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Introduction
Cellular senescence is defined as a state of 

proliferation arrest in which cells stop dividing 
irreversibly. Senescence is the fate of cells triggered 
by a response to DNA damage and oncogenic stress. 
All somatic cells that can replicate may become 
senescent cells [1–3]. Hayflick and Moorhead 
proposed the cellular senescence mechanism, in 
which normal human cells can reach a phase of 
limitation in replication and becoming senescence 
cells in vitro. The causes of senescence in cells 
vary widely. For example, continuous replication 
results in telomere shortening, causing replicative 
exhaustion which induces the DNA damage response 
(DDR) and terminates the cell cycle to repair the 
damage [4]. Genetic factors, exposure to oxidative 
stress, inflammation, poor lifestyle (including 
smoking, overnutrition, and lack of physical activity), 
psychological stress, and oncogene exposure strongly 
influence the process of telomere [5].

Exposure of cells to oncogene signals tightens 
the action of proteins that play a role in cell cycle 
checkpoints. Surprisingly, cancer therapy can cause 
an increase in the number of senescence cells, 
which targets the DNA damage of cancer cells and 
the surrounding normal cells [6]. Senescence cells 
halt a cell cycle so that damage is not inherited 
in the replicated cells. Other causes of senescence 
such as chromatin structure caused by anti-cancer 
therapy, mitochondrial damage, oxidative stress, 
wound healing process, and autocrine stimulation 
obtained from senescence-associated secretory 
phenotype (SASP) [7,8].

Senescence cells undergo stable cell cycle arrests, 
leading to unresponsive cells against mitogenic 
signals as a mechanism to prevent the replication 
of cells with DNA damaged [9]. Most senescent 
cells are in the G1 phase of the cell cycle [2,10], 
shown by the expression of the p53, which is 
essential in the cell cycle checkpoint. Cells that 
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experience senescence in the G1 phase are unable 
to make the transition to S phase. However, the 
synthesis of molecules and cellular components 
continues to occur resulting in the increase in 
cellular morphology [11,12]. Termination of the cell 
cycle at senescence in the G1 phase distinguishes 
senescent cells from the cells that undergo final 
differentiation and quiescence, in which those cells 
undergo termination at the G0 phase of their cell 
cycle. Typically, the cell cycle can achieve completion 
by activating the p53/p21CIP1 and p16INK4A/Rb tumor 
suppression pathways. Activation of both pathways 
prevents cancer-induced apoptosis and tumor cell 
proliferation by inducing cell cycle arrest [8,13].

Every somatic cell that can divide is possible 
to become a senescence cell. Cell senescence 
from any cell type showed the same phenotypic 
characteristics. Morphologically, they are flat, 
enlarged, and multinucleated [3]. In addition to 
cycle cell arrest, they show unresponsiveness 
towards growth factors, resistance against apoptosis, 
increased protein synthesis, increased glycolysis 
that causes metabolic shifts, decreased fatty acid 
oxidation, increased reactive oxygen species (ROS), 
as well as senescence-associated heterochromatin 
foci formation and a senescence-associated secretory 
phenotype (SASP) [1–3,14].

Senescence-associated secretory phenotype 
(SASP) is highly dynamic and multi-step process 
[9]. SASP has special characteristics and can be 
distinguished from other cell types. The number of 
SASPs was found to increase with age and correlate 
with multiple age-related diseases pathogenesis 
[15]. Elevated levels of SASP in the circulation 
are associated with the increase of biological 
age accompanied by a decrease in the cellular 
function of the human body [16]. SASP secretes 
various molecules in the tissues such as cytokines, 
chemokines, growth factors, proteases, and lipids. 
The cause of a senescence process determines the 
secreted molecules components that can differ 
from one cell to another [17]. 

Senescence cells form SASP to protect themselves 
from growing and developing into cancer cells. 
The secreted molecules can interact with the 

surrounding microenvironment, causing autocrine 
and paracrine effects. SASP can stimulate nuclear 
factor-κB (NF-κB) signaling to prevent apoptosis 
[1]. On the other hand, SASP produces detrimental 
effects on cells undergoing the senescence process 
as well as cells in the surrounding environment by 
increasing tumorigenesis. These diverse effects are 
caused by the enermous diversity of compounds 
secreted by senescence cells. Therefore, this article 
explains the regulation of SASP, various components 
of SASP, and the impact of SASP through the 
inflammatory process, tumor suppression, and 
even tumorigenesis.

Regulation of SASP 
SASP is regulated at both transcriptional and 

post-transcriptional levels. Nuclear factor-κB 
(NF-κB) is the main regulator of the expression 
of SASP components such as various types of 
interleukins and chemokines. CCAAT/enhancer-
binding proteins (C/EBP) are also known to 
regulate the expression of interleukine-6 (IL-
6) [18]. C/EBP consists of transcription factors 
part of the basic zippered leucine superfamily 
(bZIP), responsible for many cellular processes, 
including cell survival, learning and memory, lipid 
metabolism, and cancer progression. C/EBP, as 
well as NF-κB, can respond to stress signals such 
as cytokines, genotoxic agents, or physiological 
stresses. Thus, the transcription factors NF-κB 
and C/EBP are the primary regulators of SASP 
expression [19].

At the post-transcriptional level, SASP is 
stimulated by DNA damage response (DDR). DDR 
activates ataxia-telangiectasia mutated kinase (ATM 
kinase) that regulates NF-κB. ATM kinase forms a 
complex with NF-κB essential modulator (NEMO). 
Due to DDR stimulation, NEMO from the nucleus 
is released into the cytoplasm [20]. NEMO then 
activates the TGFβ activated kinase 1 (TAK-1) 
complex and inhibitory kappa B kinases (IKK), 
which are responsible for dissociating inhibitory 
kappa B (IκB) proteins. The IκB protein is part 
of a complex that binds to NF-κB. When IκB 
protein is released, NF-κB is active and triggers 
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the expression of cytokines, chemokines, and other 
pro-inflammatory molecules [21].

Due to DDR and oxidative stress, p38 activates 
the p16INK4A/Rb signaling pathway that mediates 
cell cycle arrest. In the SASP regulatory function, 
p38 activates mitogen- and stress-activated kinase 
1 and 2 (MSK1/2). MSK1 and MSK2 kinase then 
phosphorylate p65, one of the NF-κB transactivation 
subunits [22]. This process initiates the expression 
of various SASP components. Another genetic stress 
triggers receptor-interacting serine/threonine-
protein kinase (RIP1) that mediates the formation 
of the NEMO complex. p53-induced protein with 
death domain (PIDD) and RIP1 promotes NEMO 
release from the nucleus to the cytoplasm [23].

Extracellular inflammatory signals are recognized 
by inflammasomes, a complex consisting of the 
receptor and several proteins. The binding of 
signal molecules in several types of cells, including 
senescence cells, can activate these receptors and 
trigger important intracellular signaling pathways, 
such as the mitogen-activated protein kinase 
(MAPK), Janus kinase (JAK)-signal transducer and 
activator of transcription (STAT), and NF-κB pathway 
[24]. One of the receptors on the inflammasome 
is a retinoic acid-inducible gene I (RIG-I). RIG-I 
is activated by induction of cellular stress due to 
irradiation, senescence, viral infection in human 
fibroblasts and endothelium, thereby increasing 
the secretion of IL-6 and IL-8. RIG-I is a pattern 
recognition receptor that plays a role in infection 
recognition. TGF-β is a cytokine that controls 
cell hemostatic activities such as proliferation, 
differentiation, apoptosis, and immune responses. 
TGF-β also stimulates IL-8 secretion [25].

Other studies suggest that GATA4 involve in 
SASP regulation. GATA is typically degraded through 
p62-mediated autophagy. Activation of ATR and 
ATM by DDR stimulation leads to dysfunction 
of p62, a protein that targets various autophagy 
substrates in the cells. p62 mediates the binding 
of these substrates to the autophagosome’s inner 
membrane and is ready to be degraded via the 
autophagy mechanism [26]. In senescent cells, 
the autophagy process is suppressed, so GATA4 

becomes stable in cells. GATA4 accumulation in 
cells initiates NF-κB activity [27].

p53 is known to inhibit NF-κB via wild-type 
p53-induced phosphatase 1 (WIP1). ATM, p53, and 
p38 were inhibited by WIP1 [28]. Klotho protein, 
known as an antiaging protein, can inhibit RIG-I, 
so NF-κB activation is inhibited and reduces IL-6 
expression [29]. Another pathway that directly 
inhibits NF-κB activation signals is through the 
p16INK4A and p14ARF pathways. p16INK4A is 
a cyclin-dependent kinase inhibitor with ankyrin 
repeats that bind p65 and protein IκB. p14ARF 
inhibits by phosphorylation of p65 in the p65 
transactivation domain so that it interferes with 
the NF-κB activation signal [30,31].

Classification of SASP 
SASP is categorized based on the molecule 

type and the mechanism of action to initiate 
SASP activity (Table 1). 

Table 1. Classification of SASP

Molecule type Mechanism of action

1.	 Soluble signaling factors

2.	 Secreted proteases

3.	 Secreted insoluble proteins

4.	 Non-protein secretion

1.	 Receptor-requiring 
SASP

2.	 Direct-acting SASP

3.	 SASP regulatory 
factors

Classification of SASP based on the 
molecule type 
Soluble signaling factors

The main components of this group are 
several types of interleukins (such as IL-6 and 
IL-1), chemokines, and growth factors. The type 
of interleukin depends on the type of cells 
undergoing senescence. IL-6 is widely secreted 
in human and mouse keratinocytes, melanocytes, 
monocytes, fibroblasts, and epithelial cells. IL-1 
is widely excreted in senescence endothelial cells 
and fibroblasts, as well as epithelial cells induced 
by chemotherapy [32].

C-X-C motif chemokine ligand (CXCL) and C-C 
motif ligand (CCL) are chemokines widely expressed 
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by senescent cells. CCL generally overexpressed 
by senescent cells includes CCL-1, CCL-2, CCL-8, 
CCL-13, and CCL-26. Senescent liver stellate cells, 
as well as prostate and skin fibroblasts, produce 
CCL-7, while senescence prostate fibroblasts 
released CXCL-4 and CXCL-12 [19,33].

Other components of soluble signaling factors 
are growth factors, for example, insulin-like 
growth factor (IGF), which is widely secreted by 
senescence endothelial, epithelial, and fibroblast 
cells. In these cells, various types of IGF-binding 
proteins (IGFBP) are secreted at high levels, 
such as IGFBP-2, -3, -4, -5, -6, and -7, along 
with insulin-like growth factor binding protein-
related proteins 1 and 2 (IGFBP-rP1 and -rP2) 
as regulatory proteins. In addition to these 
components, several soluble components increase 
their secretion in senescence cells, including 
cytokines colony-stimulating factors (CSFs), 
osteoprotegerin, prostaglandin E2 (PGE2), and 
the enzyme cyclooxygenase-2 (COX-2), all of 
which are pro-inflammatory molecules [19,33].

Secreted proteases
The main effects of the proteases secreted by 

the senescence cell are releasing cell membrane 
proteins to produce soluble membrane receptors, 
degrading signaling molecules, and degrading 
ECM processing [16]. Matrix metalloproteinases 
(MMPs), serine proteases, and the compound 
that function as regulators of the plasminogen 
activation pathway are examples of proteases 
secreted by senescent cells. Groups of MMPs such as 
stromelysin-1 (MMP-3) and stromelysin-1 (MMP-10) 
are secreted by senescent fibroblasts of humans 
and mice. MMP-1 and MMP-3 regulate the activity 
of soluble factors of SASP. An example of these 
regulations is the breakdown of CCL and CXCL. 
Other components of proteases are serine and 
regulators of the plasminogen activation pathway, for 
example, urokinase plasminogen activators (uPA) or 
tissue-type plasminogen activators (tPA) and their 
receptors, urokinase plasminogen activators receptor 
(uPAR), and plasminogen activator inhibitors 1 
and 2 (PAI 1 and 2) [19,33].

Secreted insoluble proteins
The insoluble protein secreted by senescent 

cells is fibronectin, a glycoprotein found on the 
surface of cells, plasma, and other body fluids. 
Senescent cells in culture and in vivo showed 
fibronectin expression. Fibronectin interacts with 
surface receptors of the cell, such as integrins, and 
causes cell adhesion, growth, and migration [19].

Non-protein secretion
The components produced in this group include 

nitric oxide (NO), reactive oxygen species (ROS), 
and endothelial nitric oxide synthase [33,34]. These 
components result from metabolism changes in the 
senescent cells which can affect the adjacent cell.

Classification of SASP based on the 
mechanism of action 
Receptor-requiring SASP

The components in this group are soluble 
signaling factors such as interleukins, chemokines, 
and growth factors. These signaling molecules 
bind to their receptors then activate intracellular 
signal transduction pathways. For instance, IL-6 is 
upregulated in DNA damage and oncogene-induced 
senescence, while IL-6 expression is upregulated by 
IL-1 released from senescent cells [35]. It shows 
that the autocrine activity of the expression of the 
secreted SASP components plays a vital role in 
cellular senescence. The chemokines and growth 
factors such as hepatocyte growth factor (HGF), 
fibroblast growth factor (FGF), transforming growth 
factor β1 (TGFβ1), and granulocyte-macrophage 
colony-stimulating factor (GM-CSF) also bind to 
their receptors to activate the signaling process. 
All cells that express those receptors are targets 
of the SASP components. Therefore, senescent 
cells that secrete SASP also be targets whose 
effects can worsen or protect cells from senescence 
development [2,27].

Direct-acting SASP
The SASP components included in this group 

are mostly MMPs and serine proteases. These 
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components modulate the environment around 
senescent cells by using their proteolytic activity 
to break down extracellular matrix (ECM) and 
cell membrane proteins. It causes damage to the 
molecules that carry the signal. Other components 
in this group are non-protein components such 
as ROS and NO.

SASP regulatory factors
Examples of SASP regulatory factors are tissue 

inhibitors of metalloprotease (TIMPs), plasminogen 
activator inhibitors (PAI), and insulin-like growth 
factor-binding proteins (IGFBPs). TIMP is highly 
induced in response to various cytokines and 
hormones [36]. TIMP works by inhibiting activated 
MMPs. PAI-1 has a significant function as an inhibitor 
of tPA and uPA in the regulation of fibrinolysis. In 
addition, PAI-1 also inhibits the invasion of malignant 
cells by inhibiting the activity of MMPs [37]. IGFBP 
is a protein transporting IGF to target cells that has 
a role in modulating age-related diseases [27,38].

Roles of SASP 
The role of the SASP is like a double-edged 

sword. The molecular compounds secreted by 
senescence cells (SASP) play an essential role, 
especially as a response to preventing the inheritance 
of damaged genetic material such as cancer cells 
formation. In addition, it also acts as a signaling 
mechanism for the immune system to eliminate the 
damaged senescence cells. However, most molecules 
secreted are pro-inflammatory mediators, which 
harm the microenvironment, both for normal and 
senescent cells surrounding them and for the 
interstitial tissue in that area. It can trigger tissue 
damage and induce the pathogenesis of various 
diseases, particularly those associated with age-
related diseases and conditions associated with 
the elevation of cellular senescence.

The physiological role of SASP
Tumor suppression

Several SASP components such as IL-6, IL-8, and 
IGFBP7 can promote cell growth and development 

inhibition. In cancer cells, the genes encoding the 
cytoplasmic proteins RAS and BRAF, the transduction 
of growth factors signals to the intracellular, are 
disrupted. The presence of oncogenic signals from 
RAS and BRAF activates IL-6, IL8, and IGFBP7 to 
suppress cell growth. Increased RAS in ovarian 
fibroblasts also triggers the secretion of CXCL 1 
to suppress cell growth. IL-6 and IL-8 suppress 
tumor cell growth by activating the transcription 
factors NF-κB and C/EBP-β [39,40]. A study using 
fibroblasts from mice embryos transfected by 
retrovirus as vectors carrying genes that decrease 
the expression of PAI 1 and p53 suppressor genes, 
were found to increase the number of colonies in 
fibroblast tissue in p53 suppression compared to 
fibroblast colonies with decreased PAI expression 
[41]. It is known that PAI-1 has a direct target 
of action on p53. PAI is a protease inhibitor for 
uPA, which functions in the cell cycle process to 
encourage the progression of replication from the 
G1 to S phase through mitogenic signals provided 
by growth factors [42].

Immune clearance
SASP components are pro-inflammatory molecules 

that recruit immune cells. The role of SASP in the 
recruitment of the immune cells aims to eliminate 
the senescence cells themselves. Besides that, 
they also eliminate cells that express oncogene 
signals in the environment around the senescence 
cell. Immune cells recruited in this process are 
mainly natural killer cells, macrophages, and T 
cells [33,39]. The immune system decreases in the 
elderly; therefore, the elimination of senescent cells 
and surrounding tissues does not work correctly. 

Moreover, many senescent cells accumulate 
over time in the elderly; therefore, the immune 
system is unable to perform its function. This 
impaired immune clearance process is also related 
to other SASP components namely MMPs. MMPs 
can degrade ligands and receptors on immune cells 
and their target cells. For example, it degrades 
NK cell ligands and receptor proteins on cell 
senescence. Therefore senescent cells can escape 
from the body’s immune response [33,43].
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Tissue repair
In wound healing, fibrosis is required to restore 

tissue construction. However, excessive fibrotic tissue 
can replace normal tissue causing adverse effects 
[44]. Under normal conditions, type 2 immunity 
is directly responsible for tissue regeneration and 
repair. Type 2 immunity is mediated by various 
immune cells such as IL-4 and IL-13 activated 
macrophages. Persistent activation of this tissue 
repair mechanism can lead to tissue fibrosis and 
contribute to various fibrotic diseases in some 
organs, mainly the liver and lung [45,46]. In an 
experimental study using a skin wound model in 
mice, the senescence process was induced by a 
signal cascade from binding the cellular matrix 
protein, cellular communication network factor 1 
(CCN1), to its receptor. This induces growth arrest 
and expression of the gene encoding SASP. In this 
experiment, it appeared that the wound repair 
of wild-type mice induced by CCN1 caused the 
fibroblasts to undergo senescence and expressed 
more antifibrotic genes than the mutated CCNI 
gene-mice. As the final result, the wound healing 
process in CCN1-induced mice has less fibrotic 
tissue [44,47]. It is known that VEGF, which is also 
a component of SASP, plays a vital role in CCN1 
activation by activating Yes-associated Protein (YAP), 
a transcription coactivator of the CCN1 gene [46].

The pathological role of SASP in 
degenerative phenotypes

The inflammatory factors secreted by senescent 
cells are closely related to degenerative phenotypes 
and diseases. The secreted SASP destroys 
the network structures necessary for normal 
functioning. Senescence fibroblast in the breast 
secretes MMPs that damage alveoli cells, causing 
interference in milk production. This condition is 
suspected of contributing to age-related changes in 
breast morphology [2,19]. The senescent smooth 
muscle cells in pulmonary arteries secret SASP 
such as IL-6, IL-8, and various ECMs that affect 
the thickening of the tunica intima than causing 
pulmonary hypertension. The secretion of MMPs 
by senescent cells in the skin also contributes to 

age-related collagen depletion and thinning of 
the dermal and epidermal layers [48]. SASP was 
associated with pulmonary artery wall thickening 
in chronic obstructive pulmonary disease (COPD). 
Pulmonary artery wall thickening in COPD may 
result from the paracrine activity of the SASP. The 
other cause of COPD as a degenerative disease 
is telomere shortening [49].

The pathological role of SASP in 
tumorigenesis

SASP may trigger tumorigenesis that affect cell 
proliferation, migration and invasion, differentiation, 
and immune cells or components.

Proliferative effect
Cell proliferation, especially in premalignant and 

malignant cells, was induced by SASP components. 
MMPs, secreted by senescent fibroblasts in breasts, 
increase the tumorigenicity of breast epithelial cells 
[50]. In other organs, such as the prostate gland 
with senescent fibroblasts may secrete connective 
tissue growth factor (CTGF) or IGFB-rP2, that trigger 
prostate tumor progression [51,52]. CXCL-1 and 
IL-8 are expressed in senescent melanocyte cells, 
then stimulate the CXCR2 receptor on malignant 
melanocyte cells to proliferate and form melanoma 
[53]. Another example of the proliferative effect 
of SASP can be seen in the angiogenesis process. 
The proliferation of endothelial cells is stimulated 
by IL-8, MCP-1 and -2, CXCL-1, PGE2, VEGF, EGF, 
CSFs, u-/tPA MMPs, fibronectin, and laminin as 
the proangiogenic molecules secreted by senescent 
cells [33,54,55].

Effect of cell migration and invasion
Cell migration and invasion are caused by 

chemokine components in SASP which are secreted 
by senescent cells. FGF in pancreatic cancer, IL-6 
and IL-8 in breast fibroblasts (in breast cancer), 
and MMP-2 and MMP-3 secreted by senescent cells 
promote the invasion of these cells. Proteases such 
as uPA and PAI1, as regulators of uPA, also play 
a role in cancer cell invasion. In neoangiogenesis, 

https://doi.org/10.32889/actabioina.33


7Senescence-associated secretory phenotype (SASP)

Acta Biochimica Indonesiana 4(2): 33 | https://doi.org/10.32889/actabioina.33

endothelial motility and invasion are increased in 
the presence of senescent fibroblasts that secrete 
VEGF and chemokines [56,57].

Effect on cell differentiation
SASP components such as MMP-3, IL-6, IL-

8, HGF, uPAR can alter epithelial cells lead to 
differentiation failure (de-differentiated) [32,58]. 
Senescent T lymphocyte cells cannot proliferate 
and differentiate as a response to T cell receptor 
stimulation. It is believed that upregulation of C/
EBPα in senescent T cells is the main cause of this 
phenomenon. In the physiologist condition C/EBPα, 
a gene that regulates differentiation, is not expressed 
by T lymphocytes, except for hematopoietic stem 
cells, neutrophils, and macrophages. Upregulation 
of this gene in senescence T led to failure of 
T cell differentiation and increased secretion of 
inflammatory cytokines IL-6 and TNFα, which 
are involved in the aggravation of metabolic and 
degenerative diseases [59].

Effect on immune cells or components
SASP can recruit the immune cells to eliminate 

senescent cells and surrounding damaged cells, 
which also occurs in tumors. MCP-1 and IL-8 are 
examples of SASP components that play a role 
in tumor cell destruction. The de-differentiating 
effect of SASP occasionally causes monocytes to 
fail to differentiate into macrophages, reducing the 
immune response. Other immune cells such as NK 
cells, neutrophils, eosinophils, dendritic cells, B 
cells, and T lymphocytes that infiltrate the tumor 
are affected by the SASP component [33,60].

The duration of the senescent cells present in 
the tissue is an important factor in developing both 
positive and negative effects of SASP secretion on 
surrounding tissues. In young individuals, SASPs 
secreted are localized, short in duration, and limited. 
This condition can potentially eliminate senescent 
cells, especially in the presence of good support 
from the immune systems. The negative effects 
of SASP can occur in obesity (due to chronic 
inflammation) and in decline functional body 
systems due to aging [27,39,61].

Conclusion
Cellular senescence is a condition in which 

cells cannot divide due to the cessation of the cell 
cycle caused by various factors, especially DNA 
damage and exposure to oncogenic stress. One 
of the cellular senescence main characteristics is 
the senescence-associated secretory phenotype 
(SASP). SASP is the secretion of highly variable 
pro-inflammatory components in tissues by 
senescent cells. 

SASP benefits to tissues, especially as a tumor 
suppressor, immune clearance, and as a factor that 
helps tissue repair. On the other hand, secretion 
of SASP can be detrimental, mainly due to the 
pro-inflammatory effect, which results in the 
degenerative phenotype of a tissue closely related 
to degenerative diseases. Moreover, SASP is also 
involved in tumorigeneses such as increased cell 
proliferation, cell migration and invasion, inhibiting 
the differentiation process and inhibiting the 
immune mechanism against tumors.

Utilizing the mechanism of action of the 
senescent cell for inhibiting the proliferation 
of the malignant cells is promising to be 
developed. However, the senescence process is 
also accompanied by various other phenotypes, 
including SASP which also have a detrimental 
effect, especially on the environment around the 
senescent cell. The increasing number of senescent 
cells has an impact on increasing SASP secretion 
which can initiate and stimulate the progression 
of degenerative diseases and tumorigenesis. 
Researches about senolytic agents have currently 
been developed to prevent the negative effects 
of SASP on the senescence process for normal 
tissues around senescent cells.
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