core SASP, which is very useful to understand the common
aspects following different senescence inducers or cell types. However, from a therapeutic
point of view, it would be more interesting to understand what differentiates two cell
types that have undergone the same senescence inducer. As an example, when two SASPs
have a 70% similarity, it raises questions about the potential impact of the remaining 30%
difference. This highlights the potential for the selective use of SASP blockers. Regarding
SASP blocking molecules, their senomorphic properties have been essentially based on
their ability to inhibit the transcription of SASP genes. However, concordance between
transcriptomics, proteomics, and secretomics has not been demonstrated for all SASP genes.
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Further experiments are needed to validate this concordance as well as data using CM from
senescent cells treated with senomorphics.

In conclusion, there is still much to be discovered regarding how SASP communicates
with its environment and network, and it is only through multidisciplinary approaches
that we can better understand and decode them. Finally, it is still challenging to critically
evaluate the use of SASP in vivo, as modulating its components has demonstrated limited
reliability on human health. To be continued in the next “What SASP” discussion.
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