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Summary

The long-standing view of senescent cells as passive and dysfunctional biological remnants has recently shifted into a
new paradigm where they are main players in the development of many diseases, including cancer. The senescence
programme represents a first line of defence that prevents tumour cell growth but also leads to the secretion of
multiple pro-inflammatory and pro-tumourigenic factors that fuel tumour initiation, growth, and progression. Here,
we review the main molecular features and biological functions of senescent cells in cancer, including the outcomes
of inducing or targeting senescence. We discuss evidence on the role of cellular senescence in pituitary tumours, with
an emphasis on adamantinomatous craniopharyngioma (ACP) and pituitary adenomas. Although senescence has
been proposed to be a tumour-preventing mechanism in pituitary adenomas, research in ACP has shown that se-
nescent cells are tumour-promoting in both murine models and human tumours. Future studies characterizing the
impact of targeting senescent cells may result in novel therapies against pituitary tumours.
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Introduction

The term cellular senescence is widely used to describe a
phenotype characterized by an irreversible (or at least
long-lasting) exit from the cell cycle, mainly upon
chronic exposure to molecular stress and damage. First
discovered as an outcome of continuously culturing
finite human cell lines, the potential implications of
such a mechanism in aging and cancer, proposed by the
authors, were very controversial at the time and not
immediately recognized by the scientific community.'
Today, more than 60 years after being first described,
there is sufficient evidence demonstrating that senes-
cent cells are involved in normal physiological processes
on one side, while contributing to ageing and multiple
pathologies on the other. This dichotomy is best
appreciated in cancer, where cellular senescence can
efficiently prevent tumour growth and progression,
while paradoxically mediating a plethora of protu-
mourigenic processes in several cancers.

The pituitary gland, or hypophysis, can harbour
distinct types of neoplasias that are widely considered
histologically benign (WHO I classification). However,
some pituitary tumours can behave aggressively in the
clinic, showing rapid growth and local invasive behav-
iour, becoming resistant to treatment, or acquiring a
tendency for relapse. This is particularly relevant to
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Adamantinomatous Craniopharyngioma (ACP), the
most common pituitary tumour in children and young
adults. Clinical management of ACP can be consider-
ably difficult, mainly due to significant post-treatment
morbidity, leading to poor quality-of-life and short-
ening lifespan in many patients. Research over the last
decade has provided unique insights into the aetiology
and pathogenesis of ACP, leading to clinical trials tar-
geting pathogenic signalling pathways. Importantly,
findings in ACP murine models and human ACP have
uncovered cellular senescence as a key factor in tumour
initiation and progression, as well as a novel therapeutic
target.

The main aim of this review article is to describe our
current knowledge on the role of cellular senescence in
the initiation and further development of paediatric pi-
tuitary tumours. We will focus on ACP, due to its rele-
vance for the paediatric population, but we will also
discuss research conducted in pituitary adenomas (also
known as pituitary neuroendocrine tumours, PitNETs).
Finally, we will describe findings from studies in other
cancer models which highlight the relevance of senes-
cence as a potential target against cancer.

Senescent cells: an overview

Senescent cells have common molecular features
A major outcome from the last two decades of research
into the causes of cellular senescence is that this
phenotype can be induced by chronic exposure to a
growing list of cellular and molecular damaging factors.”
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Among the most studied senescence inducers are the
attrition of telomeres, oncogene signalling (or the loss of
tumour-suppressor genes), chronic DNA damage
caused by both physical and chemical agents (including
radiation and chemotherapeutics), in addition to meta-
bolic stress caused by oxidative species and mitochon-
drial dysfunction.”” On the other hand, a growing body
of evidence has also shown that senescent cells can arise
through other mechanisms not directly related to
chronic stress or damaging stimuli, as senescent cells
have been shown to exist transiently during embryonic
development in mice, zebrafish, amphibians, birds,
naked mole rats and humans (known as developmen-
tally programmed cellular senescence).*"

The senescent phenotype varies widely at the mo-
lecular level, differing even among individual cells
within the same population. Major determinants
include the cell-type induced to senesce, the type of
damaging stimulus, time after stimulation, the cellular
microenvironment (e.g., differential responses be-
tween in vitro and in vivo, or between 2D and 3D sys-
tems) and interactions with the immune system.'*'
There are, however, some features that can be
considered common across senescent and “senescent-
like” states.™'® First, most senescent cells appear to
have an expanded lysosomal compartment, which is
related to their amplified metabolism. This fact allowed
the establishment of the Senescence-Associated Beta-
Galactosidase (SA-B-Gal) assay,” a straightforward
technique based on labelling the over-accumulation of
Lysosomal p-Galactosidase (encoded by the GLB1 gene)
in senescent cells.®"

The most elemental features in the definition of a
senescent cell are a stable cell cycle arrest and the
resulting long-term absence of cell proliferation, even in
the presence of growth-inducing conditions.** However,
in vivo and in vitro experimental demonstration of these
features is often overlooked in senescence character-
ization studies, often in favour of more convenient,
albeit non-specific, molecular markers such as SA-p-Gal.
Assessing a lack of cell division can be conducted
through proliferation assays in culture, while the cell-
cycle arrest should be corroborated through the
absence of DNA nucleotide analogue incorporation
during the DNA replication phase (e.g., EdU), or
through the lack of cell cycle marker expression such as
Ki67, phosphorylated Histone H3 or phosphorylated
retinoblastoma protein (pRB).”!

In senescence characterization studies, it is now
standard practice to assess the robust expression of the
two main cell cycle-inhibiting pathways p53/p21%A"/
CIPL and p16™X42/RB, as both (or at least one) of these
pathways are crucial for the initiation and establishment
of most reported senescent cell states.”? Caution should
still be taken as the expression of p21 (encoded by the
CDKN1A gene) is can also be found in quiescent cells.
Although the expression of pl6 (encoded by the

CDKN2A gene) is generally considered to be a more
robust marker of a well-established senescent pheno-
type, it can also be expressed in proliferating tissues and
cells (e.g., cancer cells with RB loss of function).” As
both examples suggest, the use of only a single marker
could be misleading during the characterization of se-
nescent cells.

Another hallmark of cellular senescence is the un-
resolved accumulation of DNA damage (e.g., double-
strand breaks), which leads to the long-term activation
of the DNA-Damage Response pathway (DDR). DNA
damage and the DDR can be assessed by the expression
of markers such as YH2A.X, pATM or pATR.* Other
senescence and DNA damage associated features
include nuclear lamina disruption (evaluated by loss of
Lamin B1) and the presence of Senescence-Associated
Heterochromatin Foci (SAHF), which can be detected
by DAPI puncta and increased localized expression of
the histone variants H3K9Me2/3, MacroH2A, or
HP1y.* Furthermore, DDR signalling will reinforce the
cell cycle arrest through the p53/p21%AF/<'P1 and
p16™¥*/RB pathways and lead to overexpression of
BCL-2 family members such as BCL-XL and BCL-W,
which can be measured to show resistance to
apoptosis.”*” The senescent phenotype is thus a highly
multifaceted, dynamic, and context-dependent cellular
state. Although the SA-B-Gal assay is the most widely
used method for identifying senescence, detailed mo-
lecular and cellular studies should always be conducted
afterwards, as SA-B-Gal can be present in some prolif-
erating or quiescent cells.”® Thus, unequivocal identifi-
cation of senescent cells requires characterization of
multiple markers belonging to the diverse hallmark
molecular pathways and cellular processes that charac-
terise senescence.

Senescent cells are paracrine signalling
powerhouses

Despite having a name suggesting a deteriorated func-
tion, senescent cells are characterized by a viable and
overcharged metabolism which allows them to synthe-
size and secrete large amounts of cytokines, chemo-
kines, growth factors, extracellular matrix (ECM)
components and remodelling factors, as well as other
pro-inflammatory metabolites and extracellular vesicles.®
This signalling arsenal is known as the Senescence-
Associated Secretory Phenotype (SASP), and it is a
hallmark senescence feature in addition to the ones
previously described. SASP gene expression is driven by
the proinflammatory master transcription factors NF-kB
and C/EBPf, which lie downstream of the DDR. In
addition, the onset and maintenance of the SASP
depend on different pathways involved in cell growth,
metabolism and molecular stress response regulation
including pI3K/AKT/mTOR, p38-MAPK, JNK/ERK,
inhibition of selective GATA4 autophagy, cGAs-STING,
the NLRP3 inflammasome and Notch, among others.’
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The majority of reported senescent phenotypes pro-
duce a SASP and share some canonical members such
as IL6, IL8, IL1A, CCL2, CXCL1 and CXCL2, whose
expression can be measured as part of senescence
characterization studies. The exact list of secreted
components (and their amounts) can widely vary across
biological conditions and time, and even differ among
individual cells within the same senescent population.”
Some major determinants of SASP diversity that should
be considered are the senescence inducer (e.g., devel-
opmental programming, chemotherapeutics, radiation,
oncogenes, etc.), the induced cell type, time during and
after exposure, the number of initial senescent cells, and
the status of certain senescence-related pathways (e.g.,
TP53 mutations).

One of the best studied consequences of paracrine
SASP signalling is the induction of senescence in
neighbouring proliferating cells (known as bystander
effect or paracrine senescence) and the reinforcement of
pre-senescent phenotypes.® Nevertheless, the SASP can
significantly impact microenvironmental and systemic
functions on both pathological and physiological con-
texts. For example, current evidence suggests that
developmentally programmed senescent cells (and their
SASP) are required for the proper formation of some
organs including the mesonephros, otic vesicles, endo-
lymphatic sacs and developing limbs.”*****? More-
over, senescent cells been shown to mediate tissue
repair through control of partial cell reprogramming or
differentiation in the liver, muscle, and skin.**** In
summary, current evidence supports the notion that
senescence can have beneficial roles in wound healing
and regeneration when their presence and SASP sig-
nalling effects are acute (which follows their removal),
while detrimental roles of senescent cells are widely
observed in chronic wounding scenarios.

Senescent cells and their SASP can be targeted in
disease contexts
The burden of cellular senescence in organs and tissues
represents a strong predictor of both health-span and
lifespan in multiple species.** Two breakthrough studies
showed that elimination of senescent cells can lead to
significant improvements in organ function during
ageing, in addition to increased life expectancies.”*
Importantly, small molecule-guided elimination of se-
nescent cells propelled further research implicating
them in the development and/or progression of multi-
ple pathologies including diabetes, atherosclerosis,
rheumatoid arthritis, metabolic dysfunction, fibrosis
(including in lungs, heart, and kidneys) and neurode-
generative disease.””* Such molecules able to exclu-
sively (or preferentially) target senescent cells and their
SASP are collectively known as senotherapeutics.
Senotherapeutics can be further classified according
to their specific mode of action. Most studies have made
use of senolytics (which kill senescent cells), including
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inhibitors of BCL-2 antiapoptotic pathway members, the
Heat Shock Protein 90 chaperone family (HSP90),
several tyrosine kinases and some cardiac glycosides,
among others. Alternatively, compounds able to specif-
ically target the SASP and its paracrine effects have also
been investigated. These are known as senomorphics
and some of the most successful compounds within this
category include rapamycin (an inhibitor of the mTOR
pathway, commonly known as sirolimus) and metfor-
min (which targets the NF-xB pathway). Importantly, a
growing number of these senotherapeutics are under
phase I and II clinical testing for their safety and
effectiveness in age-related pathologies. We refer the
reader to comprehensive reviews on these and newer
senotherapeutic compounds.*"*

Senescent cells have dichotomous roles in cancer
and tumourigenesis

A wealth of evidence indicates that cellular senescence
can act as a potent anti-tumour growth mechanism by
arresting the proliferation of cancerous cells in response
to oncogenic signalling, a process known as Oncogene-
Induced Senescence (OIS). Notably, the chronic induc-
tion of DNA-damage caused by chemotherapy and
ionizing-radiation can lead to the onset of Therapy-
Induced Senescence (TIS) in tumours. Moreover, TIS
is accompanied by a SASP capable of inducing by-
stander senescence in cancerous (and normal) neigh-
bouring cells, and mediate activation of the immune
system for tumour cell clearance.**

Despite its tumour suppressor activities, senescence
and the SASP can drive serious adverse effects during
cancer pathogenesis. For example, an elegant study in
models of acute lymphoblastic and acute myeloid leu-
kaemias showed that senescence can lead to cell
autonomous acquisition of stemness phenotypes (and
thus increased malignancy) after senescent cells suc-
cessfully escape their cell cycle arrest.* Paracrinally,
the SASP can drive cancer cell proliferation, malignant
progression (such as promoting the acquisition of
novel mutations and the induction of invasive pheno-
types), tumour immune evasion, resistance to therapy-
induced cell death, and angiogenesis, in addition to the
formation or maintenance of metastatic niches.*
Notably, the SASP can also promote the acquisition
of mutations in cells lacking the original driver onco-
genic mutation and thus leading to the growth of par-
acrinally induced tumours. We have named this
process as senescence-induced tumourigenesis and
refer the reader to a more thorough review on its
implications.*

There is growing evidence showing that altering the
tumour microenvironment (TME) can be a major
consequence of SASP signalling. In this regard, signifi-
cant advances have been made by studies showing their
influence during chronic wounding, fibrosis and
inflammation, all of which are processes that can strongly
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impact tumour development and progression.““* For
example, researchers showed that specific targeting of
senescent cells in mouse models of pulmonary fibrosis
leads to a reduction on abnormal collagen deposition and
restoration of pulmonary function.” This, and evidence
derived from other studies in mouse models and human
clinical trials, support the notion that senescent cells and
the SASP are significant players in the development and
progression of pulmonary fibrosis.”**> From this we
expect future studies to arise addressing the impact of
senescent cells, and the SASP, in cancer predisposition
enabled by chronic wounding, fibrosis and inflammation.

Altogether, the evidence suggests senescent cells
represent a mixed blessing in cancer pathogenesis,
prompting support for the advancement of one-two
punch sequential therapies wherein tumour growth
can first be stopped by traditional senescence-inducing
approaches (e.g., radiotherapy, chemotherapy, or tar-
geted therapies), followed by senotherapeutic clearance
(e.g., senolytics).”*

Evidence of cellular senescence and their

impact in paediatric pituitary tumours
Pituitary tumours represent 20% of all intracranial
tumours in children and despite their mostly benign
histopathological features, they can display aggressive
clinical behaviour due to compression and/or invasion
of surrounding brain structures such as the hypothal-
amus, cranial nerves, and optic tracts. Although some
tumours can be managed medically (e.g., reducing the
effects of hormone secretion in pituitary adenomas
using specific drugs), large and aggressive tumours are
mainly treated with surgery and/or radiotherapy.
These non-curative treatments result in high recur-
rence frequency and significant morbidity including
panhypopituitarism, blindness and hypothalamic syn-
drome, leading to poor quality of life for many patients
or even premature death.*®

Two major types of tumours can arise in the pituitary
region at this life stage: craniopharyngiomas and pitui-
tary adenomas, also known as pituitary neuroendocrine
tumours (PitNETS). Craniopharyngiomas (CPs) are the
most common type of intracranial non-neuroepithelial
neoplasm in children and represent around 80% of
cases associated to the pituitary gland in this popula-
tion.”” Their clinical presentation involves symptoms
mostly derived from increased intracranial pressure and
disrupted pituitary hormone secretion. These include
visual impairment, nausea, headaches, and pathological
growth retardation which is often followed by weight
gain indicative of hypothalamic obesity.”” Although post
operative long-term survival is high, mortality is around
3-5 times higher than the general population. This
increased mortality has been associated to long term
complications including tumour recurrence (around
25% of cases), cerebrovascular disease, chronic

neuroendocrine alterations, morbid hypothalamic
obesity, non-alcoholic fatty disease, metabolic syn-
drome, and cardiovascular disease.””**

Although all CPs are thought to originate from
remnants of Rathke’s Pouch (the embryonic pituitary
precursor), they are classified into two subvariants that
can be distinguished at genetic, epidemiological, and
pathological levels: papillary craniopharyngiomas
(PCPs) and adamantinomatous craniopharyngiomas
(ACPs). PCPs, normally affecting the elderly, carry
mutations in the BRAF gene and are thus characterized
by MAPK pathway over-activation,” while ACPs are
diagnosed in children and adults and are characterized
by mutations in the CTNNBI gene leading to the over-
activation of the canonical WNT pathway.”

ACPs are the most common subvariant found in
children.® MRI assessment of the sellar region describe
masses with variable levels of solid and cystic compart-
ments, the latter containing a characteristic oily sub-
stance known as colloid. Differential diagnosis can also
be further informed by computed tomography (CT)
imaging for the identification of calcified regions,
another ACP hallmark.”” Histologically, the solid
neoplastic component of ACPs displays a complex
arrangement of different compartments including
tightly packed columnar cells arranged as a “palisaded
epithelium”, regions of loosely connected cells together
with microcystic formations (known as “stellate reticu-
lum”), epithelial cell whorls, anucleate cell remnants
(known as “ghost cells” or “wet keratin”), calcifications
and immune cell infiltrates.”!

Adamantinomatous craniopharyngiomas harbour
senescent cells with potential paracrine tumour-
promoting activities

Although senescence is usually associated with aged
tissues, research on ACPs has demonstrated the pres-
ence of senescent cells in mouse and human tumours at
an early age and revealed a key role in the pathogenesis
of these neoplasias.

Several sequencing studies have established that the
vast majority of ACPs carry activating mutations in
exon 3 of the p-catenin gene (CTNNBI). This mutation
prevents the f-catenin protein from being degraded,
thus accumulating in the cytoplasm, and translocating
to the nucleus where it unrestrictedly activates the
expression of canonical WNT pathway genes. Immu-
nostaining in histological sections allows the observa-
tion of cells that accumulate nucleocytoplasmic
p-catenin, either arranged in tight cell groups or whorls
(or simply p-catenin cell clusters, as we will refer to
them hereafter), or dispersed throughout the tumour
as single cells. Both sequencing for CTNNBI or
staining for nucleocytoplasmic f-catenin accumulation
have thus become standard practices in the accurate
differential diagnosis of ACPs from other pituitary
tumour entities.”
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Two mouse models in which a similar Ctnnbl mu-
tation is targeted to the pituitary gland, either in em-
bryonic HESX1+ precursor cells (an embryonic ACP
model) or in adult SOX2+ stem cells (an inducible ACP
model), develop lesions and tumours closely resembling
human ACP at the molecular, cellular, and even imag-
ing levels.”* Initial molecular and cellular studies
conducted in these mouse ACP models led to important
insights about the mechanisms underlying ACP
tumorigenesis. First, expression of oncogenic p-catenin
in pituitary stem cells or embryonic progenitors was
sufficient to induce tumours.”* Before tumour forma-
tion, oncogenic f-catenin expression results in the for-
mation of clustered groups of cells showing
nucleocytoplasmic p-catenin accumulation and over-
activation of the WNT pathway. These B-catenin accu-
mulating cell clusters greatly resemble those found in
human ACP, both at the histological and molecular
levels. Second, the formation of B-catenin cell clusters
precedes tumour development (with latency periods
ranging from 18 weeks in the embryonic model to 6
months in the inducible one), which is interesting
considering that neonatal and in utero ACP cases have
been reported. Third, p-catenin cell clusters are para-
crine signalling hubs that secrete a plethora of protu-
mourigenic factors including developmental factors,
ECM components, as well as several cytokines and
chemokines. Altogether, these mouse models have been
instrumental in establishing the importance of WNT
pathway activation in ACP pathogenesis and revealing
that CTNNB1 mutations are oncogenic drivers in hu-
man ACP.**

Aiming to further understand the role of p-catenin
accumulating cell clusters in ACP pathology, our group
first showed that cluster cells are mostly devoid of pro-
liferation markers, initially suggesting they could be
akin to slow dividing cancer stem cells. Rather unex-
pectedly, genetic lineage tracing and sequencing exper-
iments in both models showed that cells carrying the
oncogene do not give rise to the tumours themselves,
with the latter even displaying distinct de novo genetic
alterations (i.e., lacking a Ctnnbl mutation). These
findings thus indicate the existence of a non-cell
autonomous mechanism of tumour formation in
mouse ACP models.**

Extensive molecular characterization studies at RNA
and protein levels later indicated that p-catenin cell
clusters in both mouse ACP models, and in human
ACP, do not actively divide because they are senescent.
As explained in the previous section, cellular senescence
is a complex phenotype that requires the evaluation of
an assortment of hallmark processes. In brief, mature
f-catenin cell clusters show absence of proliferation and
apoptosis markers, a permanent expression of cycle
inhibiting (e.g., p21<'*'/p53) and DNA Damage-
Response pathways (e.g., YH2AX), an expanded lyso-
somal compartment (e.g., positive for SA-B-Gal), as well
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as constitutive NF-kB signalling (e.g., pIkBa). Addi-
tionally, p-catenin cell clusters were shown to possess a
SASP comprised mostly of developmental factors of the
WNT, FGF, BMP and SHH families,*****" along with
some canon SASP members including: IL6, IL1,
CXCL1, CXCL2 and CCL20% (Fig. 1). Importantly, other
data pointing at p-catenin cell clusters as proin-
flammatory and protumourigenic signalling centres has
been recently reported using single cell RNA
sequencing (scRNA-seq) coupled to bioinformatic
inference of cell-cell communication and ligand—
receptor pair interactions.*®

In ACP mouse models, senescent cell clusters and
their SASP appear capable of drastically altering the
pituitary microenvironment. This includes changes in
ECM composition and structure, recruitment of
migrating undifferentiated cells and inducing prolifer-
ation in cells directly in contact with f-catenin clusters.
To show that senescence is involved in ACP tumouri-
genesis, two different mouse models were generated
(one targeting embryonic pituitary precursors and
another targeting adult stem cells) in which senescent
p-catenin clusters with WNT pathway overactivation still
formed, albeit with a significantly diminished SASP
expression. Notably, pituitaries with attenuated-SASP
clusters lack microenvironmental changes and are not
capable of forming tumours, further supporting a model
of senescence-mediated paracrine tumourigenesis.”

The cell non-autonomous contribution of senescent
cells to tumour formation and progression has also been
recently exemplified. This was done using a mouse
model capable of labelling, isolating, and ablating se-
nescent cells in which macrophages and their SASP
were shown to be critical in the initiation and progres-
sion of lung adenocarcinomas.® The adoption of a
similar genetic-ablation approach in mouse ACP models
is warranted to provide conclusive evidence of the role of
senescent f-catenin clusters in tumour formation.

Current evidence indicates that paracrine tumori-
genic mechanisms are also critical for human ACP.
Importantly, human p-catenin cell clusters are
molecularly similar to those found in murine models
by sharing a signature of senescence and SASP.
Histological and imaging analyses show these clusters
are commonly found at the vanguard of the tumour’s
invasive front, which takes the form of epithelial
finger-like protrusions that infiltrate normal brain
tissue (Fig. 1). Clusters found in such protrusions are
observed in close contact with both brain and tumour
regions displaying high cell proliferation rates, strong
expression of inflammatory markers (e.g., presence of
reactive glia) and overactivation of protumourigenic
pathways like MAPK/ERK.” Notably, senescent clus-
ters express high levels of SASP factors including
several FGFs and EGF, which can activate the MAPK/
ERK pathway.” Furthermore, the targeted inhibition
of this pathway using MEK inhibitors (e.g.,
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Fig. 1: Human ACP contains f-catenin accumulating cells that are senescent and display a secretory phenotype. A three-dimensional
reconstruction of multiple micro-CT images taken from a case of adamantinomatous craniopharyngioma (ACP) shows the area occupied by
the tumour itself (shown in purple) and regions occupied by epithelial whorls (shown in green). Note that epithelial whorls often lie at the
boundaries of finger-like protrusions that invade surrounding brain tissue (shown in first inset). Epithelial whorls frequently contain B-catenin
accumulating cells that can be detected by immunostaining (arrow, second inset). Of note, B-catenin accumulation can additionally be found in
individual cells distributed throughout the tumour, including the palisaded epithelium (arrowheads in second inset). A panel of multiple
senescence markers (shown in red) colocalize with B-catenin (shown in green) accumulating clusters (arrows in panel) in double immuno-
staining experiments, indicating a senescent phenotype in cluster cells. Additionally, senescent clusters express a SASP composed of several pro-
inflammatory and protumourigenic secretory factors that mediate tumour invasion, cell proliferation and inflammation in surrounding cells.
The single immunofluorescence staining in human ACP image was adapted with permission from Carreno G et al. (2016) Stem cells and their
role in pituitary tumorigenesis. Mol Cell Endocrinol 445:27-34. The micro-CT 3D model is adapted from Apps J et al. (2016). Imaging Invasion:
Micro-CT imaging of adamantinomatous craniopharyngioma highlights cell type specific spatial relationships of tissue invasion. Acta Neuro-
pathologica Communications, 4(1), 57. The double immunofluorescence panel is adapted from Gonzalez-Meljem JM et al. (2017) Stem cell
senescence drives age-attenuated induction of pituitary tumours in mouse models of paediatric craniopharyngioma. Nat Commun 8:1819. Both
are open-access articles licensed under a Creative Commons Attribution 4.0 International License.
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trametinib) led to reduced proliferation and increased
apoptosis in both murine and human tumours.” It
also is possible that cluster secretions might
contribute to the development of other tumour com-
partments. For example, many SASP factors have
been detected within the tumour’s cystic fluid, which
is suspected to mediate neuroinflammation.”

In conclusion, evidence has shown that senescence
is relevant in both mouse and human tumours and that
SASP modulation may result in reduced tumour burden
and potentially impair cystic fluid formation. Together,
the data support further research on the potential of
senotherapies in the management of ACP.

Evidence of senescence in pituitary adenomas
Pituitary adenomas (PAs) are currently classified
according to their expression of the lineage-restricted
pituitary transcription factors TPIT, PIT1 or SF-1.
Detailed pathological characterization involves deter-
mining the expression (or lack thereof) of anterior
pituitary hormones, cellular proliferation indexes, and
P53 expression. Additional anatomical classifications
derived by imaging and/or surgery involve features as
tumour size, direction and symmetry of growth, treat-
ment refractiveness, as well as infiltration level of the
cavernous sinus and suprasellar structures.”*”?

PAs comprise around 5% of pituitary tumour cases
in paediatric and adolescent populations.”” Most paedi-
atric PAs are positive for growth hormone (GH),
adrenocorticotropic hormone (ACTH) and prolactin
(PRL), and similarly to their adult counterparts, they are
vastly slow growing and histologically benign.”*”*

In somatotropinomas, evidence from animal
models, cell lines and human samples indicates an
important role for p53/p21¥AF/<!"1 mediated senes-
cence, and the SASP, in restricting adenoma cell
growth.”””” Importantly, growth hormone (GH) hy-
persecretion appears to be part of the SASP in this
context, which can induce the accumulation of DNA
damage in normal pituitary cells and other organs,
such as the colon.”** More recently, a mechanism
underlying this activity was unveiled in a study
showing that GH signalling leads to WIP1-mediated
suppression of the DDR pathway.*” In the future, it
would be interesting to explore the effect of either
eliminating these GH-secreting senescent cells, and
their SASP, or describing the effect of inhibiting their
senescent program, both in somatotropinomas and
other organs. Such studies would certainly provide
important insights regarding the application of seno-
therapeutics in somatotropinoma management.

Beyond somatotropinomas, evidence of cellular
senescence in other PA subtypes has been produced
through a few select markers in histological sections,
such as p53, p21, p16, K167 and SA-B-Gal.**** As these
markers have only been observed separately, it is
important that further studies build upon this
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evidence by showing the coexpression of these and
other important markers of senescence (DNA dam-
age, DDR, NF-«B signalling, the SASP, etc.) to accu-
rately determine the identity and proportion of the
senescent population(s) in PAs. A noteworthy
example lies in a study in which multiple cellular
senescence markers including SA-B-Gal, the absence
of cell proliferation, presence of DNA damage,
expression of cycle inhibitors p53 and p21, were used
to demonstrate lactotroph senescence in an oestrogen-
induced PA model in rats.*

The SASP, which is a hallmark of senescence, has
also been scarcely described in senescence studies of
PAs, except for the canonical SASP member
Interleukin-6 (IL6). This potent cytokine is normally
secreted by pituitary folliculostellate cells and has been
shown to be able to induce senescence in adenoma cells,
while it can also have protumourigenic effects in cell
lines and adenoma transplant models.*

Unfortunately, there is a scarcity of studies
addressing the presence of cellular senescence in other
types of PAs and that have conducted a thorough mo-
lecular characterization of this phenotype. Such studies
are nonetheless warranted to be conducted in the
future, given a report of upregulated expression of
genes associated to cellular senescence in different PA
subtypes.*

In summary, cellular senescence studies in PAs have
mostly focused on somatotropinomas, postulating that
cellular senescence is a safeguard for tumour prolifer-
ation and malignant progression in PAs. It is also worth
noting that most studies have focused on the tumour
parenchyma compartment, with little emphasis on the
tumour stroma (i.e., non-neoplastic cells in the TME).
Notably, evidence is emerging for a role of stroma in PA
pathogenesis.*** Whether some of these protumouri-
genic stromal cells are senescent is an interesting
question that merits further research.

Implications of therapy-induced senescence
and senotherapeutic interventions for pituitary
tumour management

An important lesson from the last decade of research
into the role of senescence in cancer is that both radi-
ation and chemotherapeutics not only cause cancer cell
death in tumours, but also lead to the induction of
therapy-induced senescence (TIS) in both cancerous and
normal cells.** Importantly, a host of molecular anti-
cancer therapies have been shown capable of inducing
senescence, specially at lower and chronic doses. We
refer the reader elsewhere for comprehensive lists and
reviews on TIS inducing agents and their applica-
tions.”>* Although TIS has only begun to be studied in
depth recently, the evidence generated so far has shed
important insights into its implications in tumours and
off-target organs.
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Therapy-induced senescent cells have significant
local and systemic detrimental effects

Similar to the endogenous OIS response, TIS has a
dualistic role in tumours. In many contexts, it can have a
beneficial result by slowing down or completely arresting
tumour cell growth, as senescent cells are unable to
divide even in the presence of oncogenic growth
signals.”* However, this benefit can be nullified in the
long term by senescent cell-mediated protumourigenic
effects by both cell autonomous and paracrine mecha-
nisms. Cell autonomously, senescence can drive the
accumulation of genomic instability, development of
resistance to both radio- and chemotherapy'® ' and the
acquisition of more aggressive and cancer-stem cell
phenotypes upon senescence escape.”'® Cell non-
autonomously, the SASP can spread such effects
throughout the tumour microenvironment but can
additionally drive other protumourigenic activities such
as tumour cell proliferation, increased invasiveness,
cancer relapse, immune evasion of cancer cells and
tumour angiogenesis, among others.*'**

More recently, attention has been brought to the re-
percussions of inducing TIS in off-target organs. For
example, TIS and the SASP has been shown to mediate
the dysfunction of salivary gland stem cells underlying
the hyposalivation associated with head and neck cancer
radiotherapy.'” Importantly, they have been implicated in
the induction of therapy-related myeloid neoplasms,'*'"’
and shown to promote post-chemotherapeutic systemic
side effects such as inflammation, diminished physical
robustness, fatigue, cardiac toxicity and loss of bone
density."'* Tt will be therefore of great importance to
study and understand the implications of irradiation,
chemotherapeutics, and resective surgery on the off-
target induction of cellular senescence during pituitary
tumour management (Fig. 2).

Targeting senescent cells or their secretory
phenotype can potentially improve anti-tumour
therapies

Currently, several studies across various in vitro and
in vivo cancer models have provided compelling evi-
dence of the beneficial effects of senotherapies in the
context of cancer treatment. These mostly include sce-
narios where senescent cells are endogenously gener-
ated by the OIS response, as shown for example in two
independent studies in which genetic and chemical
depletion of senescent macrophages significantly
diminished tumour burden in murine lung adenocar-
cinoma models.®'” Additionally, another study showed
that elimination of senescent cancer cells leads to
increased survival in a murine glioblastoma model.'"
On the other side, targeting the TIS response has yiel-
ded beneficial outcomes in models epithelial ovarian,
non-small cell lung and pancreatic cancers, along with
lymphoma.""""* Despite these promising results,
further preclinical investigation will be required before

initiating clinical testing of senotherapeutics as adju-
vants in cancer treatment.

Although there are not many studies regarding the
effects of targeting senescent cells in paediatric pop-
ulations, there is encouraging evidence from models
for ACP, pilocytic astrocytoma and diffuse intrinsic
pontine glioma (DIPG).”""1"* Follow-up studies will
certainly support future use of senotherapies in pae-
diatric tumour management. As young tissues have
very low or negligible levels of senescence, this reduces
the potential risk associated from unselectively elimi-
nating non-cancerous senescent cells and affecting
their physiological functions, which represents an
important safety concern in adult cancers.'”

Conclusions and outstanding questions
Senescence is a critical player in cancer, and its signifi-
cance has recently been highlighted by its inclusion as a
novel hallmark of cancer.”® The perception that senes-
cence is an exclusive phenomenon of cancerous cells is
also changing, and it is increasingly evident that senescent
cells within the tumour microenvironment may also be
critical in tumour development and progression.®10121-12¢
Moreover, it is now becoming clear that senescent cells
can be targeted in the context of cancer, as well as other
diseases in mouse models and humans.**'2>12¢

So far, however, less emphasis has been given to the
study of senescence in children. After all, the accepted idea
in the field is that children are devoid of senescent cells.
This statement holds true for ‘healthy’ children, but
growing evidence shows that paediatric tumours contain
functional senescent cells that can contribute to tumouri-
genesis.*'”” Moreover, it is possible that senescence may
be pathogenic in a variety of congenital disorders.”"

In the case of ACP, further research is required to
translate these findings into clinical trials, but current ev-
idence suggests that senotherapy may prove helpful to
complement the current standard of care for patients (i.e.,
surgery and radiotherapy). It is possible that senescent
cells in other childhood tumours may also be protu-
mourigenic, and their elimination may reveal useful as
adjuvant therapies to other anti-cancer treatments. The low
burden of senescent cells in normal tissues in children
and young adults, relative to the elderly, may offer some
advantages when testing novel senotherapies against can-
cer, as on-target side effects are expected to be diminished
in comparison with the adult population.

We anticipate that more emphasis will be put in the
future into the identification of specific senescence in-
ducers and senolytics, tailored to specific disease con-
texts. Likewise, we expect that further studies aiming to
understand the role of senescent cells in non-tumour
cell compartments (e.g., TME cells such as fibroblasts,
endothelial cells and macrophages and other immune
cells) will provide key knowledge to improve current
cancer therapies.
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Fig. 2: A model of the implications of OIS and TIS in pituitary tumour management. Senescent cells can be induced within pituitary
tumours and neighbouring tissues by different factors. Within tumours, the expression of oncogenes (and the loss of tumour suppressor genes)
will induce Oncogene-Induced Senescence (OIS). Additionally, chemotherapy, irradiation and resective surgery all can potentially contribute to
the generation of Therapy-Induced Senescence (TIS) on any remaining tumour tissue and off-target organs. Other possible contributing factors
to OIS and TIS may include any that can lead to a senescence-permissive environment (e.g., in the context of impaired detection and removal of
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Search strategy and selection criteria

Articles revised for this manuscript were obtained through a search using PubMed
and Scopus using searches for the following terms: “cellular senescence”,
“senescence”, “senescent cell”, “oncogene-induced senescence”, “therapy-induced
senescence”, “senolytic”, “senomorphic”, “senotherapeutic”, “adamantinomatous
craniopharyngioma” “craniopharyngioma”, “pituitary paediatric tumour”, “pituitary
tumours”, “pituitary tumour treatment”. Due to a limitation in the number of
references allowed for this review, we were unable to cite a considerable part of the
primary literature and have thus focused our review on literature published during

the last 5 years.

[
’

nou

Despite substantial advances in the senescence field
during the last two decades, we are still learning about
the complexity of senescent phenotypes and their
multifaceted functions, both in normal physiology and
in disease. Further research is needed to better charac-
terise senescent cells in a variety of normal and disease
contexts, not just in murine models but also in humans.
Deep understanding of their functions is required for
the development of well-designed and rational clinical
trials. In cancer, as in any other disease, this will involve
the detailed dissection of which senescent cells are
pathogenic and which ones are beneficial. In this re-
gard, the use of novel single-cell and spatial tran-
scriptomics (or multiomics) will prove critical for
studying the contribution of senescence to aspects like
tumour heterogeneity and cell-to-cell communication.
These considerations will allow the development of
specific senotherapies able to target those senescent
cells that contribute to cancer growth, recurrence, ther-
apy resistance and post-therapeutic side-effects.
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