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Abstract 

Hutchinson–Gilford progeria syndrome (HGPS, OMIM 176670) is a rare disorder of premature 

ageing, with an average life span of 14.7 years and induced by myocardial infarction or stroke. 

Ninety percent of HGPS cases are caused by the mutation within exon 11 of the lamin A gene 

(GGC > GGT, G608G). This results in a new cleavage site, which leads to a 50 amino acid 

deletion in the carboxy-terminal tail of prelamin A. This removal eliminates the cleavage site 

of ZMPSTE24 during the lamin A formation process, resulting in a permanent farnesylation 

protein, which is also called progerin. Accordingly, progerin is firmly anchored to the nuclear 

envelope, causing nuclear blebbing, heterochromatin disorganization and DNA double-strand 

break (DSB) accumulation. Eventually, the aggregation of progerin induces the accelerated 

senescence of cells. 

In addition to causing senescence at the cellular levels, the accumulation of progerin in 

children with HGPS leads to ageing at the organismal levels. Children with HGPS often 

develop a variety of phenotypes, including atherosclerosis, arthritis, alopecia and 

lipodystrophy; these also regularly appear during the ageing process of ordinary older adults. 

These characteristics are all associated with tumor necrosis factor-alpha (TNFa), interleukin 6 

(IL-6), interferon (IFN) and other cytokines, and they often coincide with other progeroid 

syndromes, such as mandibuloacral dysplasia (MAD), restrictive dermopathy (RD) and Malouf 

syndrome. To determine if the development of these four characteristics might participate in 

an aberrant signaling pathway, we conducted a text mining analysis of scientific literature and 

databases to find the genes related to each of the characteristics. 

Among thousands of relevant genes, we found a total of 17 essential genes correlated to 4 

diseases simultaneously, 14 of which were linked to the JAK1/2-STAT1/3 signaling pathway. 

We then established the replicative senescence model in both HGPS and control cells. After 

a long term cell culture, we found that the JAK1/2-STAT1/3 signaling pathway was over-

activated with propagated inflammation cytokines, while cell senescence increased. 
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In addition to telomere attrition, many other stresses can also cause the occurrence of cell 

senescence. We used etoposide to induce the senescence of the control and HGPS fibroblasts 

via DNA damage. Notably, the over-activation of the JAK1/2-STAT1/3 signaling pathway could 

be found in cells after injury using etoposide, like replicative senescence. Therefore, we 

conclude that the JAK-STAT pathway's excessive activation during senescence depends on a 

common mechanism. Although this mechanism is always accompanied by ageing, the 

generation of ageing can be induced by multiple sources. It can be caused by telomere 

attrition or promoted by the progerin expression, or it can be affected by DNA damage. 

baricitinib is a potent, selective, and reversible JAK1/2 inhibitor, approved by the Food and 

Drug Administration (FDA). We report the inhibition of the JAK1/2-STAT1/3, signaling pathway 

restored cellular homeostasis, delayed senescence and decreased pro-inflammatory markers, 

in both control and HGPS cells. Our in vitro data using human fibroblast models indicate that 

the over-activation of the JAK-STAT signaling mediates premature senescence, replicative 

senescence and DNA damaged senescence; the inhibition of this pathway could present as a 

promising treatment for HGPS and age-related pathologies.
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1. Introduction 

1.1. Theories of senescence 

Biological ageing, known as senescence, is one of the most complex biological processes and 

has attracted the attention of scientists and philosophers throughout history. During the 

process of human ageing, the complexity of various physiological processes and anatomical 

structures gradually disappears [1]. Additionally, different kinds of damage are accumulated 

from small molecular level to cellular level, and then to tissue levels, progressively leading to 

the loss of function and greater vulnerability to various diseases over time, and eventually 

resulting in death [2]. 

Compared to centuries ago, not only has the average life expectancy of humans across the 

globe been extended, but the percentage of elderly people in the population has increased 

dramatically, especially in certain developed countries [3]. Although biologists and 

demographers have proposed several theories to explain the ageing process, the molecular 

mechanisms of physiological ageing are still not yet fully understood. Among these theories, 

the most widely known are the programmed ageing theory and the damage or error ageing 

theory [4]. According to the "programmed" hypothesis, ageing depends on the circadian clock, 

which regulates the stages of life through growth, development, maturity and ageing [5]. This 

regulation depends on genes sequentially switching the nerve, endocrine and immune 

systems on and off, which are responsible for maintaining homeostasis and activating defense 

response [6]. The "error" hypothesis emphasizes the effects of environmental changes on 

organisms that cause progressive damage at various cellular levels (e.g., telomere shortening, 

DNA (deoxyribonucleic acid) polymerase errors, mitochondrial DNA damage, radical oxygen 

accumulation, cross-linking) [7]. Inevitably, reactive oxygen species (ROS) are consistently 

produced as a by-product in our daily metabolism, resulting in damage to large molecules 

and cellular structures [8]. But all theories ultimately lead to the accumulation of DNA damage, 
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which in turn leads to senescence and cancer through genome instability. 

Although almost everyone wants to be healthy and have a long life; in reality, most people 

live to about 70–80 years [9]. However, there are particular patients with what is known as 

progeroid syndrome or progeria, who have accelerated ageing and a shortened life span [10]. 

Premature ageing syndrome contains two categories: unimodal syndrome and segmental 

syndrome [11]. Unimodal early ageing syndrome displays significant aspects of healthy ageing, 

such as Alzheimer's disease [12]. In contrast, segmental premature ageing syndrome displays 

multiple aspects of the ageing phenotype affecting several but not all tissue types, such as 

Werner's syndrome and Hutchinson–Gilford progeria syndrome (HGPS) [13]. 

 

 

1.2. Hutchinson–Gilford progeria syndrome 

Hutchinson–Gilford premature ageing syndrome (HGPS, OMIM 176670) is a rare catastrophic 

premature ageing disease characterized by severe stunting and early death. HGPS patients 

are usually associated with a number of conditions [14]. These diseases include bone changes 

(arthritis, osteolysis, osteoporosis), obvious fat malnutrition, skin atrophy with scleroderma 

lesions, hair loss and vascular diseases [15]. Among these diseases, vascular disease is the 

most harmful, which always leads to death. Jonathan Hutchinson first reported a unique 

patient in 1886 [16]. Although the patient was a six-year-old boy, his overall appearance was 

that of an older man. Shortly after that, in 1897, Hastings Gilford found another child patient 

with similar symptoms [17]. Through continuous research, Guildford defined this disease, 

which displays similar properties to those of older adults, as progeria syndrome. 

Children with HGPS do not have any abnormal phenotypes at birth or in infancy, but, within 

12 to 24 months after birth, various symptomatic phenotypes gradually begin to appear [18]. 

With the passage of time, HGPS patient growth changes from ordinary to that of retardation, 

and the rate of weight gain has steadily decreases [19]. Alopecia occurs in the first year, 
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following the loss of subcutaneous fat, mid-facial cyanosis and skeletal abnormalities (low 

bone density, stiffness of joints) develop at the age of two to three [20]. Furthermore, progeria 

symptoms include prominent eyes, a high-pitched voice, wrinkled skin, conductive hearing 

loss, underdeveloped earlobes, and malnourished fingernails and toenails [21]. Although 

there are a great number of different disorders, movement and mental development of HGPS 

patients are satisfactory, and the incidence of tumors does not increase [22]. The early deaths 

of most HGPS cases are caused by the acceleration of atherosclerosis of the carotid and 

coronary arteries [23]. 

Meanwhile, cardiovascular diseases, including angina, congestive heart failure, myocardial 

infarction and stroke, occur simultaneously, leading to a short life expectancy of 14.7 years. 

The incidence of the disease is about one in eight million, and this rare incidence exists in 

many countries without noticeable ethnic differences. So far, there are still 166 HGPS children 

living in 51 different countries [24]. 
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Figure 1: The disease development process of a Dutch HGPS patient. At the age of one year, the child showed 

no typical HGPS symptoms. Various symptoms began to appear from 12 months to 24 months, including hair 

loss, arthritis and lipodystrophy symptoms, which can easily be observed from the figure. [Modified from 

Hennekam, 2006[18]] 

 

 

1.3. The nuclear lamin protein 

In 2003, Eriksson identified the generation of HGPS to some mutations in the lamin A gene 

with the epigenetics development. Since then, laminopathies caused by LMNA mutation or 

its most general encoded isoform, prelamin A, have been catching more people's attention 

[25]. These LMNA-linked laminopathies are associated with a variety of pathologies such as 

premature ageing, lipodystrophies, muscular dystrophies and bone connective tissue 

diseases [26]. 

Lamins are also acknowledged as nuclear lamins. They are fibrous proteins in the V-type 

intermediate filament, which is essential for the stability of the cell's nuclear structure. Also, 

lamins are involved in a variety of transcriptional regulation, including DNA replication, RNA 

transcription and chromatin organization [27]. Lamin proteins interact with internal nuclear 

membrane proteins to form a nuclear fibre layer inside the nuclear membrane. Lamins have 

elasticity and mechanical sensitivity, so they can feed back external mechanical pressure 

signals to cells to participate in gene regulation. Lamins also engage in the decomposition 

and reformation of the nuclear envelope during the relocation of nuclear pores, mitosis and 

programmed cell death [28]. 

Lamins are mainly composed of three intermediate filaments: N-terminal domains, central α-

helical rod domains and C-terminal domains. The median α-helical rod domain is surrounded 

by spherical N- and C-terminal fields, with the head located at the shorter N-terminal, and 

the tail situated at the longer C-terminal. As the head structure of the lamin is entirely 
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consistent, the type of lamin depends on the composition of the tail area. Still, all C-terminal 

domains include a nuclear localization sequence (NLS) [29]. 

Lamins contain two main categories, A-type and B-type. When cells differentiate, the LMNA 

gene is activated to express A-type lamins. Due to different cleavage sites, the LMNA gene 

produces two isoforms, lamin A and lamin C. Compared to lamin C, which is created directly 

by the gene, lamin A production involves a precursor called prelamin A. Lamin C is similar in 

structure to prelamin A except for the carboxyl terminus because prelamin A contains two 

more extra exons than lamin C [30]. 

Moreover, six unique amino acid residues only exist in lamin C, and prelamin A includes 98 

residues not seen in other isoforms. Within the individual residues in prelamin A, there is a 

cysteine-aliphatic amino acid-aliphatic amino acid-any amino acid (CAAX) (C= cysteine, A= 

aliphatic amino acid, X= variable) motif, leading prelamin A to undergo a range of 

posttranslational changes and become mature lamin A. Briefly, these procedures are the 

farnesylation of the carboxy-terminal cysteine followed by the endoproteolysis to loosen the 

terminal amino acid. Carboxymethylation of the farnesyl cysteine and the zinc 

metalloproteinase eliminates the last 15 residues. As the first modification step, the prelamin 

A farnesylation is essential for the lamin A maturation progress. Although lamin C is an 

isoform of lamin A, it does not require posttranslational modifications during the 

development of maturation [31]. 

Lamin B is expressed in almost every cell and has multiple isoforms, the most common of 

which are lamin B1 and lamin B2, being generated by two independent genes: LMNB1 and 

LMNB2, respectively. By carrying a CAAX motif at the carboxyl terminus, type B lamins are 

similar to prelamin A at triggering the same posttranslational modification sequence. 

Differing from prelamin A, type B lamins do not possess the last cleavage step involving zinc 

metalloproteinase. The regions of introns and exons in B-type lamins are maintained among 

A-type lamins, but the A-type lamins contain a more significant variation, indicating that B-

type lamins are the common ancestor of these lamin types [32]. Related research in the ageing 

area also shows that cell ageing often accompanies the loss of lamin B [33]. 
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Figure 2: The processing pathway of major A-type and B-type lamins in humans. Prelamin A, lamin B1 and 

lamin B2 all carry a carboxyl-terminal CAAX motif modified by farnesylation. (For human beings, the CAAX motif 

means the CSIM in prelamin A, CAIM in lamin B1 and CYVM in lamin B2. C is cysteine, S is serine, I is isoleucine 

acid, M is methionine, A is alanine, Y is tyrosine and V is valine). The next process is the proteolysis of the aaX 

residues and carboxymethylation at the C-terminal end of lamin A, B1 and B2. However, only prelamin A shares 

a further process to eliminate the carboxy-terminal 15 amino acids, including the farnesylated and 

carboxymethylated cysteine, to generate mature lamin A. 

 

As mentioned above, the posttranslational modifications of carboxy-terminal CAAX are highly 

required during the maturation procedure of lamin A, B1 and B2. In prelamin A, it is Cys-Ser-

Ile-Met. There are three sequential steps for the enzymatic modification of the CAAX motif. 

First, the cysteine of the CAAX motif is farnesylated by farnesyltransferase modification. In 

the next modification process, the last 15 C-terminal amino acids (-AAX) of prelamin A are 

cleavaged, and the farnesyl is removed, with the help of the enzyme ZMPSTE24 (the zinc 

metalloprotease-farnesylation-protein convertase associated with the STE24 homolog in 

yeast FACE1). Then, the isopentenyl cysteine carboxyl group is methyl esterified with the 
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carboxyl-terminal cysteine methyltransferase (ICMT) [34]. 

At last, the other 15 amino acids at the C-terminal are removed after the canalization of 

ZMPSTE24 on the second proteolytic cleavage. After these three modification steps, the 

matured lamin A, lacking carboxy-terminal farnesyl and carboxymethyl, is produced. In this 

process, all of the enzymes needed to modify the carboxyl terminus of lamins are located in 

the inner core membrane and endoplasmic reticulum membrane. Prelamin A finishes the 

prelamin A translation process in the cytoplasm and then processes the modification in the 

nucleus [35]. In HGPS, a new hidden splice site is stimulated by the G608G mutation, and it 

deletes nucleotides on the prelamin A mRNA. As a result, the following important recognition 

site for the ZMPSTE24 enzyme (RSYLLG) does not exist at the translated prelamin A. As 

ZMPSTE24 is not able to cleavage the right place, the lamin A is permanently farnesylated 

and carboxy-methylated after the modification process. This truncated lamin A protein 

produced in HGPS is referred to as progerin (farnesylated prelamin AΔ50, lamin AΔ50) [36]. 

Progerin can lead to altered gene expressions, defective proteostasis, mitochondrial 

dysfunction, DNA damage and oxidative stress, which induce cells to start premature 

senescence [37]. 

 
Figure 3: The posttranslational processing of prelamin A. The posttranslational processing of normal prelamin 
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A is depicted on the left side, and the prelamin AΔ50 in HGPS is shown on the right side. However, the loss of 

the recognition site RSYLLG for ZMPSTE24 in HGPS cells ultimately prevents the occurrence of the final 

proteolytic cleavage and then further leads to permanent farnesylation and carboxymethylation of lamin AΔ50, 

called progerin. 

 

 

1.4. Lamin protein family and genetic diseases 

In the cell structure, the nucleus and cytoplasm are separated by the nuclear envelope, 

resulting in two different parts, namely the outer nuclear membrane (ONM) and the inner 

nuclear membrane (INM), and perinuclear space (PNS) separates these two sections. There 

are many nuclear pore complexes (NPC) on the nuclear membrane to connect the cytoplasm 

and nucleus, and their presence can help large molecules enter and exit the nucleus [38]. The 

outer nuclear membrane contains endoplasmic reticulum (ER) proteins and ribosomes. In 

contrast, the inner nuclear membrane has its whole group of membrane proteins; most of 

these proteins combine with the nuclear lamina underlying the INM. A-type and B-type 

lamins and nuclear lamin-associated proteins build up the filamentous meshwork of the 

nuclear lamins. These nuclear lamins have a significant function for anchoring nuclear 

envelope transmembrane (NET) proteins such as lamin B receptor (LBR), MAN1, emerin and 

lamin-associated polypeptide 1/2. These proteins are crucial for the peripheral chromatin 

organization and the control of gene expression [39]. 

In recent years, with increasing understanding of lamins' major interaction networks, lamins 

have been found to play an essential function in various human diseases (laminopathies), 

including premature ageing syndrome and other conditions affecting muscle, fat, bone and 

neuronal tissue. 

In addition to the HGPS we are studying in this research, many other diseases involve lamin 

changes. For example, mandibuloacral dysplasia type A (MADA) is caused by the mutation of 



 Introduction 

- - 15 - - 

 

lamin A/C (LMNA) genes [40]; mandibuloacral dysplasia type B (MADB) is caused by the 

mutations of the zinc metalloproteinase (ZMPSTE24) gene [41]. Restrictive dermopathy (RD) 

is caused by a loss of the gene ZMPSTE24 or a mutation in the LMNA gene [42]; heterozygous 

mutations cause Malouf syndrome in the lamin A/C gene [43]. All of the patients suffering 

from the diseases mentioned above have four typical phenotypes, namely, vascular disease, 

lipodystrophy, alopecia and arthritis. 

Therefore, these four conditions are likely to have a common defective molecular mechanism. 

Other studies have shown that these four phenotypes are simultaneously displayed in the 

lamin-related diseases and partly occur in different conditions. For example, vascular 

diseases, especially atherosclerosis, lipodystrophy and alopecia, are some of the principal 

phenotypes that describe Werner's syndrome, which is another progeroid syndrome [44]. 

Whipple disease usually shows arthritis, vascular disease and lipodystrophy simultaneously 

[45]. Lipodystrophic conditions with loss of adipocytes are always associated with alopecia 

[46]. Arthritis patients are also regularly suffer from alopecia [47]. Patients with severe 

androgenetic alopecia (AGA) possess a higher risk of subclinical atherosclerosis, and early-

onset AGA alone could be an independent risk factor for cardiovascular disease [48]. Both 

congenital generalized lipodystrophy patients and HIV-associated lipodystrophy syndrome 

patients present accelerated atherosclerosis rising from a notably disordered metabolic 

milieu [49]. Cardiovascular disease is an essential part of rheumatoid arthritis (RA) morbidity 

and mortality, and it influences RA patients independent of conventional risk factors [50]. 

Alopecia is also a typical symptom of a cerebral vascular disease like cerebral autosomal 

recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL) [51]. 

Lipodystrophical children often develop other autoimmune disorders such as RA [52]. Juvenile 

dermatomyositis patients seldom hold lipodystrophy and arthritis [53]. Long-term sequelae 

of chikungunya virus disease are associated with arthritis and alopecia [54]. More importantly, 

these four conditions also often more or less affect the life of a typical elder, although not 

necessarily all of the phenotypes – usually two to three of them at the same time [55]. All of 

these results indicate that these four typical HGPS phenotypes may share a common 
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defective molecular mechanism. Therefore, the molecular mechanism of each disease should 

be understood first. 

 

Table 1: Diseases have more than one phenotype out of those four conditions (vascular disease, 

lipodystrophy, alopecia and arthritis). The literature shows that many progeroid syndromes have all four 

phenotypes at the same time. Meanwhile, many other diseases also have several of those four phenotypes. 

Disease name Vascular 

disease 

Arthritis Alopecia Lipodystr

ophy 

Progeroid syndromes:     

Hutchinson–Gilford progeria 

syndrome 

✔ ✔ ✔ ✔ 

Mandibuloacral dysplasia type A ✔ ✔ ✔ ✔ 

Mandibuloacral dysplasia type B ✔ ✔ ✔ ✔ 

Restrictive dermopathy ✔ ✔ ✔ ✔ 

Malouf syndrome ✔ ✔ ✔ ✔ 

Werner's syndrome ✔ ✔ ✔ ✔ 

Other diseases:     

Whipple disease ✔ ✔ ✘ ✔ 

Lipodystrophic conditions ✘ ✘ ✔ ✔ 

Arthritis ✘ ✔ ✔ ✘ 

Androgenetic alopecia ✔ ✘ ✔ ✘ 

Generalized lipodystrophy ✔ ✘ ✘ ✔ 

HIV-associated lipodystrophy 

syndrome 

✔ ✘ ✘ ✔ 

Rheumatoid arthritis ✔ ✔ ✘ ✘ 

Cerebral autosomal recessive 

arteriopathy with subcortical infarct 

✔ ✘ ✔ ✘ 
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and leukoencephalopathy 

Lipodystrophical children ✘ ✔ ✘ ✔ 

Juvenile dermatomyositis ✘ ✔ ✘ ✔ 

Long-term sequelae of Chikungunya 

virus disease 

✘ ✔ ✔ ✘ 

Cardiovascular disease ✔ ✔ ✘ ✘ 

 

 

1.5. Vascular disease 

1.5.1. Vascular disease in HGPS 

Just as there are no apparent signs of senescence at first, HGPS patients are born with normal 

blood pressure and no symptoms of cardiovascular disease, and even the electrocardiogram 

pictures and blood pressure tests are normal. However, by the age of four, some patients 

develop a heart murmur, which is a sound produced by blood turbulence passing through a 

heart valve or near the heart, indicating that a particular cardiovascular disease has occurred. 

From four to six years of age, the patient gradually developed shortness of breath and was 

prone to fatigue. At the same time, blood pressure and pulse frequency increased. The 

electrocardiogram showed signs of damaged coronary function and expansion of the left 

ventricle, both at activity and rest [56]. 

Meanwhile, some patients also show signs of impaired coronary function, cardiac 

hypertrophy and earlier silent infarction. As they age, children further illustrate typical angina 

symptoms, such as chest pain or discomfort and extreme difficulty breathing. In most cases, 

the leading cause of death in patients with HGPS is an accelerated cardiovascular disease 

such as myocardial infarction or stroke caused by extensive atherosclerosis. After the 

patients' death, the researchers found decreased vascular intimal and medial diameters, 

smooth muscle loss, coronary artery thickening, cardiac muscle cell hypertrophy, interstitial 
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fibrosis, aortic valve leaflet thickening and mitral valve abnormalities, including calcification 

and other typical characteristics of cardiovascular disease [57]. 

The classic lesions of ordinary cardiovascular patients are often caused by factors such as 

hypercholesterolemia, smoking and early hypertension. However, HGPS patients do not have 

these influencing factors. In contrast, progerin is widely present in arterial walls and 

atherosclerotic plaques in patients with HGPS. As age increases, progerin further aggregates 

into a compact, rim-like structure at the nuclear envelope of vascular smooth muscle cells 

(VSMCs) and adventitia [58]. The accumulation of progerin may lead to nuclear defects and 

increase susceptibility to mechanical strain. In turn, it causes cells to die and produce an 

inflammatory emergency, which leads to atherosclerosis. It is not difficult to find that the 

pathological changes of cardiovascular disease in both elderly and HGPS patients are strictly 

related to the generation of inflammation. 

 

1.5.2. Pathogenesis of vascular diseases 

Calcification, inflammation and plaque erosion and rupture are typical features of general 

ageing and HGPS. In HGPS, the accumulation of minimally oxidized low-density lipoprotein 

(LDL) triggers the atherosclerotic plaque formation [59]. In this process, the gathering of 

minimally oxidized LDL causes endothelial cells (EC) to produce surface adhesion molecules, 

such as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion protein-1 (VCAM-

1) and very late antigen-4 (VLA-4). These proteins then increase vascular permeability, which 

leads to lipid and inflammatory cells becoming attached and penetrating the subendothelial 

space. In this space, due to the role of reactive oxygen species (ROS) and lipase, the least-

oxidized LDL gets oxidized to yield highly-oxidized LDL, subsequently causing an inflammatory 

response. In response to this inflammation, the body releases pro-inflammatory cytokines 

(interleukin-6 [IL-6], C-C motif chemokine ligand 2 [CCL2] and interleukin-1 beta [IL-1β]) via a 

monocyte from the blood into the subendothelial space. Tumor necrosis factor (TNF) 

receptor-associated factor 1 (TRAF1) plays a critical role here to recruit the monocyte to the 
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vessel wall. Subsequently, the inflammatory environment gets established; the macrophages 

become differentiated and then swallow and digest these highly oxidized LDLs to produce 

foam cells with the assistance of complement component 3 (C3), gathering to form plaque. 

As the volume of plaque increases, the arterial wall becomes thicker and harder. In this 

process, the inflammatory factors TNFa and interferon-gamma (IFNG) also play a vital role 

because they mediate the cluster of differentiation 36 (CD36) and the cluster of 

differentiation 68 (CD68) of macrophages to recognize the process of oxidized aggregated LDL 

[60]. 

In addition to the cytokines directly involved in cardiovascular disease, many other proteins 

play an important role in this process. Peroxisome proliferator-activated receptor gamma  

(PPARG) can regulate a variety of homeostasis functions related to vascular pathologies [61]. 

First, it affects insulin signaling pathways and endothelial function through phosphoinositide 

3-kinases (PI3K)/protein kinase B (Akt)/endothelial nitric oxide synthase (eNOS) or mitogen-

activated protein kinase (MAPK)/endothelin-1 (ET-1). Second, regulating the renin-

angiotensin system (cascade protein) gene expression slows down the development of 

atherosclerosis and hypertension. Third, oxidative stress is indirectly regulated by PPARG or 

by nuclear factor erythroid 2–related factor 2 (Nrf2). During the whole process of 

atherosclerosis, especially in the early stages, transforming growth factor-beta 1 (TGFB1) 

resists this process in various ways [62]. For example, TGFB1 can prevent the excessive 

accumulation of vascular smooth muscle cells (VSMCs) in the neointimal membrane and can 

advert plaque rupture by inciting extracellular matrix organization and tissue repair. It can 

also stimulate type III T helper cell function and governing T cells (cluster of differentiation 

3+ (CD3+)/cluster of differentiation 25 (CD25)) to control local inflammation. The C-reactive 

protein (CRP) interacts with endothelium, lipoproteins, monocytes, neutrophils, and the 

complement system to regulate the immune system and change the acute inflammatory 

response to vascular injury into the chronic inflammatory response typical in atherosclerosis 

[63]. Insulin-like growth factor 1 (IGF-1) has several cardiovascular protective effects. It can 

reduce the development of atherosclerosis and improve the stability of atherosclerotic 
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plaques by inducing oxidative stress, apoptosis, pro-inflammatory and reduction of 

endothelial dysfunction. IGF-1 can also protect microvessels through endocrine and paracrine 

signaling pathways to delay the process of atherosclerosis and diabetic vascular disease [64]. 

Heme oxygenase-1 (HMOX1) is also highly involved in cardiovascular disease. It can affect 

atherosclerosis, intimal hyperplasia, myocardial infarction and angiogenesis. For example, its 

expression helps macrophages increase the protective effect of antioxidants and thus 

prevents the oxidation of LDL and consequently protects and reduces atherosclerosis [65]. 

 

1.5.3. Drugs for vascular diseases 

Based on the molecular mechanism of atherosclerosis development, many drugs have been 

developed and used clinically to overcome the clinical mortality of atherosclerosis. For 

example, PPARG is a useful therapeutic target for atherosclerosis [66]. Once PPARG is 

stimulated, lipoprotein lipase and apolipoprotein A-V increase, and the hepatic 

apolipoprotein C-III decreases. These steps further reduce triglycerides in the plasma 

chylomicrons and very-low-density lipoprotein, which is the critical character that causes 

atherosclerosis, as mentioned above. As the high-density lipoprotein (HDL) is assembled by 

apolipoprotein A-I and apolipoprotein A-II, the activation of PPARG can increase their 

expressions and raise cholesterol levels in HDL, further delaying the formation of 

atherosclerosis by increasing HDL-mediated cholesterol efflux from macrophages. 

Hydroxylmethylglutaryl-coenzyme A reductase inhibitors (statins) are a selection of classic 

antihypertensive and lipid-lowering drugs [67]. They can lower cholesterol and stabilise 

atherosclerotic plaques, thereby reducing the embolism rate. The endoglin-mediated action 

is also involved in the reduction of cholesterol levels by statins. Endoglin (TGF-β receptor III, 

CD 105) is a glycoprotein that plays a regulative role in transforming growth factor–β (TGF-β) 

signaling, and the expression of endoglin is strongly correlated to cardiovascular system 

development [68]. The altered vasodilation properties, expanding expression of inflammatory 

cell adhesion molecules and a pro-thrombogenic states can all be caused by endothelial 
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dysfunction leading to atherogenesis. 

 

 

1.6. Arthritis 

1.6.1. Arthritis in HGPS 

When looking at HGPS patients, the first things that often catch the eye are their narrow 

shoulders and slender chins. These features are caused by many different kinds of osteolysis 

phenomena, which are widely present in the clavicle, mandible, distal phalanx, visceral skull 

and neurocranium [18]. For example, increased osteolysis of the collarbone and upper ribs 

frequently causes the prominent narrow shoulders in patients. The clavicle osteolysis usually 

starts from the acromial end at a slow pace. The mandible osteolysis is relatively apparent, 

creating a smaller chin after one or two years of age. The reduction in the maxilla and 

mandible dimension makes the teeth crowded and even squeezed out. Concurrently, from 

the age of one to two years, the distal phalanx's osteolysis begins to occur [69]. Usually, this 

phenomenon starts from the index finger and the little finger. It gradually spreads to the toes, 

and suddenly, all of the fingers are affected, leading to phalanges and malnourished nails; the 

nearby skin becomes swollen and red. With age, the bones of the visceral skull also begin to 

dissolve, causing the facial bones to become thinner. The widely existing anterior fontanelle 

in the neurocranial bone may be manifested by osteolysis, which continually develops in 

childhood or adolescence. As a patient's condition continues to worsen, fractures begin to 

occur widely in various parts, and severe skull fractures can appear [18]. The polycentric 

osteolytic disease is an essential representative of RA, a systemic disease that causes 

progressive destruction of joints and surrounding structures. 
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1.6.2. Pathogenesis of arthritis 

As a chronic inflammatory autoimmune disease, RA primarily affects the joints, causing joint 

swelling, functional impairment, inflammatory pain and muscle wasting. Moreover, RA is 

associated with an increased risk of cardiovascular disease and osteoporosis. Generally 

speaking, RA occurs in four typical stages: triggering, maturation, targeting and fulmination, 

eventually producing bone erosion, cartilage damage, proliferative synovium and systemic 

consequences [70]. Anti-citrullinated protein antibodies (ACPAs) occur in approximately 67% 

of RA patients with a more clinically severe phenotype compared to the one without ACPAs. 

Potential triggering sites in various parts of the body, including the lungs, mouth and gut, can 

be activated by multiple environmental factors. The citrullination of the self-protein drives 

RA, and it subsequently causes the body to produce autoantibodies against citrulline peptide. 

The maturation step is launched at the section of secondary lymphoid tissues or bone marrow. 

In this stage, self-antigens are released, causing the development of immune responses to 

endogenous epitopes [71]. 

Meanwhile, the titre of ACPA increases with breaking immunological tolerance. Consequently, 

major histocompatibility complex (MHC) class II-dependent T cells are stimulated by many 

citrullination neoantigens and, in turn, help B cells generate more ACPA, further inducing pain, 

inflammation and bone loss [72]. After entering the targeting phase, synovitis occurrs in the 

symmetric facet joints, and the joints become swollen. Leukocytes infiltrate the synovial 

compartment, and the synovial fluid is filled with pro-inflammatory mediators, inducing an 

inflammatory cascade. Fibroblast-like synoviocytes interact with cells of the innate immune 

system. Endothelial cells in synovial microvessels are activated to express various adhesion 

molecules and chemokines, thereby contributing to a wide range of angiogenesis. 

At last, hyperplastic synovium, bone erosion, cartilage damage and systemic consequence all 

occur in the fulminant stage. At the places where the synovial membrane enters into the 

periosteum, bone erosion can be found due to bone resorption. Decreasing osteoblasts and 

increasing osteoclasts and synoviocytes lead to the damage of the subchondral bone, which 
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eventually ends in the degeneration of articular cartilage [73]. 

Several different types of cells closely cooperate in the development of RA, including synovial 

cells (fibroblasts, perivascular cells, and endothelial cells), dendritic cells, macrophages and 

other effector cells of the immune system. Cytokines such as IL-6, TNFa, interleukin 1 (IL-1) 

and interleukin 17 (IL-17) are produced by the macrophages and T cells inside the synovium, 

leading to inflammation and rheumatoid arthritis synovial fibroblast (RASF) stimulation [74]. 

As the critical character in maintaining the homeostasis of the synovium in healthy joints, 

RASF destruction is considered to be the principal reason for the pathogenesis of joint injury. 

The activation of RASF can significantly increase the expression of cathepsin, matrix 

metalloproteinase (MMP) and vacuolar ATP monophosphatase (ATPase), thereby destroying 

the bone matrix and bone tissue. Additionally, the activation of RASF also promotes the 

synthesis of degrading proteases and causes cartilage degradation [75]. 

 

1.6.3. Drugs for arthritis 

Due to the crucial role of TNFa performed in RA clinical manifestations and the progression 

of bone and cartilage damage in RA, anti-TNFa drugs such as infliximab and methotrexate can 

significantly slow or prevent these pathological changes [76]. In addition to anti-TNFa drugs, 

drugs targeting IL-6, such as tocilizumab, have also been approved for the treatment of RA. 

IL-6 can activate the formation of T cells, B cells, macrophages and osteoclasts. Anti-IL-6 drugs 

can further prevent the induction of osteoclast formation caused by IL-6 and stop B cells from 

presenting antigens and forming antibodies and cytokines [77]. By also targeting B cell 

function, rituximab, a monoclonal antibody that specifically binds to the B-lymphocyte CD20 

antigen shown on the surface of mature B cells and pre-B cells, has been shown to have 

excellent anti-RA capabilities [78]. 
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1.7. Lipodystrophy 

1.7.1. Lipodystrophy in HGPS 

Lipodystrophy syndrome is a heterogeneous disease, which may come from a natural 

inheritance or be acquired. It is mainly manifested by the inability of the body to produce and 

maintain healthy adipose tissue, creating a variety of metabolic complications such as 

cardiovascular disease, diabetes, insulin resistance and dyslipidemia [79]. 

In patients with HGPS, lipodystrophy usually appears slightly from six months until it gradually 

becomes apparent at the age of three or four. Being a typical early symptom of HGPS patients, 

veins are visible on the bridge of the nose in the early stages of just having lipodystrophy. The 

reduction of body fat causes this phenomenon and makes the skin thinner, making the blood 

vessels more visible. Subsequently, the scalp veins become apparent, and in the late stages, 

the entire body's veins become evident; the eyes protrude due to the loss of fat around the 

eyes, and the facial skin becomes wrinkled and thin. In general, the patients' limbs often begin 

to lose fat first. Then the neurocranial, thorax and facial fats gradually disappear until the 

buccal fat pad and pubic fat finally disappear [80]. 

 

1.7.2. Pathogenesis of lipodystrophy 

Lipodystrophy, characterised by the disappearance of subcutaneous adipose tissue, is often 

caused by increased lipolysis and apoptosis in adipocytes. Mitochondria play an essential role 

in the activation of fat cell apoptosis. Peroxisome proliferator-activated receptor gamma 

coactivator 1-alpha (PGC-1α) is a PPARG coactivator that regulates mitochondrial production. 

Its expression in adipose tissue of patients with lipodystrophy is significantly reduced, causing 

damage to the respiratory chain in mitochondria in many cells. This loss often leads to a 

decrease in the expression of the critical mitochondrial uncoupling protein-2 (UCP-2), which 

controls the production of ROS, leading to the formulation of a large amount of ROS, which 



 Introduction 

- - 25 - - 

 

forces oxidative stress in adipose tissue. Excessive oxidative stress leads to the differentiation 

of damaged fat cells, produces a large number of pro-inflammatory mediators and activates 

apoptosis. Elevated lipolysis raises the level of non-esterified free fatty acids (FFA) in the 

systemic circulation [81]. 

The increase of FFA can induce macrophages to produce IL-6 and TNFa and other pro-

inflammatory mediators, and the rise of these pro-inflammatory mediators in adipose tissue 

further activates lipolysis. TNFa can also induce insulin resistance and leptin (LEP) production, 

inhibit lipoprotein lipase (LPL) activity and adipogenesis, reduce preadipocyte differentiation 

and induce apoptosis in preadipocytes and adipocytes. Additionally, TNFa can influence 

adipocyte dedifferentiation, driving differentiated adipocytes to lose function and return to 

the early-stage developmental state [82]. Adipocytes are also closely related to IL-6. As an 

essential pro-inflammatory protein, 30% of the body's IL-6 comes from adipose tissue and 

mediates insulin resistance, which induces increased apoptosis and leads to the loss of 

subcutaneous fat [83]. Since leptin is mainly produced in adipose tissue and widely exists in 

circulation and cerebrospinal fluid, it can regulate appetite, increase energy expenditure and 

reduce weight. At the same time, leptin can also act through 5'-AMP-activated protein 

kinases, thereby reducing anabolic pathways (such as glucose, protein, and lipid synthesis) 

and enhancing catabolic pathways (lipid utilization and glucose). Monocyte chemoattractant 

protein-1 (MCP-1) can also cause insulin resistance. In this process, insulin-stimulated glucose 

uptake is significantly reduced, and adipogenic genes in adipocytes, such as β-adrenergic 

receptors, glucose transporter type 4 (GLUT4), PPARG and adipsin, are downgraded [84]. 

 

1.7.3. Drugs for lipodystrophy 

In the process of finding drugs to treat lipodystrophy in different situations, researchers have 

found that the levels of hormones such as leptin and adiponectin secreted by adipose tissues 

in lipodystrophy patients are significantly reduced in the systemic circulation, leading to 

insulin resistance and metabolic abnormalities [85]. PPARG agonists can increase the 
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circulation level of leptin to reverse fat metabolism abnormalities and partially relieve fat loss 

[86]. Similarly, leptin can significantly improve blood glucose and lipid levels in patients with 

lipodystrophy [87]. 

 

 

1.8. Alopecia 

1.8.1. Alopecia in HGPS 

HGPS children are born with healthy hair like other children, with no difference in hair color 

and texture. However, between six months and two years, their hair begins to fall out, and 

then their eyelashes and eyebrows gradually disappear. The body hairs on the axillae, chest, 

limbs or pubis are sparse or missing. Hair is an essential secondary sex characteristic. The 

absence of new hair growth, the loss of original hair and the lightened color of remaining hair 

all show abnormal hair follicle lesions in HGPS patients [18]. 

 

1.8.2. Pathogenesis of alopecia 

The growth cycle of human hair follicles often has four growth stages: long growth period 

(anagen), short transition period (catagen), short resting phase (telogen) and hair loss 

(exogen) [88]. At the end of the resting stage, hair drops out, new hair begins to grow in the 

hair follicles, and the cycle starts again. In HGPS, the circulation of the hair follicle growth 

cycle causes alopecia due to the lymphocyte infiltration into the peribulbar space of the hair 

follicle in the growing phase and intrafollicular locations [89]. CD4+ and CD8+ T-cells are the 

leading causes of hair follicular inflammation, and many activated CD4+ T cells show up 

around the hair follicles. The CD8+ T cells can further penetrate the hair follicles to produce 

cytotoxicity and destroy hair growth. These activated cytotoxic T lymphocytes produce 

granzyme B, Fas ligand and TNFa molecules to trigger apoptosis in hair follicle cells, regularly 
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interrupt normal functions and produce pro-inflammatory cytokines, including IL-1, IFNG and 

IL-6. 

During the pathogenesis and development of alopecia, cytokines and other molecules play 

an essential role in coordinating the periodic growth of hair. For the pathogenesis of alopecia, 

TNFa exerts a powerful and highly effective proliferation inhibitory effect [90]. Epidermal 

keratinocytes can produce TNFa and then, together with IL-1α and IL-1β, cause coagulation 

and deformation of the dermal papilla. They can also create clear vacuoles in the hair follicle 

matrix and cause abnormal keratinisation of the hair follicle and inner root sheath, destroying 

follicular melanocytes. These changes finally lead melanin granules to appear in the dermal 

papilla, which eventually results in malnutrition of hair follicles in the growing phase and, in 

turn, interferes with the normal hair growth cycle [91]. The IL-1 mentioned above is an 

essential inhibitor of human hair growth in vitro, and the overexpression of IL-1a in the 

epidermis can induce alopecia areata. In the early stage of alopecia, overexpression of IL-1β 

can be detected, and the alopecia may be aggravated by the lack of IL-1 receptor antagonists 

in patients. The serum levels of IL-1α and IL-4 in patients with local alopecia areata are 

notably enhanced. While the disease becomes more extensive, interleukin-2 (IL-2) and IFNG 

are mainly elevated, suggesting that T helper 1 (Th1) cytokines are mediated at the 

development of this process [92]. After the perifollicular or follicle antigen-presenting cells 

produce IFNG, the CD4+ Th1-mediated response induces deprivation of the skin papillary 

cells' ability to maintain hair growth. In this process, IFNG causes a significant increase in the 

monokine factor MIG, leading to the recruitment of chemokine interferon-inducible protein 

10 (IP-10) by monocytes, making the Th1 response in alopecia areata persistent [93]. 

 

1.8.3. Drugs for alopecia 

In the treatment of alopecia, corticosteroids such as triamcinolone acetonide have been used 

as the primary treatment in the local area of a lesion because they can inhibit the occurrence 

of inflammation and accelerate the recovery of damaged hair follicles. Although this drug can 
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cause about 57% of patients' hair to fully regrow, it can also cause side effects and skin 

atrophy at the treatment site, and it is easy to relapse after stopping treatment [94]. 

Immunotherapy is the primary method for treating alopecia today. For example, squaric acid 

dibutyl ester and diphenylcyclopropenone can be used as immunotherapeutic agents to treat 

alopecia. In the course of treatment, immunotherapeutic agents can induce antigen 

competition, distracting CD4+ T cells from combating hair follicles [95]. Recent studies have 

shown that JAK inhibitors are also promising drugs for the treatment of alopecia. Janus 

kinase-signal transducer and activator of transcription (JAK-STAT) inhibitors, including 

ruxolitinib and tofacitinib, can inhibit the downstream effects of type 1 cytokines, reduce 

IFNG signals, and then promote hair regeneration and reverse the formation of alopecia 

areata. In the experiment, three patients taking oral ruxolitinib were treated for five months 

and achieved almost complete hair regeneration [96]. 

 

 

1.9. The JAK-STAT pathway 

1.9.1. The JAK-STAT pathway in general 

As one of the most important signaling pathways other than the second messenger system, 

the JAK-STAT pathway, discovered in recent years, is an essential intracellular signaling 

transduction pathway regulating human development and homeostasis. This pathway can be 

activated by various cytokines, interferons, growth factors and related molecules so that 

chemical signals outside the cell can cross the cell membrane and transmit the message to 

the gene promoter on the DNA in the nucleus, thereby regulating DNA transcription and 

activity in the cell level [97]. 

This pleiotropic cascade can be employed to transduce several signals for development and 

homeostasis. JAK activation stimulates cell proliferation, differentiation, migration and 

division and further plays a crucial role in immune development, adipogenesis, 
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haematopoiesis and sexually dimorphic growth. On the contrary, abnormalities in these 

processes can also cause a variety of difficult diseases, including inflammatory disease, 

gigantism, erythrocytosis and an array of leukaemias. 

 

1.9.2. The composition and mechanism of the JAK-STAT pathway 

The JAK family of kinases includes four proteins: JAK1, JAK2, JAK3 and TYK2. JAKs contain a 

FERM (F for 4.1 protein, E for ezrin, R for radixin and M for moesin) domain, a domain related 

to Src homology 2 (SH2), a kinase domain and a pseudokinase domain. Among them, the 

kinase domain exhibits the phosphorylation site, which is crucial for the JAK activation. STATs 

contain a family of seven potential transcription factors that are structurally and functionally 

related. They are located in the cytoplasm until they are activated: STAT1, STAT2, STAT3, STAT4, 

STAT5a, STAT5b and STAT6. The STAT proteins contain many different functional domains, and 

the most conserved region is the SH2 domain. The SH2 section consists of two α-helices and 

one β-sheet. STATs also have transcription activation domains, which are less conserved and 

positioned at the C-terminal. STATs also include coiled-coil, linker, amino terminus, DNA 

binding domain and tyrosine activation [98]. 

Signals from interferons, interleukins, growth factors or other chemical messengers can bind 

to receptors on the cell surface to cause receptor dimerisation to activate this receptor. The 

activated receptor can then initiate the kinase function of JAK, leading to the phosphorylation 

of tyrosine residues in the region of the ‘activation loop’ during this process. Next, the 

activated tyrosine residues form a protein binding site with an SH2 domain. Subsequently, 

STATs attach to the phosphorylated tyrosines on the receptor by using their SH2 domains. 

Then, JAKs tyrosines phosphorylate the STATs, causing the dissociation of STATs from the 

receptor. These activated STATs form heterodimers or homodimers, in which the SH2 region 

of a STAT binds to the phosphorylated tyrosine of an opposite STAT. Then, the dimer 

translocates into the nucleus. In the nucleus, the dimer binds to DNA and originates the 

transcription of genes that respond to a STAT [99]. 
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Figure 4: The diagram of the JAK-STAT signaling pathway. Cytokines first bind to the JAK-linked receptors, 

dimerising receptor subunits. This process closes together the subunits connected to JAKs. Thereby, kinases 

activate a series of phosphorylations that activate intracellular signaling, ultimately leading to the 

phosphorylation of STATs. Activated STATs dimerise and transfer to the nucleus, and then bind to DNA and 

regulate gene transcription. 

  

1.9.3. The potential connection between the JAK-STAT pathway and HGPS 

The previous research from our group found that various indicators related to the JAK-STAT 

signaling pathway create significant changes in HGPS patients. For example, intracellular ROS 

increases by over two times, and ATP production decreases by 25% [100]. Both autophagy and 

protease activities have different levels of reduction. The literature also shows that apoptosis 

increases by more than six times, and mitochondrial membrane potential increases by six 
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times. These results indicate that the JAK-STAT pathway function in HGPS is abnormal [101]. 

Since JAK-STAT inhibitors can effectively regulate the above indicators, the usage of JAK-STAT 

inhibitors could be a method to alleviate HGPS cellular homeostasis. Specifically, the use of 

JAK-STAT inhibitors can reduce the expression level of TNFa, thereby decreasing apoptosis. 

Similarly, overexpression of TNFa induces cells to produce large amounts of ROS and reduce 

ATP synthesis, and the use of JAK-STAT inhibitors can alleviate this change. The increase of 

STAT3 can inhibit the level of cell autophagy and produce a tendency to reduce the 

proteasome. The use of JAK-STAT inhibitors can well resist the above-mentioned adverse 

effects caused by excessive activation of STAT3. Therefore, JAK-STAT inhibitors can improve 

the health of HGPS cells by improving cellular homeostasis. 

From a disease perspective, the JAK-STAT signaling pathway plays an essential role in the 

pathological process of four typical HGPS phenotypes: cardiovascular disease, lipodystrophy, 

arthritis and alopecia. The use of JAK-STAT inhibitors can also relieve these diseases. In 

cardiovascular diseases, STAT3 mediates the production of surface adhesion molecules like 

ICAM-1 and the generation of inflammatory cytokines such as CCL2 and IL-6 [102]. Therefore, 

the use of JAK-STAT inhibitors can effectively inhibit the phosphorylation of STAT3 and prevent 

atherosclerosis occurrence. In the synovium of an arthritis patient, TNFa, IL-6 and other 

cytokines play a vital role in the disease development, and the drug inflammation that inhibits 

JAK1, 2 and 3 has shown promising therapeutic effects [103]. In lipodystrophy, PPARG, IL-6, 

and TNFa are involved in critical regulatory processes to regulate the development and 

function of adipocytes. STAT3 can cause the loss of subcutaneous fat tissue under the 

stimulation of INFG [104]. Clinical trials have also shown that the use of JAK-STAT inhibitors 

can effectively alleviate lipodystrophy. Last, IFNG, IL-6 and TNFa can prevent healthy hair 

circulation and cause hair loss. The use of JAK-STAT inhibitors can prevent these cytokines 

from destroying the hair circulation process and stimulate the activation and proliferation of 

hair follicle stem cells to promote hair regeneration [105]. Therefore, since the JAK-STAT 

signaling pathway plays a principal role in the pathogenesis of the four main phenotypes of 

HGPS, this pathway is also likely to play an essential role in the pathogenesis of HGPS. 
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1.10. Current HGPS therapies 

1.10.1. HGPS therapeutics in general 

Based on the above-mentioned pathogenic mechanism for HGPS patients, a variety of drugs 

have been designed for different particular processes to alleviate HGPS: 1. Use genome 

editing techniques such as clustered, regularly interspaced, short palindromic repeats 

(CRISPR) to repair disease-causing mutations. 2. Prevent progerin mRNA production by using 

antisense oligonucleotides such as MG132 to inhibit pre-mRNA abnormal splicing. 3. Reduce 

the levels of isoprenylation and methylation of progerin by using farnesyl transferase 

inhibitors. 4. Activate cell autophagy by using rapamycin to cause progerin clearance. 5. 

Reduce the harmful downstream effects due to excessive aggregation of progerin by the 

reactivation of nuclear factor erythroid 2-related factor 2 (NRF2) [106]. 

 

1.10.2. The farnesyltransferase inhibitor (FTI) lonafarnib 

Among these methods, the prelamin A isoprenylation and methylation inhibitor lonafarnib 

was the first treatment showing a positive effect under clinical practice. 

As mentioned above, during the prelamin A maturation into lamin A, ZMPSTE24 removes the 

farnesylated carboxy terminus at the tail of prelamin A via identification of the cleavage site. 

However, due to the replacement of cytosine to thymine by gene mutation, ZMPSTE24 

cannot cut the farnesyl group from prelamin A, resulting in the permanent farnesyl 

premature protein remaining anchored on the inner core membrane. When the progerin 

dimerises with wild-type lamins, the nuclear scaffold is negatively disrupted. A 

farnesyltransferase inhibitor (FTI) is a small molecule that can reversibly attach to the binding 

site of farnesyl transferase CAAX, so it can prevent the prelamin A farnesylation in HGPS cells. 

As a result, prelamin A does not gather on the nuclear rim to cause folds. This process can 

reduce the percentage of cells with deformed nuclei, thereby reducing the production and 
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toxicity of progerin and further significantly reducing nuclear blebbing [107]. 

The HGPS mouse model is a kind of knock-in mouse expressing non-farnesylated progerin 

(Lmna nHG/+). Both the HGPS mouse model and the ZMPSTE24-deficient mouse model share 

some common phenotypes, such as hair loss, micrognathia, osteolytic disease and 

osteoporosis, abnormal teeth, thinness and growth retardation. After utilizing the FTI 

treatment, the mouse model showed significant body weight gain at 20 weeks of age and 

showed increased body fat, indicating improved lipodystrophy. The mouse model also 

showed increased grip strength and bone integrity, indicating recovery from arthritis, 

effective relief of cardiovascular disease and extended lifespan, but only modestly [108]. 

After two years of lonafarnib treatment for HGPS patients, the results showed that HGPS 

children gained weight, improved vascular stiffness and reduced the prevalence of strokes 

and frequency of headaches. It also decreased arterial pulse wave velocity, increased bone 

rigidity, increased sensorineural hearing and bone mineral density and increased average 

lifespan by 1.6 years. Although FTI inhibits farnesyltransferases, the progerin can still be 

alternatively prenylated by geranylgeranyltransferase, which explains the limited helpful 

effects of FTI monotherapy [109]. Recently, a combination treatment of the co-substrate of 

farnesyltransferase and the precursor of geranylgeranyl pyrophosphate on ZMPSTE24−/− 

mice demonstrated positive effects on growth retardation, weight loss, lipodystrophy, hair 

loss and bone defects [110]. Importantly, this combination also prolonged the mice's lifespans. 

The clinical trial of this combination on 12 HGPS patients for 3.5 years of treatment exhibited 

several positive results, including weight gain and improvement of bone density with almost 

no side effects [111]. 

Although the use of FTI for HGPS has many of the above benefits, long-term use of FTI 

treatment can also cause serious side effects. For example, progeria mouse model results 

indicate that excessive aggregation of non-farnesylated prelamin A may cause lethal 

cardiomyopathy, anaemia, thrombocytopenia, myelosuppression and neutropenia [112]. 
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1.10.3. The autophagy-activating drugs: rapamycin and sulforaphane 

For a long time, autophagy has been considered to have a close relationship with 

degenerative disease and carcinogenesis but also to play an essential role in the cell 

protection of the heart, nerve, kidney and liver. Deepening of research has shown a negative 

correlation between autophagy and accelerated ageing. Activating the autophagy of 

fibroblasts in HGPS can promote the elimination of premature proteins, improve the 

morphological abnormalities of the nucleus, enhance histone methylation status and barrier-

to-autointegration factors (BAF) and lamina-associated polypeptide 2 alpha (LAP2alpha) 

distribution patterns. Experimental results using rapamycin on the LMNA−/− mouse models 

show that this drug can improve heart and skeletal muscle function, enhance body weight 

and increase fat content by reversing the mammalian target of the rapamycin complex 1 

(mTORC1) signal, thereby prolonging life. In clinical trials, the combined use of lonafarnib and 

the rapamycin derivative everolimus showed similar but more positive therapeutic effects 

than utilizing lonafarnib alone. However, it also showed the side effects of inhibiting fat 

production, myelosuppression and hyperlipidaemia [113]. 

Sulforaphane is an antioxidant derived from cruciferous vegetables such as broccoli, and it 

has been widely proven to have anti-cancer and anti-ageing effects. In an experiment treating 

HGPS fibroblasts, it showed an excellent ability to remove progerin by activating autophagy 

and further reverse the typical indicators of HPGS, such as ROS, ATP and the proteasome, by 

increasing the expression of proteasome system components and several heat-shock proteins 

and co-chaperones [100]. 

However, sulforaphane and lonafarnib's intermittent administration has a more apparent 

positive effect on the impact of saving HGPS cell homeostasis than using sulforaphane or 

lonafarnib alone. 
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1.10.4. Cholesterol biosynthesis pathway inhibitor: statins 

Since most HGPS patients eventually die of atherosclerosis, statins, which inhibit of the 

cholesterol biosynthesis pathway, have recently become a choice for the treatment of HGPS 

patients. Statins can effectively reduce LDL cholesterol by inhibiting the production of β-

hydroxy β-methylglutaryl-CoA (HMG-CoA) reductase, which performs a significant role in 

cholesterol production, thereby achieving the positive effect of alleviating cardiovascular 

disease. HMG-CoA reductase is a class of isoprenoid precursors and plays a vital role in the 

protein prenylation pathway to help lamin A mature. Bisphosphonate is a drug that can resist 

disease with enhanced bone resorption. It can reduce the synthesis of geranyl and farnesyl 

groups by inhibiting farnesyl pyrophosphate synthase. Combining the above two drugs in the 

HGPS mouse model effectively inhibited the farnesylation and geranylation of progerin and 

prelamin A [114]. 

At the same time, the weight, fat, hair loss and bone defects in HGPS mice were alleviated 

after administration, and the life span was also significantly extended. In subsequent clinical 

trials, a statin (pravastatin) and a bisphosphonate (zoledronic acid) were applied in 

combination with the FTI (lonafarnib) to treat HGPS patients. However, other than the 

increase in bone mineral density, the effectiveness was not significantly improved compared 

to the utilization of FTI alone, and the ability to protect from cardiovascular disease was not 

significantly different [115]. 

 

1.11. Baricitinib 

1.11.1. Baricitinib in general 

Although all of these studies have shown that FTI, rapamycin, sulforaphane, statins and 

bisphosphonates can reverse specific characteristics of HGPS, none can simultaneously 

relieve the four typical phenotypes of vascular disease, arthritis, lipodystrophy and alopecia. 
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Therefore, we propose that the JAK-STAT pathway also plays an essential role in the 

occurrence and development of HGPS. As a JAK-STAT inhibitor, baricitinib can alleviate the 

above four diseases at the same time; therefore, it could be a suitable candidate for the 

treatment of HGPS. 

As an orally administered, potent, selective, reversible inhibitor of the JAK-STAT pathway, 

baricitinib (LY3009104, formerly INCB028050, the chemical formula is C16H17N7O2S, and the 

chemical structure is shown in Figure 5) has been applied in a variety of clinical trials. It has 

shown positive effects in clinical trials of atopic dermatitis, systemic lupus erythematosus, 

rheumatoid arthritis, alopecia areata and lipodystrophy. Baricitinib's IC50 for JAK1, JAK2, JAK3, 

and TYK2 are 5.9 nM, 5.7 nM, > 400 nM, and 53 nM, respectively, showing an apparent 

selective inhibition of JAK1 and JAK2 [116]. 

 

 

 

Figure 5: The chemical structure of baricitinib. Baricitinib is a potent and reversible inhibitor for the JAK-STAT 

pathway, especially for JAK1 and 2. 

 

1.11.2. Baricitinib with four phenotypes 

Among the many benefits of baricitinib, the first effect recognized by the market was its 
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excellent effect exhibited in RA. It can prevent the phosphorylation of STAT3 activated by IL-

6 in T cells and subsequently inhibit the phosphorylated STAT3 from producing CCL2 and 

pathogenic cytokines like interleukin-22 (IL-22). In the process of using baricitinib to treat RA, 

a marked improvement in the disease can be seen as early as the first week of treatment. The 

structural joint damage can be significantly inhibited, and other related physical functions can 

be improved [117]. 

Baricitinib also showed an excellent therapeutic effect in the treatment of alopecia. In the 

preclinical study, the hair of alopecia model mice (C3H / HeJ) sufficiently recovered after 12 

weeks of administration, which was significantly different from the control group. This result 

shows that CD8, NKG2D and effector memory T cells partially mediate alopecia through JAK 

signaling, and interferon signaling also plays a fundamental role in this process. Although the 

specific mechanism of baricitinib's action in alopecia has not been fully elucidated, the 

efficacy of the drug in the treatment of alopecia is worthy of further clinical research [118]. 

During the treatment of chronic atypical neutrophilic dermatosis with lipodystrophy 

(CANDLE), baricitinib also produced a preliminary response by inhibiting the JAK-STAT 

pathway within the clinical trials of 12 patients, except for one patient whose treatment effect 

was not noticeable. This patient developed debilitating avascular necrosis. Hence, he was 

withdrawn from the study, but the other 11 patients all showed a positive therapeutic effect. 

The average autoinflammatory diary score of these patients decreased significantly, and the 

symptoms of myositis and bone marrow immunosuppression improved. Specifically, platelets 

increased, and absolute lymphocyte counts and haemoglobin were enhanced. The treatment 

process can cause some common adverse reactions, such as upper respiratory tract infections 

and anaemia, but these adverse reactions can be successfully cured [119]. 

 

1.11.3. Baricitinib is more suitable for HGPS patients 

As the JAK-STAT pathway is a hot topic in current research, various JAK or STAT inhibitors have 

been designed. Since our ultimate goal in this study is to find a JAK-STAT inhibitor that can be 
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used further in HGPS patients, we first narrowed the range to JAK-STAT inhibitors that have 

been approved by the FDA because their safety is more guaranteed. The JAK-STAT inhibitors 

that have been approved by the FDA are ruxolitinib, tofacitinib, oclacitinib, baricitinib and 

upadacitinib. A key indicator in our study, arthritis can be effectively inhibited by tofacitinib, 

baricitinib and upadacitinib to alleviate it in many aspects. However, for anti-alopecia, the 

efficacy of these drugs has made a distinct difference. Tofacitinib can help patients regenerate 

almost all of their hair back after six months of treatment, but all of the regrown hair is then 

lost after two months [120]. 

Similarly, ruxolitinib can regenerate 85% of the scalp hair and maintain it for 12 weeks after 

the administration's end before the hair falls out again. However, baricitinib can ultimately 

promote scalp regeneration. Therefore, baricitinib is one of the best candidates. IC50 is the 

concentration of an inhibitor that reduces half of the response. The relevant IC50 value of 

baricitinib (JAK1: 5.9 nM, JAK2: 5.7 nM, JAK3: > 400 nM, tyrosine kinase 2 (TYK2): 53 nM) is 

much lower than tofacitinib (JAK1: 112 nM, JAK2: 20 nM, JAK3: 1 nM, TYK2: - nM), showing 

that baricitinib is more efficient in inhibiting JAK. Therefore, we selected baricitinib as our 

model drug in this research [121]. 

Meanwhile, in terms of drug safety, patients with advance infections or hematologic, hepatic 

and renal disorders are more likely to have side effects during the baricitinib treatment than 

patients without those disorders. Typical adverse effects include an increase in the incidence 

of herpes zoster and a decrease in the number of neutrophils and other phagocytic cells with 

an increasing dose of baricitinib, which, in turn, triggers neutropenia and lymphocytopenia. 

Additionally, the use of baricitinib inhibits the phosphorylation of JAK2 and then prevents the 

signal of erythropoietin, which in turn causes anaemia. During the treatment period, 

although the levels of HDL, LDL, total serum cholesterol and triglycerides increased, the 

average HDL to LDL ratio did not change significantly, and it did not produce significant related 

side effects [122]. 
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2.  Aim of the Thesis 

Hutchinson–Gilford progeria syndrome (HGPS, OMIM 176670) is a rare, disastrous paediatric 

disease distinguished by severe premature ageing and early death, without any existing cure 

[123]. HGPS patients exhibit clinical features similar to physiological ageing, including 

cardiovascular diseases, lipodystrophy, hair loss, progressive contracture and stiffness of 

joints and osteoporosis, leading to shortened life spans and early death at an average age of 

14.7 years [124]. We focused on the four typically recognized conditions, namely vascular 

disease, arthritis, lipodystrophy and alopecia. These pathologies not only develop 

simultaneously in HGPS but also other progeroid syndromes, such as mandibuloacral 

dysplasia (MAD), restrictive dermopathy (RD), and Malouf syndrome [125,126]. This 

dissertation's main objective is to find a new therapeutic strategy for HGPS children based on 

the fact that they are suffering from these four age-related phenotypes at the same time.  

Aim 1: Identification of the signaling pathway that is deregulated in vascular disease, 

lipodystrophy, alopecia, and arthritis. 

To achieve this goal, we first used data mining to examine whether these four conditions 

might share joint defective molecular mechanisms. We conducted a text mining research of 

scientific literature and databases to distinguish genes altered in each of these four distinct 

pathologies. Seventeen unique genes were classified as changed in all four pathologies by 

this text mining approach. Second, we applied the several databases and bioinformatics to 

analyze if most of these 17 entities were interconnected and therefore belonged to 

converging signaling pathways. The results showed that 14 out of these 17 genes are known 

targets of Janus kinase (JAK)-signal transducer and activator of transcription (STAT) signaling. 

Aim 2: Identification of the JAK-STAT signaling altered in HGPS and normal cells during the 

replicative senescence. 

To achieve this goal, we first established an in vitro, cell-based ageing model. In this model, 

we no longer used the cell passage as a fixed indicator for comparison as the HGPS cells are 
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in a completely different ageing state than the control cell lines at the same passage because 

HGPS cells age faster. We were the first group in the progeria area to use the same senescence 

index as a feature to compare the state of the cells. We also used the other characteristics, 

including cell cycle, p21 and progerin level, to corroborate this method's correctness. 

Subsequently, we examined the expression of these 17 genes during the replicative 

senescence in HGPS and control cells. Based on this result, we found that 14 of the 17 genes 

were encoding pro-inflammatory factors and targets of the JAK-STAT signaling, and they all 

produced corresponding changes. Therefore, we further used Western blot to measure the 

expression of JAK1, JAK2, STAT1, STAT3, p-STAT1 and p-STAT3. Ultimately, our results indicated 

that the JAK1/2-STAT1/3 pathway is over-activated in premature cellular ageing. 

Aim 3: Correction of the JAK-STAT signaling pathway using baricitinib to delay senescence 

and rebalance cell homeostasis in control and HGPS cells. 

In the process of achieving this goal, we chose baricitinib to correct the JAK-STAT signaling 

pathway. Baricitinib is a JAK1/2 inhibitor approved by the Food and Drug Administration (FDA) 

and has shown significant potency in the treatment of arthritis, alopecia and lipodystrophy. 

The results showed that baricitinib treatment could significantly inhibit the JAK1/2-STAT1/3 

signaling pathway, decrease pro-inflammatory factors, delay senescence and rebalance cell 

homeostasis in both senescing control and HGPS cells. 

Aim 4: Validation of baricitinib therapy’s effects to delay senescence and rebalance cell 

homeostasis on DNA damage senescence caused by etoposide. 

To accomplish this goal, we established a senescence model caused by DNA damage [127]. 

Compared with the mock group, the etoposide administration significantly enhanced the cell 

senescence percentage, while baricitinib effectively slowed down this process. Similar to 

replicate senescence, the JAK1/2-STAT1/3 signaling pathway in the DNA damage senescence 

group was also significantly activated, increasingly producing pro-inflammatory factors. The 

appearance of baricitinib can alleviate the above process. Consequently, baricitinib treatment 

can rebalance the homeostasis of both control and HGPS cell senescence caused by DNA 

damage.
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3.  Materials and Methods 

3.1. Materials 

We applied the following items for the experimental procedures and cell culture. 

 

3.1.1. Equipment 

The equipment we applied are shown in Table 2. 

 

Table 2: Technical Equipment 

Device Manufacturer 

Axio Imager D2 Zeiss 

Axiovert 40CFL Zeiss 

Balance Cp 4202 S Sartorius 

Biofuge fresco Thermo Scientific 

Certomat BS-1 Sartorius 

Chemi-Doc MP Imageing System BioRad 

FLUOstar Omega BMG Labtech 

HeraSafe Thermo Scientific 

ICycler PCR System BioRad 

Incubator Binder 

InoLab pH 720 WTW 

Trans-Blot® TurboTM Transfer System BioRad 

Multifuge 3S-R+ Thermo Scientific 

Nano Drop Spectrometer ND-1000 PeqLab 

StepOnePlus™ Real-Time PCR System Applied Biosystems 
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Rocking platform VWR 

Thermomixer comfort Eppendorf 

Universal Hood II BioRad 

Vortex Genie-2 VWR 

 

3.1.2. Consumables 

The consumables we used are presented in Table 3. 

 

Table 3: Consumables 

Name Manufacturer 

3.5, 6, 10 cm tissue culture dish Falcon 

4-20 % Mini-Protean TGX Precast Gel BioRad 

Eppendorf tubes (1.5, 2 ml) Eppendorf 

IPG strips GE Healthcare 

Luminunc 96- well plates white Thermo Scientific 

Membrane high-bond ECL nitrocellulose Amersham 

Microscope slides superfrost plus Thermo Scientific 

Mini Transblot filterpaper BioRad 

Polypropylen conical tubes (15, 50 ml) Falcon 

Serological pipets (1, 2, 5, 10, 25 ml) Sarstedt 

Superslip coverslips Fisher Scientific 

Tip one pipet tips (10, 20, 200, 1000 µL) Starlab 

Zip-tip C18 Millipore 
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3.1.3. Reagents 

The reagents we utilized are displayed in Table 4. 

 

Table 4: Reagents 

Name Manufacturer 

0.25 % Trypsin EDTA Invitrogen 

2-Mercaptoethanol BioRad 

Agarose ultrapure BioRad 

Baricitinib Absource Diagnostics GmbH 

Dapi Vectashield mounting medium  Vector Inc. 

DEPC treated water Invitrogen 

Dimethylformamide Merck 

DMEM (1x) GlutaMax 4.5 g/l D-

glucose+pyruvate 

Gibco 

Dodecyl sulfate sodium salt (SDS) Merck 

Ethanol Roth 

Ethidium bromide Sigma Aldrich 

Fetal bovine serum (FBS) Invitrogen 

Forskolin Sigma Aldrich 

D-(+)-Galactose Sigma Aldrich 

Gentamycin (10 mg/ml) Invitrogen 

Glutamine (200 mM) Invitrogen 

Glycine Sigma Aldrich 

2x Laemmli Buffer BioRad 

Magnesium chloride Sigma Aldrich 

Methanol Roth 

Modified porcine trypsin protease Promega 
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Penicillin-Streptomycine (5,000 U/ml) Invitrogen 

Phosphate-buffered saline (PBS) Invitrogen 

Ponceau S Sigma Aldrich 

Potassium chloride Fisher Scientific 

Precision Plus protein standards (dual 

color) 

BioRad 

Sodium chloride Merck 

Sodium hydroxide Merck 

SYBR Select Master Mix Applied Biosystems 

Sucrose Sigma Aldrich 

Triton X-100 Sigma Aldrich 

Trizma base Sigma Aldrich 

Tween 20 Sigma Aldrich 

 

3.1.4. Kits 

The kits we worked with are exhibited in Table 5. 

 

Table 5: Kits 

Name Manufacturer 

20S Proteasome Assay Cayman Chemicals 

Autophagy/Cytotoxicity Dual Staining Cayman Chemicals 

CellTiter-Glo Luminescent Cell Viability 

Assay 

Promega 

CellTox Green Cytotoxicity Assay Promega 

Clarity Western ECL substrate BioRad 

DCFDA - Cellular ROS Detection Assay Abcam 
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Muse Cell Cycle Assay kit MerckMillipore 

Omniscript RT Kit Qiagen 

QIAshredder Kit Qiagen 

 

3.1.5. Antibodies 

The primary antibodies we employed are displayed in Table 6. 

 

Table 6: Primary antibodies 

Antibody Species WB IF Supplier Order 

Number 

Anti-β-actin Mouse 1:5000 - Sigma-Aldrich A1978 

Anti-JAK1 Rabbit 1:1000 - Cell Signaling 3332 

Anti-JAK2 Rabbit 1:1000 - Cell Signaling 3230 

Anti-lamin A/C Rabbit 1:10000 - Santa Cruz 20681 

Anti-lamin A/C Mouse - 1:100 Invitrogen 3-1000 

Anti-P21 Rabbit 1:1000  Invitrogen 5-14949 

anti-progerin Rabbit 0.1µg/mL 1µg/mL Home made - 

Anti-P-STAT1 Rabbit 1:1000 - Cell Signaling 9167 

Anti-P-STAT3 Rabbit 1:1000 - Cell Signaling 9145 

Anti-STAT1 Rabbit 1:1000 - Cell Signaling 14994 

Anti-STAT3 Mouse 1:1000 - Cell Signaling 9139 

 

The secondary antibodies we employed are displayed in Table 7. 

 

Table 7: Secondary antibodies 

Antibody Species Dilution Supplier Order 



Materials and Methods 

- - 46 - - 

 

Number 

α-mouse-Alexa Fluor 488 donkey 1:750 Invitrogen A21202 

α-rabbit- Alexa Fluor 555 donkey 1:750 Invitrogen A31572 

α-mouse-HRP goat 1:5000 Jackson 

ImmunoResearch 

115-035-

003 

α-rabbit-HRP goat 1:5000 Jackson 

ImmunoResearch 

111-035-

003 

 

3.1.6. DNA oligonucleotides 

The DNA oligonucleotides we used for the real-time, quantitative PCR analysis are presented 

in Table 8. 

 

Table 8: DNA oligonucleotides for real-time, quantitative PCR 

Primer Target 

Gene 

Product 

size(bp) 

Melting 

Temp 

Info 

FW:5’-AATGGCGAGATCCCCTTGA-3’ 

REV:5’-GCACCGGCTTTCATAGAATCTCT-3’ 

JAK1 66 62.9℃ 

63.0℃ 

[128] 

FW:5’-TGATTTTGTGCACGGATGGA-3’ 

REV:5’-ACTGCCATCCCAAGACATTCTT-3’ 

JAK2 72 63.4℃ 

62.1℃ 

[128] 

FW:5’-GCCTGGAGTGGCATGAGAA-3’ 

REV:5’-CCCCGGTAAATCTTGGTGAA-3’ 

JAK3 55 62.4℃ 

62.0℃ 

[129] 

FW:5’-GGGACCGTGGGCAGGAGCTA-3’ 

REV:5’-GTGCGTGTGGGAGACCTGGC-3’ 

TYK2 116 69.0℃ 

68.7℃ 

[128] 

FW:5’-TTCAGAGCTCGTTTGTGGTG-3’ 

REV:5’-AGAGGTCGTCTCGAGGTCAA-3’ 

STAT

1 

419 60.0℃ 

60.0℃ 

[130] 

FW:5’-CCAAGGCTACCATGCTATTC-3’ STAT 336 57.3℃ [131] 
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REV:5’-GCTGGTCTTTCAGTTGGCTG-3’ 2 61.0℃ 

FW:5’-CAGGAGGGCAGTTTGAGTCC-3’ 

REV:5’-CAAAGATAGCAGAAGTAGGAGA-3’ 

STAT

3 

218 62.1℃ 

53.4℃ 

[132] 

FW:5’-CCTGACATTCCCAAAGACAAAGC-3’ 

REV:5’-TCTCTCAACACCGCATACACAC-3’ 

STAT

4 

203 64.2℃ 

61.2℃ 

[133] 

FW:5’-TTACTGAAGATCAAGCTGGGG-3’ 

REV:5’-TCATTGTACAGAATGTGCCGG-3’ 

STAT

5A 

104 59.3℃ 

61.9℃ 

[134] 

FW:5’-CATTTTCCCATTGAGGTGCG-3’ 

REV:5’-GGGTGGCCTTAATGTTCTCC-3’ 

STAT

5B 

103 63.6℃ 

60.7℃ 

[134] 

FW:5’-CCTTGGAGAACAGCATTCCTGG-3’ 

REV:5’-GCACTTCTCCTCTGTGACAGAC-3’ 

STAT

6 

116 65.3℃ 

59.1℃ 

[135] 

FW:5’-GAGCCAGGAGTGGACTATGTGTA-3’ 

REV:5’-CAATGGCCATGATGTACTCG-3’ 

C3 85 60.6℃ 

59.9℃ 

[136] 

FW:5’-AGCATGAAAGTCTCTGCCGC-3’ 

REV:5’-GGCATTGATTGCATCTGGCTG-3’ 

CCL2 93 62.9℃ 

66.0℃ 

[137] 

FW:5’-CTTTTGGCCAGACAGACATG-3’ 

REV:5’-GTGTAGAAGTGGAGGCACA-3’ 

CRP 130 59.3℃ 

54.5℃ 

[138] 

FW:5’-CTGGCCGTGGCTCTCTTG-3’ 

REV:5’-CCTTGGCAAAACTGCACCTT-3’ 

CXC

L8 

69 63.2℃ 

62.5℃ 

[137] 

FW:5’-TGAAGGACATGGCTTAGAAGTG-3’ 

REV:5’-GGTGCAAGGGTCACAGTGTT-3’ 

FAS 118 59.4℃ 

61.0℃ 

[139] 

FW:5’-ACTGCGTTCCTGCTCAACATC-3’ 

REV:5’-GCTCTGGTCCTTGGTGTCATG-3’ 

HMO

X1 

75 62.7℃ 

63.0℃ 

[140] 

FW:5’-ATGCCCAGACATCTGTGTCC-3’ 

REV:5’-GGGGTCTCTATGCCCAACAA-3’ 

ICAM

-1 

112 61.0℃ 

62.2℃ 

[141] 

FW:5’-GTCCAACGCAAAGCAATACATG-3’ 

REV:5’-CCTTTTTCGCTTCCCTGTTTTAG-3’ 

IFN-

G 

81 62.6℃ 

62.4℃ 

[142] 
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3.1.7. Cell culture media 

We prepared the subsequent media under sterile circumstances according to the recipes 

below. 

 

Table 9: Cell culture medium. Fibroblast growth medium containing high glucose. 

FW:5’-GGCACAATTACTGCTCCAAAGAC-3’ 

REV:5’-CAAGGCCCTTTCTCCCCAC-3’ 

IGF-1 121 62.2℃ 

64.1℃ 

[143] 

FW:5’-ATCGCTTCCTCTCGCAACAA-3’ 

REV:5’-CTTCTACTGGTTCAGCAGCCATCT-

3’ 

IL-18 64 63.3℃ 

63.3℃ 

[144] 

FW:5’-AACAGCCTCACAGAGCAGAAGAC-3’ 

REV:5’-GTGTTCTTGGAGGCAGCAAAG-3’ 

IL-4 74 62.4℃ 

62.2℃ 

[142] 

FW:5’-GGTACATCCTCGACGGCATCT-3’ 

REV:5’-GTGCCTCTTTGCTGCTTTCAC-3’ 

IL-6 81 63.6℃ 

62.4℃ 

[145] 

FW:5’-TCCCCTCTTGACCCATCTC-3’ 

REV:5’-GGGAACCTTGTTCTGGTCAT-3’ 

LEP 110 60.0℃ 

58.8℃ 

[146] 

FW:5’-TGATTTTGTGCACGGATGGA-3’ 

REV:5’-ACTGCCATCCCAAGACATTCTT-3’ 

PPA

RG 

105 55.4℃ 

54.6℃ 

[147] 

FW:5’-CCCAGCATCTGCAAAGCTC-3’ 

REV:5’-GTCAATGTACAGCTGCCGCA-3’ 

TGF

B1 

101 62.1℃ 

63.4℃ 

[148] 

FW:5’-TCAGATCATCTTCTCGAACCCC-3’ 

REV:5’-ATCTCTCAGCTCCACGCCAT-3’ 

TNFa 134 62.7℃ 

62.3℃ 

[149] 

FW:5’-CATGAGAGGGGAGTATGATG-3’ 

REV:5’-GAAGAAGAGTGGGCATCCAC-3’ 

TRAF

1 

181 55.4℃ 

59.7℃ 

[150] 

FW:5’-CTCTGCTCCTCCTGTTCGAC-3’ 

REV:5’-TTAAAAGCAGCCCTGGTGAC-3’ 

GAP

DH 

144 60.1℃ 

60.2℃ 

[151] 
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Fibroblast growth medium containing high glucose 

DMEM (high glucose) 500 mL 

FBS 75 mL (15 %) 

Gentamicin 2.5 mL (0.5 %) 

Penicillin-Streptomycin 5 mL (1 %) 

Glutamine 5 mL (1 %) 

 

Table 10: Cell culture medium for baricitinib treatment. Fibroblast growth medium containing high glucose and 

baricitinib. 

Fibroblast growth medium containing high glucose and Baricitinib (X μM) 

Baricitinib (10 mM) 50 X μL 

DMEM (high glucose) 500 mL 

FBS 75 mL (15 %) 

Gentamicin 2.5 mL (0.5 %) 

Penicillin-Streptomycin 5 mL (1 %) 

Glutamine 5 mL (1 %) 

 

Table 11: Cell culture freezing medium. The cell culture freezing medium was a complete cryopreservation 

medium for mammalian cell cultures. 

Freezing medium 

FBS 9 mL 

DMSO 1 mL 

 

3.1.8. Buffers 

 

Table 12: 10x TBS buffer. 10x TBS buffer was used to prepare TBS or TBS-Tween. 
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10x TBS buffer 

Trizma 60.55g 

Sodium chloride 87.66 g 

Milli-Q water Add 1 L 

 

Table 13: TBS buffer 

1x TBS buffer 

10x TBS buffer 100 mL 

Milli-Q water Add 1 L 

 

Table 14: 1x TBS-T or 1x PBS-T buffer 

1x TBS-T or 1x PBS-T buffer 

10x TBS buffer/ 10x PBS 100 mL 

Milli-Q water Add 1 L 

Tween 20 500 μL 

 

Table 15: Blocking buffer for immunofluorescence 

Blocking buffer for immunofluorescence 

FBS 7.5 mL (15 %) 

Tween 20 150 µL 

PBS Add 50 mL 

 

Table 16: Lysis buffer for nuclei preparation. The Lysis buffer was used for nuclei preparation to make the 

Western blot samples. 

Lysis buffer for nuclei preparation 

FBS 7.5 mL (15 %) 

Tween 20 150 µL 
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PBS Add 50 mL 

 

Table 17: 10x SDS gel running buffer. A 10x SDS gel running buffer was diluted and then used for the Western 

blot research. 

10x SDS gel running buffer 

Glycine 144 g (1.92 M) 

Trizma 30 g (0.248 M) 

SDS 10 g (1 %) 

Milli-Q water Add 1 L 

 

Table 18: Western blot transfer buffer. A western blot transfer buffer was used in the transfer process of the 

Western blot. 

Western blot transfer buffer 

Glycine 11.3 g (150 mM) 

Trizma 2.42 g (20 mM) 

MeOH 200 mL (20 %) 

SDS 1 g (0.1 %) 

Milli-Q water Add 1 L 

 

Table 19: Sample Laemmli buffer. A sample Laemmli buffer was used in the sample preparation process of the 

Western blot. 

Sample Laemmli buffer 

2x Laemmli buffer 950 µL 

2-Mercaptoethanol 50 µL 

Proteinase inhibitor cocktail 10 µL 

200 mM PMSF 5 µL 
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Table 20: Blocking buffer for Western blot. 

Blocking buffer for western blot 

Milk powder (non-fat) 0.6 g 

Tween-20 150 µL 

PBS buffer Add 50 mL 

 

 

3.2. Text mining study 

As the introduction shows, these four diseases have many associated genes. The proteins 

expressed by these genes affect the occurrence and development of the disease in varying 

degrees. To better comprehensively collect all relevant genes, we designed a semi-automated 

and straightforward method to mine the PubMed database. PubMed is a free search engine 

mainly involved in life sciences and biomedicine. So far, PubMed has collected more than 30 

million scientific documents, covering most papers since 1966. The earliest article even dates 

back to 1809. 

The usage of PubMed is also effortless, and the website can be logged into directly through 

https://www.ncbi.nlm.nih.gov/. When we needed to query the relationship between a 

specific gene and a particular disease, we only needed to enter both into the search box and 

see if any paper reported the two words simultaneously. For example, when entering IL-6 and 

alopecia into the search box at the same time, there were 45 items and specifically related 

documents. In this study, when the result was 0, it meant that the particular gene and disease 

must not be related. However, when the item number was higher than 0, it did not necessarily 

mean that the gene and disease had a special relationship. A follow-up validation was also 

required. Since the latest version of the HGNC Human Genome Database from 1 January 2019 

lists a total of 19,194 protein-coding genes, manually inputting so many genes plus diseases 

into the search box is not only time-consuming but also error-prone [152]. Since we only 
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needed the item data in the first round of screening, we did not need other specific details 

from papers. We used the R language to help this process. For example, using the search 

query function in RISmed can quickly provide the item value of two keywords, including the 

gene and the disease. The RISmed package (https://cran.r-

project.org/web/packages/RISmed/index.html) allowed us to easily extract the bibliographic 

content of the National Center for Biotechnology Information (NCBI) database [153]. 

Computers are good at repetitive operations; using the R language, we repeated this 

operation to get all the matching genes and item values after the disease. 

Results were removed when the item value equaled 0 using Excel, so the remaining genes 

were more likely to be connected with the disease. We then used the ‘pubmed.mineR’ 

package (https://cran.r-project.org/web/packages/pubmed.mineR/) to download the 

corresponding abstract [154]. The newly created database took the abstracts of all papers that 

contained one of these four diseases and the specific genes associated with the disease. We 

assumed that the main results of the article are usually placed in the abstract; therefore, 

analyzing the abstract can significantly reduce the difficulty of the data search. Some papers 

in the bioinformatics field focus on algorithms to perform semantic recognition to achieve 

the purpose of reading literature efficiently. However, in a sentence such as, ‘In this article, 

we detected the expression of three genes, A, B and C, in the disease, but only the C gene 

performed a statistical difference, while the A and B genes did not change significantly’, the 

A and B genes appear, but these two genes are not related to the disease. Another example 

is, ‘It is well known that A gene has always been one of the main causes of X disease. In this 

article, we will mainly study whether the A gene also plays an important role in Y disease.’ 

Although the A gene and Y disease appear in the same sentence, there is not necessarily an 

obvious connection between them. 

Biological information researchers often need to analyze many diseases and genetic models, 

so accuracy is not the most important thing. In our research, exactitude was paramount, even 

though we used a lot of bioinformatics to speed up our screening. In pursuit of correctness, 

we detected each document manually before summarizing and listing all genes related to 
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various diseases. 

 

 

3.3. Identification of the signaling pathways 

Genes were listed in an Excel table to determine the list of genes simultaneously associated 

with all four conditions after discovering the genes related to each of the four diseases. At 

first, we listed the genes related to the four phenotypes in an Excel table. It depicted 

lipodystrophy in column A, alopecia in column B, vascular disease in column C and arthritis in 

column D. To determine whether the gene in column A also existed in column B, we used the 

Excel VLOOKUP function, which can find and retrieve data in specific columns. For example, 

we put '= VLOOKUP (A2, B: B, 1, FALSE)' in the free column F to extract genes shared in both 

lipodystrophy and alopecia. If the gene involved in lipodystrophy disorders in column A2 also 

appeared in column B, the result would be the name of the gene. Otherwise, #N/A would be 

displayed. By simply replicating this process, all genes related to lipodystrophy and alopecia 

could be obtained. 

Next, the genes associated with two phenotypes at the same time could also be distinguished. 

We used the VLOOKUP function again by applying '= VLOOKUP (F2, C: C, 1, FALSE)' to 

simultaneously identify genes shared with lipodystrophy, alopecia and vascular disease. F2 

represents the genes that co-occur with lipodystrophy and alopecia, and column C contains 

all of the genes related to vascular diseases. Similarly, we identified genes involved in three 

different genes next. Last, the VLOOKUP function was applied for the last time to classify 

genes involved in lipodystrophy, alopecia and vascular disease that also appeared in the 

arthritis column. Excel quickly summarized the number of genes in each column. 

The visualization of overlapping datasets is an increasingly important part of showing the 

relationship between genes and phenotypes. We depicted a Venn diagram to envision the 

results through R's ‘VennDiagram’ package. The instructions about the VennDiagram package 
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use are at https://cran.r-project.org/web/packages/VennDiagram/ [155]. The overlapping 

part of the Venn diagram showed the genes we needed to find because these genes were 

related to all four diseases at the same time. 

 

 

3.4. STRING analysis 

Since 17 critical genes related to these four diseases were discovered, and most of them were 

related to chronic inflammation and functionally related to each other, we developed a 

protein–protein communication network using STRING analysis. STRING (a search tool for 

retrieving interacting genes/proteins) is a classic biological database and network resource 

that can check known and predicted protein–protein interactions [156]. The STRING database 

contains numerous sources, including experimental data, computational prediction methods 

and public text sets. To have a system-level understanding of the protein–protein interaction 

network, we specifically used the STRING analysis website (https://string-db.org/). After 

logging into the website, we selected the multiple proteins section then typed the names of 

the 17 genes into the ‘Protein Name’ blank. Next, we chose Homo sapiens as the organism 

to continue the network. 

 

 

3.5. Identification of the signaling pathway 

After confirming that these 17 essential genes were closely connected, we examined the 

regulators and targets of those corresponding proteins to determine whether a particular 

signaling pathway regulated most of them. We used the following databases to address this 

question: TRRUST version 2 (http://www.grnpedia.org/trrust/) [157], TfactS 

(http://www.tfacts.org/) [158] and Regulatory Circuits (http://regulatorycircuits.org/) [159]. 

https://cran.r-project.org/web/packages/VennDiagram/
http://www.grnpedia.org/trrust/
http://www.tfacts.org/
http://regulatorycircuits.org/
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Humans-TRRUST (Transcription Regulation Relationship Revealed by Sentence-Based Text 

Mining) is a reference transcription factor–target interaction database formed by sentence-

based text mining and subsequent manual curation. Similar to TRRUST, TfactS is also a 

website dedicated to predicting the regulation of transcription factors based on the up- and 

down-regulated gene lists generated by transcriptomics experiments. However, the 

regulatory circuits are more focused on mapping disturbed molecular circuits that underlie 

complex diseases. The website covers nearly 400 human cell types and tissue-specific gene 

regulation networks. 

After collecting and summarizing all the data about regulators and targets from these 

websites, we curated all reference materials and data. The results displayed that the nuclear 

factor kappa-light-chain-enhancer of activated B-cells (NF-κB) and JAK-STAT pathways were 

highly related to these 17 essential genes. NF-κB has already been studied for HGPS, and 

there was no research about JAK-STAT in HGPS. Therefore, we selected the JAK-STAT pathway 

as the main pathway for research, and then we established again the gene list regulated by 

the JAK-STAT pathway using the database mentioned above. We eliminated aliases and 

duplications using Excel. 

 

 

3.6. Cell culture and drug treatments 

The HGPS dermal fibroblasts used in this study were obtained from the Progeria Research 

Foundation Cell and Tissue Bank (http://www.progeriaresearch.org). Four different fibroblast 

strains initially derived from HGPS patients were used: HGADFN003 (2-year-old male), 

HGADFN127 (3-year-old female), HGADFN164 (4-year-old female) and HGADFN188 (2-year-

old female). Young skin fibroblasts for controls were obtained from Coriell Medical Research 

Institute (Camden, New Jersey). The following five different control strains were used: 

GM01651C (13-year-old female), GM01652C (11-year-old female), GM01582B (11-year-old 
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female), GM00323B (11-year-old male) and GM03349C (10-year-old male). 

All controls and HGPS fibroblasts were cultured in a 10 cm cell culture dish in the same 

incubator's fibroblast growth medium. Since fibroblasts need an appropriate pH (7.0–7.7) to 

maintain cell function, 5% gaseous carbon dioxide and carbonate-based cell culture mediums 

were used cooperatively to create this condition. Therefore, we placed the cell culture dishes 

in a humidified incubator with 5% carbon dioxide (CO2) at 37°C. All cell-related operations 

were performed using sterile techniques. After eight hours, the cells were attached to the 

Petri dish, and the medium was changed every other day. During growth, cells were passaged 

by splitting to maintain the logarithmic growth phase until reaching 80% confluence to avoid 

contact inhibition. To divide the cells, after removing the old medium, the cells were washed 

with phosphate-buffered saline (PBS), and then 1.5 mL of 0.25% trypsin was added to the 

cells and incubated for two to three minutes. Once the cells were rounded up, they would 

rise and float under the microscope, and 6.5 mL of fresh medium was added to the floating 

cells to inactivate the trypsin. The cells were then centrifuged at 1000 rpm for five minutes in 

a clinical centrifuge. After centrifugation, the medium was removed, and the cells were 

seeded in 8 mL of fibroblast growth medium at a suitable concentration according to research 

needs. 

According to the instructions from Absource Diagnostics GmbH, baricitinib was prepared in 

dimethyl sulfoxide (DMSO) to store at −20 °C. For the experiments related to drug evaluation, 

the drug-containing mediums were freshly made before each treatment by diluting baricitinib 

into the culture medium to produce the corresponding concentration (mainly 1 μM). To avoid 

the interference by DMSO, the mock-treated group was cultured in parallel with the medium 

containing precisely the same amount of DMSO. 

For etoposide treatment, cells were treated with or without 1 μM baricitinib for two days to 

inhibit the JAK-STAT pathway. Then, three different mediums (etoposide−/baricitinib−, 

etoposide+/baricitinib−, etoposide+/baricitinib+) were added to the corresponding groups 

for six days. The medium was refreshed every two days, and the DMSO concentration was 

adjusted to be equal in different groups. Next, the cells were cultured with or without 



Materials and Methods 

- - 58 - - 

 

baricitinib under specified conditions for four days. 

 

 

3.7. Determination of cumulative population doubling 

Cell membrane-permeable DNA stains (such as Hoechst 33258 and Hoechst 33342) can 

penetrate the cell membrane and bind adenine and thymine in the DNA to stain all cells with 

a nucleus. Since debris and non-nucleated cells cannot be stained, the total number of cells, 

including living cells and non-viable cells, can be determined [160]. Other dyes (such as 

propidium iodide) only stain cells that are damaged, about to die or dead. Although the 

Muse™ Count and Viability Assay may not use the same reagents internally, combining two 

reagents with the same function can distinguish dead cells, dying cells or non-nucleated cells 

from live cells. Therefore, the accurate number of cells can be obtained. 

Cumulative population doubling (CPD) is a standard method for tracking the growth status of 

HGPS cells. Cells were seeded in triplicate at a density of 1.5 × 105 cells per 10 cm dish and 

counted every four days. 

We used the following formula to determine the doubling of the total population after 

measuring the cell number: 

n = 3.32 (log cells harvested − log cells seeded) + x, 

Where n = the final CPD number at the end of a given subculture and x = the former CPD as 

described previously [100]. 

 

 

3.8. Senescence-associated β-galactosidase assay 

After healthy cells divide actively in a cell culture many times, they enter an irreversible 

growth stagnation stage called replication senescence. The morphology of senescent cells 
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can be manifested as cell enlargement and flattening, but it not accurate enough to 

distinguish the senescent cells. β-galactosidase, like p16Ink4A, is an ideal cell ageing 

biomarker that has been proposed by Dimri since 1995. He found that the cleavage of the 

chromogenic substrate X-gal by galactosidase can produce detectable blue stains. When cells 

age, the expression of endogenous β-galactosidase increases sharply and then accumulates 

in the lysosome. Therefore, β-galactosidase activity at a pH of 6.0 can be regarded as an 

essential feature of senescent cells [161]. 

According to the senescence-associated beta-galactosidase (SA-β-gal) senescence staining kit, 

(CS0030-1KT, Sigma-Aldrich, St. Louis, MO, USA) the medium was first removed from the cells, 

and then the cells were washed twice with PBS and then fixed with fixing buffer. After 

incubation with the fixation buffer for six to seven minutes, the cells were rinsed three times 

with PBS and then incubated with freshly prepared staining mixture for 12 hours at 37°C 

without CO2. During this incubation, the plate needed to be sealed to prevent drying and CO2 

that may change pH. We used Image J's Cell Counter plugin to count blue cells and total cells 

(including staining and non-staining cells). To obtain an accurate percentage of senescent cells, 

we counted 1000 cells in each passage for each sample three times. 

 

 

3.9. Cell cytotoxicity 

Cell cytotoxicity remains one of the most critical indicators for evaluating the ability of drugs 

to kill living cells. Before starting drug treatment, cytotoxicity is usually required to obtain an 

appropriate therapeutic concentration. Drug-induced cytotoxic mechanisms can range from 

cell membrane disintegration and protein synthesis restriction to the irreversible binding to 

receptors, leading to necrosis (unexpected cell death) or apoptosis (programmed cell death) 

[162]. 

Therefore, membrane integrity has become the most apparent indicator for identifying 
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whether a cultured cell is alive or dead because non-viable cells lose membrane integrity and 

allow an impermeable molecular transfer. The CellTox™ Green Cytotoxicity Assay Kit 

(Promega, Madison, WI, USA) counts the non-permeable nucleic acid binding dyes that 

accumulate in dead cells in the culture so that fluorescence signals can be detected by a 

microplate reader (FLUOstar Omega, BMG Labtech, Germany) or microscope (Carl Zeiss, 

Oberkochen, Germany). 

According to the experimental protocol, we seeded a density of 6000 cells per well into 96-

well plates; then, the plates were incubated with several concentrations of baricitinib (0, 0.25, 

0.5, 1, 2, 4 uM) for 24 hours and 48 hours. Since DMSO was the baricitinib solvent, we added 

a corresponding amount of DMSO to ensure that the DMSO's final concentration was equal 

in all groups. According to the endpoint method, a CellTox™ green reagent was diluted 500-

fold into the buffer. Then, 100 μL of the final reagent was added to the wells, and the plates 

were gently mixed for one minute on an orbital shaker (500-700 rpm). To facilitate the binding 

process between the dye and DNA, we incubated the plate at room temperature protected 

from light for 15 minutes. We measured the fluorescence at an excitation wavelength of 485–

500 nm and an emission wavelength of 520–530 nm. 

 

 

3.10. Cell cycle analysis 

The cell cycle, also known as the cell division cycle, is an essential property that can cause its 

DNA to duplicate; the cytoplasm and organelles divide, resulting in two daughter cells. Since 

the cell cycle determines the repair of genetic damage and prevents uncontrolled cell division, 

the regulation of the cell cycle is crucial for cell survival. The Muse™ Cell Cycle Kit was 

employed to quantify the percentage of cells in the G0/G1, S, and G2/M phases of the cell 

cycle on the Muse™ analyser. 

Premixed reagents were used in the Muse™ Cell Cycle analysis. Propidium iodide (PI) in this 
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assay is a nuclear DNA intercalating dye that distinguishes cells at different stages of the cell 

cycle based on different DNA content. At the same time, RNase A in the assay was used to 

enhance the specificity of DNA staining. The resting cells at the G0/G1 phase had two copies 

of each chromosome, which could be stained with the PI described above. Once a cell begins 

to circulate and enter into the S phase, chromosomal DNA is synthesized, so the fluorescence 

intensity of PI continues to increase in this process until the cell enters the G2/M phase, and 

finally all chromosomal DNA doubles, showing the highest fluorescence intensity. Eventually, 

the G2/M phase of the cells shows strong fluorescence, twice which of the G0/G1 phase, 

before it finally divides into two cells [163]. 

After trypsin digestion, we transferred all cells from different groups to 12×75 mm 

polystyrene test tubes and counted to maintain 1 × 106 cells in each test tube. We centrifuged 

all test tubes at 300 × g for five minutes, then removed the supernatant to form a visible cell 

pellet. We added 1 mL of PBS to each tube, then pipetted several times or gently vortexed to 

mix. Then, all tubes were centrifuged again at 300 × g for five minutes, and the supernatant 

was removed without disturbing the cell pellet. Subsequently, 50 μL of PBS was added to each 

test tube, pipetting several times or vortexing gently to mix. The re-suspended cells were 

then added drop-wise to a test tube containing 1 mL of 70% ethanol, which was taken out 

from the −20°C refrigerator. The tubes were capped and frozen at −20°C for four hours, and 

then the staining protocol was performed. Each group of 200 μL ethanol-fixed cells was 

transferred to a 12×75 mm polystyrene test tube, and the final cell concentration was close 

to 1 × 106 cells/mL. After centrifuging and washing the cells twice with PBS, all the cell pellets 

of different groups were separately re-suspended in 200 μL Muse™ Cell Cycle reagent. After 

incubation at room temperature in the dark for 30 minutes, we transferred the cell 

suspension sample to a 1.5 mL microcentrifuge tube for the Muse™ Cell Analyser. 
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3.11. Measurement of proteasome activity in fibroblasts 

The ubiquitin-proteasome system (UPS) plays a vital role in regulating of a variety of cellular 

processes because it degrades a wide range of protein substrates with excellent specificity in 

the cytoplasm of eukaryotic cells. UPS can control protein quality, signal transduction and cell 

cycle by selectively destroying proteins with abnormal conformations and short-lived 

regulatory proteins. From archaebacteria to yeast to humans, almost all organisms 

conservatively possess the 20S proteasome. However, compared to archaebacteria, which 

only has the 20S proteasome, the additional 19S particles bind to the 20S proteasome to form 

a 26S proteasome holoenzyme in eukaryotes. The 20S proteasome is the catalytic core of the 

proteasome complex, which is responsible for the activity of trypsin-like peptidase, 

chymotrypsin-like peptidase and peptidyl glutamate peptide hydrolysing peptidase. As a 

result, the 20S proteasome is responsible for the breakdown of the essential proteins 

involved with apoptosis, DNA repair, endocytosis and cell cycle control [164].  

We first treated the cells in the logarithmic phase with drugs or vehicles according to the 

experimental design, then collected and counted them using the Muse™ Count and Viability 

Assay. An equal number of cells (32,000) into each well of a 96-well plate were seeded 

overnight to attach to the well. All groups were in triplicate. To break the cells and release the 

20S proteasome to a more stable environment, 100 μL of freshly made lysis buffer was added 

to each well after removing the old culture medium. 

The cells were next incubated with lysis buffer at 37°C while shaking. The 96-well plate was 

centrifuged at 1000 × g for ten minutes. 90 μL of supernatant was transferred to the 

corresponding new wells in the black 96-well plate, and 10 μL of 7-amino-4-methylcoumarin 

(AMC)-conjugated chymotrypsin substrate (2.5 μmol) was added to each well in the black 96-

well plate. After incubating for one hour at 37 °C, the black 96-well plate was measured with 

a FLUOstar Omega fluorescence reader (excitation = 360 nm; emission = 480 nm). 
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3.12. Measurement of autophagy activity in fibroblasts 

Autophagy is a critical cellular process that removes unnecessary dysfunctional components, 

allowing lysosomes to degrade and recycle cellular components in an orderly manner. 

Dysregulation of autophagy has been detected in cancer, infection and ageing. Well-

functioning autophagy is necessary for survival, differentiation, development and 

homeostasis. In HGPS-related research, autophagy is an indispensable feature because it 

prevents the accumulation of damaged organelles and misfolded proteins such as progerin. 

In the process of autophagy, the cell components are separated by a double membrane. Then, 

the autophagosome and lysosome are fused to form an autolysosome, thereby degrading the 

cellular material. 

Cayman's Autophagy/Cytotoxicity Double Staining Kit (Cayman Chemical Company, Ann 

Arbor, MI, USA) uses an auto-fluorescent substance, monodansylcadaverine (MDC), to detect 

autophagic vacuoles in cultured cells. MDC can incorporate into multilamellar bodies through 

both the ion trapping mechanism and the interaction with membrane lipids [165]. 

After treating the cells with drugs or mock for the desired period, the cells were harvested 

and seeded in triplicate with an equal number of cells (32,000) in 96-well plates. After 

incubating overnight at 37 °C to attach the cells, the plates were centrifuged at 400 × g for 

five minutes at room temperature, and the supernatants were removed. According to the 

assay protocol, 100 μL of the freshly prepared staining solution was added to each well and 

incubated at 37°C for ten minutes. Next, the plate was centrifuged at 400 × g for five minutes 

at room temperature, and the cells were washed three times with an assay buffer. Last, the 

fluorescence implicating the autophagic vacuole intensities were measured using an 

excitation wavelength of 355 nm and an emission wavelength of 520 nm. 
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3.13. Measurement of reactive oxygen species in fibroblasts 

The daily oxygen metabolism process always produces reactive oxygen species (ROS), mainly 

in the form of superoxide and hydroperoxyl radicals, which are its natural by-products. The 

mitochondrial electron transport chain, including complex I (nicotinamide adenine 

dinucleotide (NADH) dehydrogenase ubiquinone-ubiquinol reductase) and complex III 

(ubiquinol-cytochrome C reductase), are the primary source of cellular ROS. When the high 

mitochondrial membrane potential slows down the electron transport rate, these two 

complexes produce ROS. The optimal level of ROS is essential for the signaling pathway 

because the increased production overwhelms the cell's antioxidant capacity. 

After treating the cells with drugs or mock for the required time, the cells were harvested 

and seeded in triplicate in equal amounts (32,000) into 96-well plates, allowing the cells to 

attach to the wells overnight. After the cells were washed with 1x PBS, 25 μM of 2', 7'-

dichlorofluorescein diacetate (DCFDA) was added and incubated at 37 °C for 45 minutes. 

After removing the old reagents, the cells were washed with 1x PBS and switched to 100 μL 

of 1x buffer solution. Subsequently, the fluorescence of 96-well plate samples was measured 

at an excitation wavelength of 485 nm and an emission wavelength of 520 nm. We repeated 

all measurements in at least three independent experiments. 

 

 

3.14. Measurement of ATP in fibroblasts 

Adenosine triphosphate (ATP) is a nucleoside triphosphate, mainly composed of a 

nitrogenous base (adenine), the sugar ribose and the triphosphate. ATP can be used as a 

‘molecular currency’ for energy transfer in cells to store and transfer chemical energy. A 

variety of different cells can produce ATP. The three main pathways for eukaryotic cells to 

produce ATP are glycolysis, citric acid cycle/oxidative phosphorylation and β-oxidation. In 
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glycolysis, glucose and glycerol are metabolized to pyruvate, which causes two adenosine 

diphosphates (ADPs) to generate two ATPs and simultaneously produces two equivalents of 

NADH. The citric acid cycle is the primary way for cells to formulate ATP, mainly occurring in 

the mitochondria. In this process, pyruvate is oxidized by the pyruvate dehydrogenase 

complex to acetyl, which is completely oxidized to carbon dioxide through the citric acid cycle. 

Beta-oxidation is the process by which fatty acids are converted into acetyl-CoA with the 

presence of air and various coenzyme factors and enzymes and can also produce multiple ATP. 

ATP can not only participate in signaling transduction by acting as a substrate for kinases but 

also be converted into a second messenger cyclic adenosine monophosphate (AMP) as a 

substrate for adenylate cyclase, which, in turn, triggers calcium signals by releasing calcium 

from cells. ATP can also participate in DNA and RNA, protein synthesis, extracellular signal 

transduction and nerve transmission. 

This reagent mainly produces a stable luminescence signal through the reaction of heat-

stable luciferase. The half-life of this luminescence signal is longer than five hours. Luciferase 

can catalyse beetle luciferin, ATP and oxygen in the presence of Mg2+ to generate oxyluciferin, 

AMP, pyrophosphate, CO2 and Light. By measuring the fluorescence production, the ATP 

content can be quantitatively measured [166]. 

The CellTiter-Glo Luminous Cell Viability Kit measures the intracellular ATP in fibroblasts by 

combining the reagents with the cultured cells in a serum supplement medium. Before 

harvesting, the cells were treated with drugs or mock for the required time. Equal amounts 

of 32000 cells were triplicate-seeded in 96-well plates and allowed to attach to the wells in 

the corresponding medium at 37°C overnight. The next day, the plates were equilibrated at 

room temperature for 90 minutes, and then, the old medium was removed. Later, 100 μL of 

CellTiter-Glo reagent was added to each well of the plate and mixed on an orbital shaker for 

two minutes. At the same time, the ATP standard was added to fresh wells in triplicates. The 

plates were then incubated at room temperature in the dark for 10 minutes and measured 

for each well's luminescence intensity. 
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3.15. Gene expression analysis 

3.15.1. The extraction of RNA 

Cells from all different groups were collected after the designed period and counted using 

the Muse™ Count and Viability Assay. Before RNA isolation with the RNeasy Mini Kit, equal 

numbers of cells (300,000) were washed with PBS twice. 350 μL of RLT buffer containing 

freshly prepared β-mercaptoethanol was added to the cells for disruption. The QIAshredder 

spin column used to collect the solution was centrifuged at 13000 rpm for two minutes. An 

equal volume (350 μl) of 70% ethanol was added to each homogeneous lysate to produce 

700 μL of unpurified RNA solution, which was then transferred to an RNeasy spin column for 

centrifugation. 

After that, 700 μL of wash buffer one was added to each GeneJET RNA purification column, 

and these columns were centrifuged at 12000 × g for one minute. The flow-through was 

subsequently discarded, and the collection tube was reused to be fixed on the purification 

column again. Then, 600 μL of wash buffer two was added to each of the GeneJET RNA 

purification columns and centrifuged at 12000 × g for one minute. The effluent from each 

tube was then discarded, and the purification column was placed back into the collection 

tube. Next, 250 μL of wash buffer two was added to each column, and the column was 

centrifuged at 12000 × g for two minutes. Since the RNA was attached to the film, 100 μL of 

nuclease-free water was added to the centre of each membrane of the GeneJET RNA 

purification column. Then, the RNA was eluted after centrifugation at 12000 × g for one 

minute. Finally, the RNA could be stored at −80°C before use. 

 

3.15.2. The synthesis of cDNA 

A NanoDrop 1000 spectrophotometer was used to monitor the concentration and 

characteristics of nucleic acid samples. The absorbance of the sample at 260 nm (A260) and 
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the absorbance of the sample at 280 nm (A280) could be estimated. Therefore, the purity of 

RNA and DNA could be determined using the absorbance ratio of the sample at 260 and 280 

nm. A ratio close to 2.0 indicated that the RNA quality was satisfactory, and a rate close to 1.8 

suggested that the DNA quality was sufficient [167]. 

To measure the concentration of RNA, the ‘nucleic acid’ application module was selected, 

and then ‘RNA’ was selected as the sample type. After adjusting the NanoDrop with 

diethylpyrocarbonate (DEPC) water using ‘Blank’ and ‘Re-blank’ to have a stable baseline, we 

added 1 μL of aqueous nucleic acid sample to measure the concentration. We used a high-

capacity cDNA reverse transcription kit (Thermo Fisher Scientific Inc., Waltham, MA, USA.). A 

total of 2000 ng RNA per group was reverse-transcribed into cDNA. Briefly, 2 μg RNA, 2 μL 10 

mM dNTP mix, 2 μL 10x reaction buffer, 2 μL oligo-dT primers, 1 μL reverse transcriptase and 

1 μL RNAse inhibitor were mixed on an ice pack to keep the temperature low. Since each 

sample contained a different concentration, 2 μg RNA required different volumes of aqueous 

nucleic acid. Therefore, it needed to be filled with various amounts of DEPC water to produce 

a total value of 20 μL. The mixture tube was then placed in a 37°C thermal cycler for one hour 

to synthesise cDNA, assuming a final cDNA concentration of 50 ng/μL. 

 

3.15.3. The validation of primers 

Since Kary Mullis first developed polymerase chain reaction (PCR) in 1983, it has been 

regarded as a laboratory technique for amplifying, identifying and quantifying targeted DNA 

molecules. Typically, there are two procedures for determining the target DNA for 

quantification. The first one uses absolute copy number, and the other uses relative copy 

number normalized to housekeeping genes. Non-specific fluorescent dyes (usually SYBR 

green) do not present as fluorescent without binding to DNA. 

However, once the dye intercalates with any double-stranded DNA, a detectable fluorescence 

appears, making the target gene detectable. Compared with traditional PCR that can only be 

detected at the end, real-time PCR can vividly depict the entire DNA amplification process 
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after each cycle [168]. 

The primers were curated from the literature and verified with the UCSC (the University of 

California and Santa Cruz) Genome Browser (https://genome.ucsc.edu/cgi-bin/hgPcr). The in 

silico PCR option was selected on the tool list. Subsequently, we decided the human type as 

the genome, chose December 2013 (GRCh38 / hg38) as the assembly, selected the genome 

assembly as the target and selected the maximum product size as 4000. Later, we chose the 

minimum perfect match as 15, selected the minimum good match as 15 and filled the blanks 

of ‘Forward’ and ‘Reverse’ primers according to the primers we obtained from references 

before submitting the search. All validated primers and their corresponding genes were 

displayed in the primer list [169]. 

 

3.15.4. Reverse transcription PCR 

To verify reverse transcription PCR (RT-PCR) and find the optimal primer conditions, we used 

temperature gradient PCR to screen the appropriate reaction conditions. For this method, we 

used the Qiagen Taq DNA Polymerase Kit for the PCR process. For this, we added 2 µL 10x 

mixed buffer, 2 µL 25 mM MgCl2, 0.4 µL 10 mM dNTP, 0.1 µL Taq polymerase, 1 µL of 1 µM 

forward primer, 1 µL of 1 µM reverse primer and 2 µL cDNA in a suitable tube for the PCR 

machine. Then, we filled the tube with DEPC water to a final volume of 20 µL. We performed 

the reaction immediately using a thermal cycler after mixture and centrifuge. We selected 

the reaction steps as follows (Table 21). 

 

Table 21: Temperature gradient PCR. Temperature gradient PCR was used to test the most 

suitable temperature for the RT-PCR by applying a temperature gradient. 

 

Reverse transcription PCR 

Cycles Time Temperature 
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1x 15 min 95 °C 

 

50x 

10 sec 95 °C 

45 sec Tm (primer specific) 

30 sec 60 °C 

1x 10 min 60 °C. 

 

In the operation of temperature gradient PCR, we used the Tm value given in the literature 

with 4 °C variation as the temperature range. We adjusted the temperature until obtaining a 

stable single band that met the requirements. The best amplification signal designated the 

best Tm as the experimental temperature of the subsequent RT-PCR. 

We used a 1.5% agarose gel electrophoresis to analyze the PCR products. The composition of 

the agarose solution was 1.5% agarose, 0.4% EtBr and 1x TBE buffer. A microwave was used 

to heat the liquid to a complete solution and remove air bubbles. We poured the solution 

into the mould to let it solidify. Subsequently, by adding 6 µl Orange G to the 20 µL reaction 

sample, a sample for loading was prepared. After the gel was formed, we added the 

electrophoresis solution to the electrophoresis. The comb was carefully pulled out, and 12 μL 

of the sample was added to each lane. Meanwhile, the 100 bp marker was loaded. 

Subsequently, the gel system was operated at 180 V until the loading front reached the end 

of the gel. 

 

3.15.5. Real-time PCR 

We performed the real-time PCR using the PowerUp™ SYBR™ Green Master Mix (Applied 

Biosystems™, Thermo Fisher Scientific Inc., Waltham, MA, USA) in the StepOnePlus™ Real-

Time PCR System (Thermo Fisher Scientific Inc., Waltham, MA, USA). After performing a series 

of tests on different amounts of cDNA and different concentrations of primers, we selected 

the optimal detection conditions as follows. 

We added 5 μL of PowerUp™ SYBR™ Green Master Mix (2X), 300 nM forward primer, 300 nM 
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reverse primer and 10 ng cDNA to each well, then DEPC water was used to fill to yield a 10 

μL of the reaction system. Therefore, 10 μL was set as the total volume of the 96-well plate. 

We covered the sealing plate with an optical adhesive. The components in the 96-well plate 

were then mixed thoroughly on a vortex machine for two minutes and centrifuged at 1200 × 

g for five minutes to spin down the contents and remove air bubbles. 

We next placed the reaction plate was placed in a real-time PCR instrument to perform the 

real-time PCR reaction. Based on the primer Tm, we set the thermal cycle conditions: type of 

experiment, standard curve; reagents, SYBR™ Green reagent; reporter, SYBR™; quencher, 

none; passive reference dye, ROX™; melt curve ramp increment, continuous; reaction volume, 

10 μL. 

 

Table 22: Real-time PCR. Real-time PCR was used to measure the expression level of the 

target genes. 

 

Standard Cycling Mode (Primer Tm ≥ 60℃) 

Step Temperature Duration Cycles 

UDG Activation 50 °C 2 min Hold 

AmpliTaq® Fast DNA Polymerase, UP 

Activation 

95 °C 2 min Hold 

Denature 95 °C 15 sec 40 

Anneal/Extend 60 °C 1 min 

 

The amplified signals were all controlled to be perceived between cycles of 10 and 30 to avoid 

spurious signals. We did all experiments in at least three replicates, and we used 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an endogenous control for 

comparison. The 2(ΔΔCT) method was used to calculate relative changes in gene expression. 

The expression folds were calculated by comparing the levels in the HGPS to control cells [170]. 
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3.16. Western blot analysis 

3.16.1. Sample collection for the Western blot 

The control and HGPS cell culture dishes from different research groups were placed on ice, 

and all cells were washed with 4°C PBS in a cold room. After aspirating the PBS, we added 

various amounts of 4°C lysis buffers to the culture dishes according to the number of cells. 

For example, 1 mL per 107 cells and 0.5 mL per 5 × 106 cells. Subsequently, a cold plastic 

scraper was used to scrape off the adhered cells from the Petri dishes, and then the cells were 

gently transferred to a pre-chilled microcentrifuge tube. The tubes were vigorously vortexed 

for five minutes and centrifuged at 12000 rpm in a microcentrifuge at 4°C for five minutes to 

develop the cell pellets. We aspirated the supernatant from each group and replaced it with 

a fresh test tube. All operations were kept on ice, and the tubes were gently removed from 

the centrifuge to avoid resuspending the cell pellets. 

 

3.16.2. Protein quantification by Bradford analysis 

The Bradford assay is a classic method for determining the protein concentration in a solution 

by measuring the change in absorbance of Coomassie Blue G reagent. Coomassie Blue has 

different colors under different states of charge. When the pH is lower than 0, the dye shows 

red and has an absorption peak at a wavelength of 465 nm because all three nitrogen atoms 

carried by the dye present as positively charged. Due to the low pKa, the dye exhibits a total 

charge of +1 at a pH of 1 and appears green, with maximum absorption at 620 nm. When the 

pH value increases to 2, the dye becomes bright blue, and the maximum absorption is 595 

nm. Under acidic conditions, the protein's base amino acids (such as arginine, lysine, and 

histidine) can non-covalently bind to the dye to form a complex and produce a blue color by 

stabilizing the negatively charged anion. After binding to this protein, the dye changes from 

reddish-brown to bright blue (absorption maximum is equal to 595nm) [171]. 
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Bradford reagent was bought directly from Bio-Rad. The standards were prepared by diluting 

the bovine serum albumin (BSA) stock solution (1 mg/mL) to generate a standard curve from 

0 mg/mL to 1 mg/mL. Therefore, we used the amounts of BSA and buffer, as shown in Table 

23. 

 

Table 23: The preparation of the standards for protein quantification. Standards were used 

to make a standard curve for protein quantification. 

 

The preparation of the standards for protein quantification 

Sample BSA amount [µL] Buffer amount [µL] 

Sample #1 (0.0 mg/ml) 0 30 

Sample #2 (0.2 mg/ml) 6 24 

Sample #3 (0.4 mg/ml) 12 18 

Sample #4 (0.6 mg/ml) 18 12 

Sample #5 (0.8 mg/ml) 24 6 

Sample #6 (1.0 mg/ml) 30 0 

 

Similar to the protein samples, the standards were put in 96-well plates at 10 μL per well in 

triplicate. Subsequently, a 200 μL Bradford reagent was added to each well using a multi-

channel pipette. After incubation for five minutes in the dark, the plate was measured at 595 

nm with a microplate reader. Based on the standard curve and the date of the protein sample, 

the protein sample concentration could be calculated and adjusted to make it consistent. 

 

3.16.3. SDS-PAGE 

Electrophoresis analysis of proteins is a standard method for drug-related research, and it can 

separate different proteins based on molecular weight. Polyacrylamide gel, also known as 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), is the most 
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common gel electrophoresis system for protein separation. 

Polyacrylamide gels can be obtained by hydrating of acrylamide to create pores with different 

sizes because increasing the concentration of acrylamide causes a decreasing pore size after 

polymerization. With these pores, small molecules move faster than large molecules because 

small molecules can enter the pores and smoothly pass through the gel while large molecules 

are trapped at the pores. SDS molecules are negatively charged at pH 8.3. When performing 

electrophoresis, SDS can bind to proteins to denature them. By destroying the secondary, 

tertiary and quaternary structures, the denatured proteins all become negatively charged 

linear polypeptide chains with approximately one SDS molecule per two amino acids. 

Because they have a uniform mass-to-charge ratio, each protein obtains a negative charge 

through SDS. Eventually, the negatively charged protein can pass through the gel with 

different mobility under the electric field. The movement of a protein or the distance 

travelled by a protein is inversely proportional to the molecular weight's logarithm. Therefore, 

the protein can be separated according to molecular weight and then stained with Ponceau 

S to make it visible or detectable for antibody detection. To make it easier to monitor the 

running process and determine the molecular weight of the target protein, we added the 

visible protein mixture marker to the empty well for comparison. Pre-made gels were 

purchased from Bio-Rad at a concentrations of 4–20%. Homemade gels were prepared as 

shown in Table 24 and were polymerized for 20 minutes before use, respectively. 

 

Table 24: The preparation of the SDS gels. SDS gels were prepared to have a better separation 

for the target proteins. 

 

Running gel (percent depending on molecular weight of protein): 

  <70 kDa 40-70 kDa 20-40 kDa  

 7% 8% 10% 12% 15% 

H2O 7.6mL 6.8mL 5.6mL 4.2mL 2.2mL 

30% Acrylamid 4.6mL 5.4mL 6.6mL 8.0mL 10mL 

1 M Tris-HCl pH 8.8 7.4mL 7.4mL 7.4mL 7.4mL 7.4mL 
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For the gel preparation process, we mixed the H2O, 30% acrylamide, 1 M Tris-HCl pH 8.8 and 

10% SDS. Next, we quickly added the ammonium persulfate and tetramethylethylenediamine 

(TEMED) just before pipetting the solution to the top of the assembled gel electrophoresis 

apparatus chamber. Around 200 μL of isopropanol was added to the top of the gel to maintain 

a smooth liquid level, and we let the gel polymerise around 20 min. Once the polymerization 

was finished, we removed the isopropanol and added the stacking gel. Finally, a clean comb 

was inserted between glasses into the stacking solution, carefully removing trapped air 

bubbles before placing the gel in a vertical position at room temperature.  

Before being added to the gel wells (20 µL per well), each sample was vortexed three times 

for 30 seconds and heated at 99°C for three minutes to completely denature the proteins that 

were present in each sample. After the device was installed, we loaded the marker and each 

sample in turn to each well. Based on the molecular weight of the target protein, we ran the 

gel at a constant voltage of 120 V for a variable time until the dye front ran out of the gels, 

but usually one hour and 45 minutes. 

After the SDS gel electrophoresis was completed, we removed the gel from the cassette and 

then washed the gel with double-distilled H2O (ddH2O) and equilibrated it in transfer buffer 

10% SDS 200μL 200μL 200μL 200μL 200μL 

Ammonlumpersulfate 160μL 160μL 160μL 160μL 160μL 

TEMED 20μL 20μL 20μL 20μL 20μL 

 

Stacking gel 

 4% 5% 6% 7% 8% 

H2O 4.4mL 4.3mL 4.1mL 3.8mL 3.7mL 

30% Acrylamid 0.8mL 1.0mL 1.2mL 1.5mL 1.6mL 

1 M Tris-HCl pH 8.8 750μL 750μL 750μL 750μL 750μL 

10% SDS 60μL 60μL 60μL 60μL 60μL 

Phenol Red 20μL 20μL 20μL 20μL 20μL 

Ammonlumpersulfate 30μL 30μL 30μL 30μL 30μL 

TEMED 6μL 6μL 6μL 6μL 6μL 
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for 10 minutes. Then we used the Trans-Blot® Turbo™ Transfer System (Bio-Rad) to transfer 

the protein separated in the gel to the nitrocellulose membrane at 25 V for 30 minutes. Before 

this process, the fiber pads, filter papers and nitrocellulose membranes were equilibrated in 

pre-cooled transfer buffer at 4°C overnight. At the end of the electroblotting process, the 

nitrocellulose membrane was washed with ddH2O before the next step [172]. 

 

3.16.4. Image scanning and data analysis 

To verify the transfer efficiency, Ponceau S was added to the film for five minutes while 

shaking. After removing stains, the membrane was washed three times with PBST. Then, the 

membrane was blocked in 5% non-fat milk for four hours. Subsequently, the membrane was 

incubated overnight at 4°C with the primary antibodies we wanted to detect. The primary 

antibodies are anti-JAK1 (catalog number 3332, Cell Signaling, Danfoss, Massachusetts, USA, 

1/1000), anti-JAK2 (catalog number 3230, CellSignaling, 1/1000), anti-STAT1 (catalog number 

14994, CellSignaling, 1/1000), anti-P-STAT1 (catalog number 9167, Cell Signaling, 1/1000), 

anti-STAT3 (catalog number 9139, cell signal transduction, 1/1000), anti-P-STAT3 (catalog 

number 9145, cell signaling, 1/1000), anti-P21 (catalog number MA5-14949, Invitrogen, 

Carlsbad, California), United States (1/1000), anti-beta Actin (Sigma-Aldrich, 1/5000), anti-

presenile protein (rabbit monoclonal Ab, 0.1 µg / mL) and anti-lamin A / C (catalog number 

sc-20681, Santa Cruz Biotechnology, Deke, USA Dallas, Sas., 1 / 10,000). After incubation, the 

membrane was washed three times with TBST and then coupled with the corresponding 

secondary antibody conjugated with horseradish peroxidase (Jackson ImmunoResearch 

Laboratories, West Grove, Pennsylvania, USA). After incubation, the membrane was washed 

twice with PBST for five minutes each time and then with PBS for five minutes. The signal 

amplified on the membrane using an enhanced chemiluminescence detection system (ECL 

substrate; BioRad) was then visualized and measured for optical density by ChemiDoc™ MP. 

While using ImageJ software (NIH) for analysis, all protein signals were quantified using β-

actin for normalization. 
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3.17. Immunocytochemistry 

Immunohistochemistry is an experimental technique that uses the specific binding reaction 

between antigens and antibodies in immunological principles to detect the presence of target 

antigens in cells or tissues. By binding fluorescent or colorable chemicals to an antibody, this 

method can be used not only to measure the amount of antigen expression but also to 

observe the antigen's position.  

To prepare for immunocytochemistry, the coverslips were sterilized with 70% ethanol and 

washed three times with PBS. Mock-treated or drug-treated HGPS and control fibroblasts 

were grown directly on coverslips for experiments. After completing the drug treatment 

schedule, we washed the cells three times with PBS and then fixed the cells in ice-cold 

methanol at −20°C for 10 minutes. Subsequently, the dish was blocked with 5% FBS in PBS for 

30 minutes at room temperature and then incubated with the primary antibody for two hours 

at room temperature. The following primary antibodies used were: anti-presenilin (1 µg / mL), 

anti-ciliary protein A / C (catalog number MA3-1000, Invitrogen, Carlsbad, California, USA, 

1/100). After washing the coverslip three times with PBST, the secondary antibody was added 

and incubated for one hour. The secondary antibodies used were affinity-purified Alexa Fluor 

488 donkey immunoglobulin G (IgG) antibody (Molecular Probes, Eugene, OR, USA) and Cy3- 

bound IgG antibody (Jackson ImmunoResearch). After washing three times with PBST, the 

coverslip was carefully dried with absorbent paper to absorb the solution on the side of the 

coverslip to avoid touching the cells. The coverslips were then counterstained with DAPI 

Vectashield mounting medium before observation. Images were collected at the same 

exposure time to compare the brightness of the cells using an Axioplan fluorescence 

microscope (Carl Zeiss, Oberkochen, Germany) [100]. 
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3.18. Statistical analysis 

Among all the different characteristics of HGPS and control fibroblasts with or without 

treatment, a student's test (★ p <0.05, ★★ p <0.01, ★★★ p <0.001, n ≥ 3) was used for the 

corresponding analysis. Data with p-values below 0.05 were estimated to be statistically 

significant in our study. Data were expressed as mean ± standard deviation (mean ± SD) to 

show differences and details. In order to calculate the data and draw the graph, we used 

version 6.01 of the prism (GraphPad, San Diego, California, United States) [100]. 
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4.  Results 

4.1. The identification of genes altered in vascular disease, arthritis, 

alopecia and lipodystrophy. 

In drug research, understanding the connection between genes and disease is crucial because 

it can provide some candidate gene–disease associations before conducting large-scale 

research. Although HGPS babies do not have apparent phenotypes during childbirth and early 

infancy, four typical phenotypes – alopecia, lipodystrophy, arthritis and vascular disease – 

tend to rise at 12 to 24 months after birth. Therefore, we suggest that several genes are 

affected under all four conditions. Thus, a data mining method was established to identify 

those genes. In our text mining process, based on the scientific literature on PubMed 

(http://www.pubmed.gov), we used a keyword search to check the related genes. As 

mentioned in ‘Materials and Methods’, we attempted to match all genes in the human 

genome from the Human Gene Nomenclature Committee (HGNC) to each of these four 

diseases [152]. There were 2843 genes identified as associated with at least one of the four 

targeted conditions. Among these genes, there were 157 genes related to alopecia, 67 genes 

related to lipodystrophy, 1049 genes related to arthritis and 1560 genes related to vascular 

diseases. 

As shown in the Figure 6, a Venn diagram was generated to obtain genes that changed 

simultaneously under all four conditions. According to the Venn diagram, the association 

between 17 genes and all four diseases was found simultaneously, which indicates that these 

17 genes may be dysregulated in HGPS. Specifically, they are complement 3 (C3), chemokine 

(C-C motif) ligand 2 (CCL2/MPC1), C-reactive protein (CRP), C-X-C motif chemokine ligand 8 

(CXCL8/IL8), cell surface death receptor (FAS), heme oxygenase 1 (HMOX1), intercellular 

adhesion molecule 1 (ICAM-1), insulin-like growth factor 1 (IGF-1), interleukin 18 (IL-18), 

interleukin 4 (IL-4), interleukin 6 (IL-6), interferon-gamma (IFNG), peroxisome proliferator-
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activated receptor gamma (PPARG), transforming growth factor-beta 1 (TGFB1), tumor 

necrosis factor-alpha (TNFa ), leptin (LEP) and TNF receptor-associated factor 1 (TRAF1). 

Most data scientists who have higher requirements for database capacity or improved 

statistical models when processing large amounts of data always have a tolerable false 

discovery rate. To validate the data mining process and avoid any false discovery, we further 

carefully curated the text mining derivative publications to determine the expression patterns 

of 17 genes in each of the four diseases. Table 25 represents the function and predicted 

expression pattern of each of the 17 genes associated with the four disorders. According to 

the table, HMOX1, IGF-1 and PPARG are down-regulated while CCL2, CXCL8, CRP, FAS, ICAM-

1, IL-6, IL-18, TGFB1, TNFa and TRAF1 are up-regulated under these four conditions. However, 

C3, LEP and IL-4 decreased in lipodystrophy but increased in the other three diseases. IFNG 

is elevated in arthritis and reduced in the other three conditions. 

By carefully examining these 17 genes, we see that most of them encode known cytokines, 

including the pro-inflammatory component CRP, CCL2/MCP1, CXL8/IL8, IL-6, IFNG and TNFa. 

These factors are classified as age-related secretory phenotypes that develop in most age-

related diseases. In addition to generating permanent cell cycle arrest and resistance to cell 

death signals in senescent cells, the cells also produce a bio-active secretome, recognized as 

the senescence-associated secretory phenotype (SASP). Therefore, the results of text mining 

indicate that there may be a common molecular mechanism in all four cases: chronic 

inflammation. The inflammatory process is an essential immune defense system in living 

organisms. When pathogens, allergens and toxins enter the body, short-term acute 

inflammation occurs immediately. Usually, immune cells, endogenous anti-inflammatory 

agents and tissue remodeling processes are closely coordinated in various defense processes. 

This acute inflammation is resolved by eliminating pathogens, removing the infecting cells 

and repairing damaged tissues, returning to cellular homeostasis. However, when the acute 

inflammatory response cannot be resolved and continues to exist, the cell assembles more 

defense components to produce a long-term, unresolved immune response – chronic 

inflammation. In normal ageing, people can often be observed with an imbalanced immune 
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response [173]. 

 

 

 

 

Figure 6: The Venn diagram of the related genes. The Venn diagram describes 2778 genes 

related to the four diseases identified by text mining. 
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Table 25: Differential regulation of genes simultaneously altered in vascular disease 

(VD), arthritis (AR), lipodystrophy (LD) and alopecia (AL) derived from text mining. 

According to curated literature, the level of expression (↑ = overexpressed; ↓ = 

downregulated) in each disease is indicated. 

 

Gene 

(swiss-prot 

gene ID) 

 Expression Function 

FAS 

(receptor) 

ID: 355 

 

VD ↑[174] 

FAS-mediated apoptosis regulates apoptotic death of 

VSMCs during atherogenesis, and FAS 

overexpression determines the amount of tissue mass 

in the diseased vessels [175]. 

AR ↑[176] 

RA patients’ monocytes and macrophages present in 

the synovial fluid are resistant to FAS-mediated killing, 

leading to the persistence of inflammatory monocytes 

and macrophages, perpetuating joint inflammation 

[177]. 

LD ↑[178] Regulates apoptosis in the adipose tissue [178]. 

AL ↑[179] 

The FAS/FASL system has a costimulatory role in the 

early phase of the disease process and induces 

apoptosis in FAS-expressing cells of the hair follicles 

by FASL-expressing cells of the perifollicular infiltrate, 

resulting in hair loss [179]. 

PPARG 

(receptor) 

ID: 5468 

 

VD ↓[180]  

Protects endothelium, regulates the differentiation of 

adipocytes and lipid metabolism, inhibits proliferation 

and the migration of smooth muscle cells and reduces 

inflammatory chemokines [180]. 

AR ↓[181] Inhibits major signaling inflammation pathways and 
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reduces the synthesis of cartilage catabolic factors 

responsible for articular cartilage degradation [182]. 

LD ↓[183] Essential in the differentiation of adipocytes [184]. 

AL ↓[185] 
Required for the maintenance of a functional epithelial 

stem cell compartment in murine hair follicles [186]. 

CCL2 

(chemokine) 

ID: 6347 

VD ↑[187] 
Recruits macrophages and monocytes to the vessel 

wall [188]. 

AR ↑[189] 

Mediator of the migration of monocytes, macrophages 

and T cells. These are directly involved in the induction 

and perpetuation of synovitis and subsequent joint 

destruction [189]. 

LD ↑[190] 
Recruits macrophages to adipose tissue and induces 

an inflammatory response [191]. 

AL ↑[192] 

Recruits T lymphocytes and monocytes in the acute 

inflammatory condition and may also be an important 

mediator in chronic inflammation [193]. 

TGFB1 

(growth factor) 

ID: 7040 

VD ↑[194] 

There is a link between increased levels of circulating 

TGFB and hypertension, a cardiovascular risk factor 

that contributes to the development of organ damage 

such as renal sclerosis, stroke and coronary heart 

disease [195]. 

AR ↑[196] 

TGFB1 has been reported to have important roles in 

unresolved inflammation, immune suppression, 

fibrosing processes and angiogenesis [197]. 

LD ↑[198] Potent inhibitor of adipocyte differentiation [198]. 

AL ↑[199] 
Influences the epithelial cell growth and modulates 

androgen receptor transactivation and androgen 
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sensitivity in dermal papilla cells [199]. 

CXCL8 

(Chemokine) 

ID: 3576 

VD ↑[200] 
Stimulates the adhesion of monocytes to endothelial 

cells and has a role in plaque destabilisation [201,202]. 

AR ↑[203] 

Induces synovial inflammation, regulates leukocyte 

adhesion molecule expression and it is a mediator of 

angiogenesis [204]. 

LD ↑[205] 

Major regulator of adipose tissue metabolism. Its 

overexpression in subcutaneous adipose tissue may 

be associated with wasting processes that lead to 

atrophy [205,206]. 

AL ↑[207] 
Plays a role in perturbing keratinocyte differentiation in 

the alopecia areata follicle [208]. 

ICAM-1 

(adhesion 

molecule) 

ID: 3383 

 

VD 
↑[209] 

Key molecule in atherogenesis when circulating 

monocytes adhere to the endothelium and 

subsequently transmigrate into the intima [210]. 

AR ↑[211] 

Promotes leukocyte adhesion to endothelial cells and 

synovial fibroblasts and promotes leukocyte migration 

[212]. 

LD ↑[213] UNKNOWN 

AL ↑[214] 
Together with IFNG mediates T cell trafficking in the 

skin [215]. 

CRP 

(pentraxin) 

ID: 1401 

VD ↑[216] 

Directly influences complement activation, apoptosis, 

vascular cell activation, monocyte recruitment, lipid 

accumulation and thrombosis. Associated with the 

formation and progression of atherosclerotic lesions 

[217,218]. 

AR ↑[219] Plays a role in the bony destructive process through the 
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induction of the receptor activator of nuclear factor 

kappa-Β ligand expression and direct differentiation of 

osteoclast precursors into mature osteoclasts [220]. 

LD ↑[221] 
Its levels are strongly associated with adipose tissue 

mass [222]. 

AL ↑[223] UNKNOWN 

C3 

(Chemokine) 

ID: 718 

VD ↑[224] 
Essential in the maturation of atherosclerotic lesions 

beyond the foam cell stage [225]. 

AR ↑[226] 

Contributes to inflammation and tissue injury. Has a 

role in the induction and progression of the disease 

[226]. 

LD ↓[227] 

Excessive consumption of C3 in the alternative 

complement pathway leads to an increased expression 

of Factor D. Lipodystrophy and tissue destruction are 

more significant in tissues where Factor D expression 

is increased [228,229]. 

AL ↑[230] 

C3 deposition reflects the morphological state of hair 

follicles in each stage of the hair cycle, suggesting a 

relationship between the hair cycle and C3 deposition 

[231]. 

TRAF1 

(tumor 

necrose factor 

associated) 

ID: 7185 

VD ↑[232] 
Involved in monocyte recruitment to the vessel wall 

[233]. 

AR ↑[234] 

Plays a crucial role in the pathogenesis of 

autoantibodies and may serve as a serologic 

inflammatory marker of disease activity [234]. 

LD ↑[235,236] 
UNKNOWN 
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AL ↑[237] UNKNOWN 

IL-18 

(Interleukin) 

ID: 7185 

VD ↑[238] 

Has a proatherogenic effect through stimulation of 

IFNG secretion. It polarises T helper 1 cells (Th1) and 

induces the production of inflammatory cytokines, 

chemokines and vascular adhesion molecules 

[239,240]. 

AR ↑[241] 

Promotes articular Th1 responses, acts directly on 

macrophages to induce pro-inflammatory cytokine 

production and contributes to cartilage degradation 

[242]. 

LD ↑[81] 

Induces apoptosis of subcutaneous adipocytes in 

lipoatrophic areas, and it contributes towards  HIV-

associated lipodystrophy syndrome (HALS) by 

downregulating the production of adiponectin [81,243]. 

AL ↑[244] 
Induces the production of IFNG, a factor that induces 

alopecia [245]. 

IGF-1 

(growth factor) 

ID: 3479 

VD ↓[64] 

Reduces atherosclerosis burden and improves 

features of atherosclerotic plaque stability through 

induction of reducing of oxidative stress, cell apoptosis, 

pro-inflammatory signaling and endothelial dysfunction 

[64]. 

AR ↓[246] 

Enhances the synthesis of components such as 

proteoglycan and collagen in normal cartilage and 

blocks cytokine-stimulated cartilage degradation. It is 

an important regulator of the repair processes during 

joint diseases [247,248]. 

LD ↓[249] IGF-1 signaling is essential for the development and 
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function of adipose tissue. The IGF-1 receptors play a 

role in gene expression in white adipose tissue and in 

the maintenance of normal serum leptin and 

adiponectin levels [249]. 

AL ↓[250] Stimulates follicular epithelial cell growth [251]. 

IL-6 

(Interleukin) 

ID: 3569 

VD ↑[252] 

Plays a central role in propagating the downstream 

inflammatory response responsible for atherosclerosis. 

Contributes to both atherosclerotic plaque 

development and plaque destabilisation [253,254]. 

AR ↑[255] 

Contributes to the induction and maintenance of the 

autoimmune process through B cell modulation and 

Th17 cell differentiation, and it plays a role in 

angiogenesis by inducing intracellular adhesion 

molecules [256]. 

LD ↑[257] 
Leads to increased apoptosis and thus contributes to 

the loss of subcutaneous fat [258]. 

AL ↑[259] 

Induces a rise in immunoglobulin G which can have a 

key role in long-standing disease due to humoral 

autoimmune pathology and plays a partial role in hair 

growth inhibition [259,260]. 

TNFA 

(tumor 

necrosis 

factor) 

ID: 7124 

VD ↑[261] 

Promotes cholesterol uptake into monocytes and 

macrophages and cholesteryl ester-laden cell 

formation from differentiating monocytes, resulting in 

foam cell accumulation; it is involved in the production 

of chemokines and in the recruitment of leucocytes 

during inflammatory reactions. It induces VSMC 

proliferation, increases adherence of leucocytes to 
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endothelial cells by inducing the expression of cell 

adhesion molecules, stimulates apoptosis of VSMCs 

and can induce autophagy in plaque VSMCs [261-263]. 

AR ↑[264] 

Stimulates the production of cytokines, chemokines 

and prostaglandins in RA synovium and stimulates the 

production of matrix-degrading enzymes like MMPs. It 

leads to an increase of the destructive potential of 

RASF, induces the expression of Receptor activator of 

nuclear factor kappa-B ligand (RANKL) and synergises 

with RANKL to directly promote osteoclast 

differentiation. It stimulates bone loss by mobilising 

CD11b+ osteoclast precursors from the bone marrow 

and by reducing bone formation by inhibiting osteoblast 

differentiation and function [265-267]. 

LD ↑[268] 

Stimulates lipolysis and induces insulin resistance, 

leptin production, suppression of lipogenesis, 

adipocyte dedifferentiation and apoptosis in 

preadipocytes and adipocytes. It impairs preadipocyte 

differentiation [269,270]. 

AL ↑[271] 

Causes the condensation and distortion of the dermal 

papilla, marked vacuolation of the hair follicle matrix, 

abnormal keratinisation of the follicle bulb and inner 

root sheath, disruption of follicular melanocytes and the 

presence of melanin granules within the dermal papilla, 

resulting in the formation of dystrophic anagen hair 

follicles [92,272]. 

HMOX1 VD ↓[273] Its expression in macrophages increases antioxidant 
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(oxygenase) 

ID: 3162 

protection and decreases inflammatory components of 

atherosclerotic lesions, having a role in the protection 

against atherogenesis [274]. 

AR ↓[275] 

Inhibits cartilage erosion, decreases pro-inflammatory 

cytokine secretion and suppresses osteoclastogenesis 

and bone destruction [276]. 

LD ↓[277] UNKNOWN 

AL ↓[278] 

Its decreased expression impairs the impairment of the 

protective mechanism from oxidative stress in the scalp 

[278]. 

LEP 

(adipokine) 

ID: 3952 

VD ↑[279] 

Leptin is an important mediator in endothelial 

dysfunction and neointimal hyperplasia, both key steps 

in the evolution of atherosclerotic vascular changes. 

Additionally, paracrine leptin released from 

perivascular adipose tissue (PVAT) has deleterious 

effects on the underlying endothelium and VSMCs, 

including coronary circulation [279]. 

AR ↑[280] 

Adipocyte-derived leptin induces pro-inflammatory 

cytokine released from innate and adaptive immune 

cells, producing an inflammatory milieu that 

encourages cartilage damage and RA [280]. 

LD ↓[281] 

Leptin has key roles in the regulation of energy 

balance, body weight, metabolism and endocrine 

function. Leptin levels are undetectable or very low in 

patients with lipodystrophy, hypothalamic amenorrhea 

and congenital leptin deficiency (CLD) due to mutations 

in the leptin gene [281]. 
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AL ↑[282] 

The plasma leptin level is significantly higher in AGA 

subjects compared to non-AGA subjects (4.45 vs 

2.76 ng/mL, P< 0.05). Leptin from the circulation might 

impact the development of AGA [282]. 

IL-4 

(Interleukin) 

ID: 3565 

 

VD ↑[283] 

IL-4 can induce apoptosis of human vascular 

endothelial cells through the caspase-3-dependent 

pathway, suggesting that IL-4 can increase endothelial 

cell turnover by accelerated apoptosis, which may 

cause the dysfunction of the vascular endothelium 

[283]. 

AR ↑[284] 

IL-4 improves anti-inflammatory effects and 

suppresses several pro-inflammatory cytokines, and 

systemic IL-4 treatment protects the cartilage and bone 

destruction in established murine type II collagen-

induced arthritis. IL-4 has an inhibiting effect on the 

degradation of proteoglycans in the articular cartilage 

by inhibiting the secretion of matrix metalloproteinases 

as well as reducing the variation in the production of 

proteoglycans that are visible in the course of  

osteoarthritis (OA) [284]. 

LD ↓[285] 

IL-4 has an important role in lipid metabolism and 

glucose regulation by promoting insulin sensitivity and 

glucose tolerance. Lower insulin sensitivity reduces 

uptake of fatty acids, reduces glucose transport and 

increases free fatty acids (FFA) in the general 

circulation, which can lead to lipodystrophy [285].  

AL ↑[286] Alopecia development is associated with CD8+ T cell 
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activation, migration into the intrafollicular region and 

hair follicle destruction. The disease may be adoptively 

transferred with T lymphocytes and is class I and not 

class II MHC-dependent. Pathologic T cells primarily 

express IFNG and IL-17 early in diseases, with 

dramatic increases in cytokine production and 

recruitment of IL-4 and IL-10 production with disease 

progression [286]. 

IFNG 

(Interferon) 

ID: 3458 

VD ↑[287] 

IFNG, known to be a pro-inflammatory cytokine, can 

also display anti-inflammatory properties. It is likely that 

it acts in both ways in atherosclerosis. It is possible that 

its proatherogenic actions out-weigh its anti-

atherogenic ones or vice versa. IFNG promotes foam 

cell formation, plaque development and a Th1-driven 

adaptive immune response. These effects can be 

attributed to an array of key genes involved in 

atherosclerosis that are regulated by IFNG [287]. 

AR ↓[288] 

IFNG activity associated with necroptosis suggests that 

IFNG may modulate necroptosis and improve RA 

progression by preventing or reducing inflammatory 

cell death [288]. 

LD ↑[289] 

Cytokines play important roles in the pathogenesis of 

lipodystrophy syndrome. Single nucleotide 

polymorphisms (SNPs) at position +874 (T/A) of the 

IFNG gene are related to the expression of these 

cytokines [290]. 

AL ↑[291] IFNG rapidly inhibits hair elongation in cultured human 
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4.2. Identification of the signaling pathway 

To support this hypothesis, a protein–protein interaction network was formed by STRING 

analysis, indicating that all 17 proteins are functionally connected and may play a cross-

linking role in the development of these four pathological processes [292]. 

A closer look at the picture shows that all of these proteins are interrelated. Some proteins 

are directly related, like the relationship between upstream and downstream, and some of 

them need an intermediary to achieve relevance. Among these proteins, TNF, TGFB1, CCL2, 

CRP, IL-4, IL-6, IL8, ICAM-1, and IFNG are directly connected to more proteins than other 

candidates. This result also illustrates the critical role of the pro-inflammatory components 

mentioned above. The regulation of these proteins may also cause shifts in other proteins. 

All of these proteins are the query proteins and the first shell of interactors. For these 

interactions, the blue lines are from curated databases, and the laboratory determines the 

purple ones. Yellow is the result of text mining from the article, and black is the co-expression. 

 

anagen hair follicles and induces morphological signs 

of catagen transformation. IFNG can also inhibit 

proliferation and increase apoptosis and follicular 

melanogenesis [291]. 
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Figure 7: The STRING analysis of the 17 related genes. The interaction network of the 17 genes was visualised 

by STRING. The nodes represent proteins, and the lines symbolise functional associations between proteins. 

The green line indicates neighbourhood evidence; the blue line indicates co-occurrence evidence; the purple 

line indicates experimental proof; the light blue line indicates database evidence, and the black line indicates 

co-expression evidence. 

 

Because these 17 genes are closely linked, and most of them are related to inflammation, the 

majority of them can be regulated through the same signaling pathway. Therefore, three 

databases (TRRUST version, TfactS, and Regulatory Circuit) were used to search the regulators 

and targets of these 17 entities. According to the results shown in Table 26, the transcription 

factor nuclear factor kappa-B subunit 1 (NF-κB1), RelA proto-oncogene (Rela), STAT1, STAT3, 

STAT5a, STAT5b and STAT6 are part of the regulatory network that can regulate many of these 

genes. Still, none of them can regulate all of these genes at the same time. Among all 

possibilities, the results support participation in the development of four pathologies through 

NF-κB1 and RelA in the NF-κB signaling pathway, and participation in the event of four 

pathologies through STAT1, STAT3, STAT5a, STAT5b and STAT6 in the JAK-STAT signaling 

pathway. As a classic pathway related to ageing, previous studies have shown that the 
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activation of NF-κB can promote ageing and age-related diseases. However, according to the 

literature, which summarizes all the drugs that have been used on progeria [106], the JAK-

STAT pathway has not been associated with age-related diseases yet, while NF-κB is already 

involved in the progeria research (Table 27). 

We consequently suggest that changes in the JAK-STAT pathway may mediate the four 

pathologies in HGPS and further HGPS itself. In summary, text mining research indicated that 

enhanced pro-inflammatory factors are potential common causes for four different diseases. 

Most of these 17 factors are related to JAK-STAT signaling, suggesting that excessive activation 

of JAK-STAT signaling may lead to the development of these four diseases. 

 

Table 26: Transcription factors that regulate most of the 17 genes identified by text mining. We searched each 

of the 17 genes using the TRRUST version 2 (https://www.grnpedia.org/trrust/), TfactS (http://www.tfacts.org/) 

and Regulatory Circuits database (http://regulatorycircuits.org/). A total of 140 transcription factors were 

classified, and each transcription factor was associated with at least one of the 17 genes. The transcription 

factors linked to most of the 17 genes identified by direct evidence are shown. 

 

Gene NF-κB1 Rela STAT3 STAT1 STAT5A STAT5B STAT6 

C3               

CCL2 √ √ √ √       

CRP √ √ √         

CXCL8 √ √ √ √     √ 

FAS √ √ √ √       

HMOX1 √ √ √ √       

ICAM-1 √ √ √ √       

IGF-1     √   √ √   

IL-6 √ √ √ √ √     

IL-18 √ √           
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As shown above, some genes can be regulated by multiple STATs. We listed all of the genes 

that can be adjusted by this signaling pathway to better understand better the genes 

regulated by the JAK-STAT signaling pathway, as shown in Table 28. Interestingly, STAT1 and 

STAT3 can simultaneously regulate both cyclin-dependent kinase inhibitor 1A (CDKN1A) and 

tumor protein p53 (TP53). STAT5 can regulate cyclin-dependent kinase-4 inhibitor B (CDKN2B). 

CDKN1A encodes p21. Tumor protein 53 encodes p53, and CDKN2B encodes p14. P14, p21 

and p53 are all closely related to the ageing process, and this result also suggests the 

importance of the JAK-STAT signaling pathway in the senescence process [293]. 

 

Table 27: Drugs published for HGPS treatment. Based on the literature, we summarized all of the medicines 

that show practical functions in the treatment of HGPS. There have been reports of using sodium salicylate, an 

NF-κB inhibitor, to inhibit the NF-κB signaling pathway. This result also corroborates the inference of the NF-κB 

signaling pathway in our data mining results. At the same time, no one has studied the role of the JAK-STAT 

pathway in HGPS so far, showing that our research is innovative. 

 

Treatment/Drug Pathway Target 

All-trans retinoic acid Autophagy Progerin turnover 

Antisense oligonucleotides Access of splicingmachinery 
Lamin C / prelamin 

A splicing &/or 

PPARG √     √   √   

TGFB1 √   √         

TNFA √ √ √   √ √   

TRAF1 √ √      

LEP   √     

IL-4 √ √     √ 

IFNG √ √   √   √   √   √   



Results 

- - 95 - - 

 

abnormal LMNA splicing 

DOT1L inhibitors Cell reprogramming DOT1L 

Isoprenylcysteine carboxyl 

methyltransferase (ICMT) 

knock-down = shICMT 

Prelamin A processing ICMT 

Gene editing CRISPR/Cas9 LMNA sequence 

JH4 Progerin-lamin A/C binding Progerin-lamin A/C binding 

Metformin Activation of AMPK Hepatic gluco-neogenesis 

Methylene blue Mitochondrial biogenesis Mitochondria function 

MG132 (a proteasome 

inhibitor ) 
Autophagy Progerin turnover 

Mono-aminopyrimidines Prelamin A processing Prelamin A farnesylation 

N-acetyl cystine Oxidative stress Reactive oxygen species 

caNRF2 NRF2 reactivation NRF2 

OSKM induction Epigenetic remodeling Partial cellular 

reprogramming 

Pyrophosphate Metabolism of extracellular 

pyrophosphate 

Calcium-phosphate 

deposition 

Rapamycin & analogs Autophagy Progerin turnover 

Remodelin Microtubule NAT10 

Resveratrol SIRT1 activity SIRT1 

Sodium salicylate NF-κB signaling NF-κB inhibition 

Stem cell transplantation Stem cell function Tissue regeneration 

Sulforaphane Autophagy Progerin turnover 

Telomerase Telomere length Telomeres 1 
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Vitamin D Vitamin D receptor signaling Vitamin D receptor 

 

 
 

Figure 8: Venn diagram of the STAT gene family. The Venn diagram of the STAT family shows the number of 

genes regulated by different STATs, as demonstrated by the corresponding circles. Each gene was searched in 

the TRRUST version 2 (https://www.grnpedia.org/trrust/), TfactS (http://www.tfacts.org/) and Regulatory 

Circuits databases (http://regulatorycircuits.org/). Altogether, a total of 269 genes were found and curated to 

prevent repetitions due to aliases. 

 

Table 28: List of genes regulated by the JAK-STAT pathway. Based on the literature and databases, all of the 

genes regulated by the JAK-STAT pathway were summarized. 

 

STAT1 STAT3 STAT1,3 STAT3,5a,5b 

ACAT1 PSMB9 AKAP12 MDC1 A2M CCND1 

APOE PTGFR AKT1 MIA2 B3GAT3 CCND3 

BAX REV3L BIRC5 MICA CCL2 ESR2 

CASP4 S100A10 BST2 MMP1 CDKN1A IGF1 

CCL3 SCARB1 CCL20 MMP14 CYP19A1 OSM 
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CCR1 STAT2 CD46 MMP2 FAS STAT1,3,6 

CCR5 STAT3 CDH1 MMP3 FCGR1A FOS 

CD22 TAP1 CDK4 MMP7 FGF2 IRF1 

CD40LG TBX21 CDKN1B NANOG GAST OPRM1 

CD86 TLR3 CEBPB NDUFA13 HMOX1 PTGS2 

CEBPD TNFSF13B CFB NME1 HSPB1 SOCS1 

CEBPE UPP1 CFLAR NOSTRIN HSPCA STAT5a,5b 

CFTR XAF1 CHI3L1 NR0B1 ICAM1 CEL 

CIITA STAT6 COPS5 OAS1 JAK2 ESR1 

CLC ADAM8 CRP OXTR JAK3 PAX5 

CSF1 ADRA2B CSRP1 PAX3 JUN STAT1,6 

CTSB ALOX12 CTGF PGF KRT17 CD40 

CTSL ALOX15 CYR61 PHB MMP9 EGR1 

CXCL10 CCL17 DDIT3 PIAS3 MUC4 IL1R1 

CXCL9 CCL26 DNMT1 POU2F1 MYC STAT3,6 

EDN1 CNR1 ETV6 PRDM1 NOL3 CCL11 

FCGR3A COL1A1 F2R PTEN NOS2A CISH 

FCGRT COL1A2 FAAH PTPN6 NOX5 CXCL8 

FGFR3 CYP2E1 FASN ROR1 OPRM1 STAT1,5a,5b 

FOXP3 CYSLTR1 FGF1 S1PR1 REG1A MET 

GATA3 DUSP1 FGG SAA1 STRA13 RNMT 

GBP1 EGLN3 FGL1 SALL4 TIMP1 

STAT1,3,5a,5b,

6 

GLS FCER2 FLT3 SHH TLR2 TNFRSF5 

HSP90AA

1 FOSB GFAP SLC9A3 TNFRSF8  

IFIT3 HSD3B2 HAMP SOS1 TP53  
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IFNA1 IL13 HGF STS VIP  

IFNB1 IL24 HIF1A TERT 

STAT1,3,5a,5

b  

IFNLR1 IL4 HP TGFB1 BCL6  

IL1B IRF4 HSPA4 

TNFRSF10

B EGFR 

 

IL27 ITGA2B HSPCB TP63 IFNG  

IRF7 NCOA3 IFNAR1 TRH IL2RA  

IRF8 ORMDL3 IKBKE TWIST1 IL6ST  

IVL PRKCA IL11 TWIST2 MUC1  

LTC4S RHOA IL1RN TYK2 PBF  

LY96 SELE IL2 UCP2 PIM1  

MAT2A SELP IL21 USP7 PRF1  

MHC2TA SIDT1 JUNB VDR SEC6L1  

MMP13 STAT1 KIAA0146 VEGFA TIMP3  

MVP STAT5b KLF11 VEGFB STAT3,5a  

NOS2 ANGPTL4 LBP ZFP36 IL10  

NOX1 RARA LCAT STAT5a BCL2  

NOX4 STAT1,5b LEP CDKN2B CCND2  

NR1H4 PPARG 

LGALS3B

P CSN2 

STAT3,5a,5b,

6  

PDCD1 

STAT1,3,5

a LTBP1 SUMO1 

BCL2L1 

 

PLAU IL6 MCL1 TRIP15 TNF  
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Table 29: Genes regulated by STAT2 and other STATs simultaneously (9 - regulated; 8 - not regulated). 

 

 STAT1 STAT3 STAT4 STAT5a STAT5b STAT6 

APOE 9 8 8 8 8 8 

IFIT3 9 8 8 8 8 8 

IFNA1 9 8 8 8 8 8 

IRF1 9 9 9 8 8 9 

IRF7 9 8 8 8 8 8 

NOS2 9 8 8 8 8 8 

PDCD1 9 8 8 8 8 8 

PML 9 8 8 8 8 8 

PTGS2 9 9 8 8 8 9 

SCARB2 8 8 8 8 8 8 

 

 

Table 30: Genes regulated by STAT4 and other STATs simultaneously (9 - regulated; 8 - not regulated). 

 

 STAT1 STAT2 STAT3 STAT5a STAT5b STAT6 

AICDA 8 8 8 8 8 8 

IFNG 9 8 9 9 9 8 

IL2RA 9 8 9 9 9 8 

IRF1 9 9 9 8 8 9 

MYC 9 8 9 8 8 8 

NOX1 9 8 8 8 8 8 

NOX4 9 8 8 8 8 8 

PBF 9 8 9 9 9 8 

PIM1 9 8 9 9 9 8 
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PRF1 9 8 9 9 9 8 

S100A4 8 8 8 8 8 8 

SOCS3 9 8 9 8 8 8 

STAT1 - 8 8 8 8 9 

TBX21 9 8 8 8 8 8 

 

 

4.3. Cell-based ageing model to investigate normal and premature 

cellular ageing 

4.3.1. Growth curves and cell senescence curves 

We established a cell-based ageing model at the start of the research. In extensive studies, 

the passage number has been used as the main feature to define cell ageing status. However, 

for our case, this comparison is not reliable because HGPS cells and control cells have 

different ageing phases, and senescence states in the same passage as HGPS cells have a 

significantly lower growth rate than control cells, as previously reported [294]. Since the 

ageing of HGPS cells at the same passage is different from that of normal control cells, the 

proportion of senescent cells in total cells was directly used to compare the replication 

senescence of HGPS cells and normal cells. Therefore, an ageing model was established in 

vitro to track cellular lifespan. The model helped us to match the different passage numbers 

to the senescence ratio by comparing HGPS primary fibroblast culture and control culture at 

different passages. In cell culture, the loss of proliferation potential can be asynchronous. 

While cells still divide in later passages, cell growth inhibition may also occur in early passages. 

With this, we counted the growth rate and determined the percentage of senescent cells (SNS) 

at every passage to standardize our long-term replication senescence culture. 

In this experiment, we investigated several ways to test the proportion of senescent cells, for 
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example, Sudan black B (SBB), beta-galactosidase (SA-β-Gal) and P21. The mechanisms of 

these methods are as follows: 1. Lipofuscin is an aggregate of oxidized proteins, lipids and 

metals, and it accumulates in ageing tissue. Sudan black B can specifically stain lipofuscin to 

black to mark senescence [295]. 2. The senescent cells usually become larger and express 

highly active beta-galactosidase at pH 6.0. This active enzyme can be detected with X-gal. This 

substance forms a dark blue product, 5-bromo-4-amyl blue, after cleaving β-galactoside. This 

blue staining is very easy to identify and quantify [296]. 3. The P21 gene is an essential member 

of the cyclin-dependent kinase inhibitor family discovered in recent years. It can inhibit the 

activity of cyclin-dependent kinase (CDKs) complex and coordinate the cell cycle, DNA 

replication and repair [297]. P21 is increased in senescent cells. 

We conducted three parallel experiments on control fibroblasts and HGPS fibroblasts at the 

same time. All the experimental results showed that these three methods can adequately 

characterize the ageing state of cells and have good reproducibility, all of which increase with 

cell senescence. However, the observation of Sudan black B needs to be operated under a 

high-resolution, which is not conducive for large-scale counting to calculate the percentage 

of senescent cells to total cells. The P21 needs to be tested by Western blot, which requires 

higher experimental costs. At the same time, beta-galactosidase is the most classic indicator 

for measuring senescent cells, so we chose it to characterize the percentage of senescent 

cells and used P21 for validation. 

As shown in Figure 9, all primary fibroblasts from different strains were initiated at passage 

13, exhibiting less than 5% SNS as the percentages of all SNS were determined by beta-

galactosidase assay. During the culture process of fibroblast replicative senescence, the 

growth rate of HGPS fibroblasts decreased after six to seven passages (corresponding to 19–

20 passages) in vitro. At the same time, these cultures showed 5% to 8% SNS. However, at 

the same passage time (passages 19–20), the control cells maintained exponential growth, 

and their SNS were all below 5%. In general, the growth rate of HGPS fibroblasts and the 

control of fibroblasts are relatively similar when cells are young. As the fibroblast culture 

continues, control fibroblasts can support healthy growth for a long time before entering the 
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plateau phase, and then the growth rate decreases slowly. In comparison, HGPS fibroblasts 

not only enter the plateau phase earlier than control fibroblasts but also have a faster growth 

rate reduction. 

HGPS cell line P003 reached 15% SNS at passages 21–22, and HGPS cell line P127 reached 15% 

SNS at passages 22–23, both of which were ageing faster than the control cell lines 1651C 

and 1652C, which achieved 15% SNS at passages 26–28 and 26–27, respectively. Similarly, 

P003 approached 30% SNS in passages 26–27, and P127 neared 30% SNS in passages 27–28. 

However, to achieve the same 30% SNS, control cells needed to be cultured until passages 

36–38 for 1651C and passages 34–36 for 1652C. At the end of the culture, HGPS cells reached 

almost 80% SNS, while control cells had only 40% SNS. During this long-term cultivation 

process, the percentage of senescent cells was counted every other passage. When 

comparing the SNS rate from each passage, the number of HGPS cell lines was always higher 

than the control cell lines after 25 passages. Therefore, the senescence index of the culture 

was used as a critical parameter to evaluate the change relative to SNS in further studies 

when comparing HGPS cells with normal cells. 

 

 

 

Figure 9: Growth curves and cell senescence curves. All cells are labelled with different colors, including four 

independent control cell strains (purple, blue, orange and grey) and the three HGPS cell strains (light blue, red, 

and turquoise). All cultures started at passage 13, with less than 5% of the percentage of SA-β-gal-positive cells 

in all cell strains. Proliferation rates were determined over 26 passages over 104 days. The percentage of SA-β-

gal-positive cells was scored every other passage in cultures. 
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Figure 10: The picture of SA-β-gal-positive cells. The pictures show the cells with the SA-β-gal staining at 5%, 

15% and 30% SNS. The SA-β-gal-positive cells are stained blue. Scale bar: 200 μm. 

 

4.3.2. Cell cycle analysis 

The cell cycle of HGPS and normal fibroblast cultures was measured while exhibiting ≤ 5% 

SNS and ≈ 30% SNS further to strengthen the application of the cell culture senescence index. 

The G1 phase is a pre-synthesis period, during which the cell mainly synthesizes RNA and 

ribosomes. In the S phase, DNA, histones and enzymes needed for DNA replication are 

synthesized. The G2 phase is the late stage of DNA synthesis. During this period, DNA 

synthesize ends, but the cell is still manufacturing a large amount of RNA and protein, 

including tubulin and protein. The M phase is a cell division phase. The cell divides from the 

mother cell into two daughter cells [298]. We chose young control cells as the standard 

because they grew well. As the number of senescent cells increased, the ratio of the G0/G1 

phase increased significantly from 68.8 to 82.5, indicating that the cell's proliferative capacity 

decreased. 

Similarly, when comparing HGPS fibroblasts with the control fibroblasts at the same 5% SNS, 

although the proportion of senescent cells included was the same, the reproduction ability 

of HGPS cells was lower than that of control cells. Similarly, when comparing 30% SNS, the 

proliferative capacity of HGPS cells was also lower. This result confirmed the stagnation of the 

G1 phase by senescent cells. The DNA damage in the senescent cells always causes 

irreversible p53-dependent cell cycle arrest in the G1 phase, accompanied by noticeable 
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morphological and biochemical changes. 

The S phase is an essential period of DNA synthesis, and the reduction of the S phase is also 

a cardinal sign of slow cell growth, indicating that fewer cells enter S phase to synthesized 

DNA in preparation for cell replication [298]. When analyzing the four groups of results, when 

the SNS of the control cells was less than 5%, the proportion of the S phase was 22.7, the 

maximum among other groups. The S phase ratio of the HGPS cells at 5% SNS remained 19.3, 

and the control cells at 30% SNS equaled to 13.4, and the HGPS cells at 30% SNS was 5.6 as 

the lowest one. This confirmed that the control cell (5% SNS) had the fastest growth rate, and 

HGPS (5% SNS) remained similar. With the increase of the cell senescence, cell growth slowed 

down, and the proportion of the S phase was significantly reduced in both control cells and 

HGPS cells. The decrease of HGPS cells was more evident than that of control cells. 

Usually, the G2/M phase ratio also decreased as cell ageing increased, indicating that fewer 

cells were being divided [299]. In the process of controlling cells from 5% SNS to 30% SNS, the 

G2/M phase decreased from 7.1 to 3.2, indicating that the growth and division rate of cells 

was slowing down. However, in HGPS cells, the G2/M phase did not decrease but rose from 

4.2 to 8.0. This phenomenon may have been caused by DNA damage, which led the cells to 

stay in the G2 phase and further cause apoptosis selectively. 

 

 



Results 

- - 105 - - 

 

 

Figure 11: Cell cycle assays. The relative percentage of cells in the G0/G1, S and G2/M phases of the cell cycle 

are shown here. Cells samples are the normal (1651c) and HGPS (P003) cultures with a senescence index of < 

5% and 30%. PI was used for DNA staining. 

 

4.3.3. Western blot of P21 and progerin analysis. 

Additionally, another classic senescence marker, namely P21, was studied to compare HGPS 

and control cultures at different senescence rates. P21 is cyclin-dependent kinase inhibitor 1, 

which can inhibit all cyclin/CDK complexes. It increases during the cell ageing process. As 

shown in the Figure 12, from young cells (5% SNS) to old cells (30% SNS), P21 increased by 

2.9 times in 1651C, 2.4 times in 1652C, 2.8 times in P003 and 3.3 times in P127, supporting 

the increasing senescence index in different cell lines. However, HGPS and control cultures 

showed comparable p21 levels and similar SNS indexes at 5%, 15% and 30% SNS, indicating 

that the P21 expression was closely related to SNS index levels regardless of HGPS fibroblasts 

or control fibroblasts. 

Progerin protein was also detected during the replicative ageing process as it accumulated 

and destroyed the nuclear structure of HGPS fibroblasts. According to the results of Western 

blotting, no progerin was probed in any passage of control cells. Still, as described in other 

references, a large amount of progerin accumulated in senescence HGPS cells [107]. From less 

than 5% SNS to about 30% SNS, the progerin level presented a 2.9-fold increase in P003 and 

a 3.1-fold increase in P127. 
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Figure 12: The Western blot analysis of P21 and progerin. The results exhibit the levels of p21 and progerin in 

control (1651c, 1652c) and HGPS (P003, P127) fibroblasts from cultures at the indicated percentages of 

senescence. All experiments were performed at least three times (n > 3). 

 

 

4.4. Profiles of the 17 genes associated with vascular disease, arthritis, 

lipodystrophy and alopecia in the cell-based ageing model 

The gene expression profiles of 17 essential genes were determined using an in vitro cell 

ageing model, of which the ageing rates were 5%, 15% and 30%. In normal and HGPS cultures, 

the direction and fold change of C3, CRP, FAS, IFNG, HMOX1, IGF-1, IL-6, IL-4, IL-18, PPARG, 

TGFB1, TNFa and TRAF1 expression levels are very similar regarding the comparable 

senescence index (Figure 13). Consistent with the text mining results, IGF-1 and PPARG 

decreased in both cell types of cultures at ≈ 15% and ≈ 30% SNS, and all other genes increased 

in both cell types of cultures at ≈ 15% and ≈ 30% SNS. The mRNA levels of CCL2/MCP1 

(monocyte chemo attractant protein 1) were identified to rise at a more initial time point of 

15% SNS in HGPS culture than in control cultures around 30% SNS. Compare to the control 

cells, HGPS cells had a higher level of ICAM-1 and CXCL8/IL-8 in cultures with around 30% 
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SNS. Nevertheless, the HGPS did not necessarily change more dramatically in all cases. A 

marked increase of LEP was found in normal cultures (≈ 30% SNS, 7.20-fold, p = 0.002) over 

HGPS cultures (≈ 30% SNS, 3.42-fold, p = 0.013). 

To be more specific, the complement component C3-encoded protein performs a principal 

part in the activation of the complement system, no matter the classical or alternative 

complement activation pathways. Mature proteins were produced by alpha and beta 

subunits formed by the proteolytic process of the encoded proproteins. Well-known as the 

C3a allergic toxins, the C3a peptides can regulate inflammation and have antibacterial activity 

[300]. From young to senescent cells, C3 increased 3.2 times in 1651C, 2.2 times in 1652C, 1.9 

times in P003 and 3.2 times in P127. The undifferentiated increase of C3 in HGPS cells and 

control cells indicates that C3 may increase with the rise of ageing, and this increase may be 

related to the inflammatory response. 

The CRP gene-encoded protein refers to the pentaxin family. This protein can identify the 

host's external pathogens or broken cells and further participates in a variety of host defense-

related roles. Therefore, the CPR level dramatically increases during an acute response to 

tissue damage, infection or other inflammatory motives [301]. CRP increased 3.0 times in 

1651C, 2.1 times in 1652C, 2.2 times in P003 and 3.0 times in P127 from young to senescent 

cells. The simultaneous increase of CRP in HGPS cells and control cells indicates that CRP may 

increase with ageing. This development may be related to the acute response period of 

inflammatory stimuli. 

The FAS-encoded protein is a constituent of the TNF receptor superfamily and carries a death 

domain. It plays a pivotal function in the physiological regulation of programmed death and 

is related to the pathogenesis of the immune system. The receptor binds to its ligand to form 

a cell death-inducing signaling complex, including FAS-related death domain protein (FADD), 

caspase-8 and caspase-10. The receptor can also activate NF-κB, MAPK3/ERK1 and 

MAPK8/JNK (c-Jun N-terminal kinase) signaling pathways [302]. With the increase of cell 

senescence, FAS increased 1.9 times in 1651C, 2.1 times in 1652C, 1.6 times in P003 and 1.8 

times in P127. The rise of FAS is not related to the addition of progerin but only relevant to 
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ageing. Therefore, four different cell lines show almost the same fold increase. The increase 

in FAS may be related to increased apoptosis and inflammation in increased cell senescence. 

The heme oxygenase encoded by the HMOX1 gene is an essential enzyme in heme catabolism. 

HMOX1 can cleave heme to form biliverdin, which is then converted to bilirubin under the 

action of biliverdin reductase and a putative neurotransmitter like carbon monoxide. As a 

substrate, heme and various non-heme substances can induce heme oxygenase activity. 

Heme oxygenase appears in the form of two isozymes, one is inducible heme oxygenase 1, 

and the other is constitutive heme oxygenase 2 [303]. With ageing, HMOX1 increased 2.4 

times in 1651C, 2.1 times in 1652C, 5.1 times in P003 and 7.3 times in P127, while SNS rose 

from 5% to 30%. However, at 5% SNS, the expression of HOMX1 in HGPS cells was much lower 

than that of control cells, indicating that HMOX1 may have a more direct relationship with 

progerin. The fold increase of HMOX1 in different SNS was higher in HGPS cells than in control 

cells of the same period. All of these results indicate that HMOX1 and progerin have a special 

relationship. 

IFNG-encoded protein is a water-soluble cytokine belonging to the type II interferon class. 

Both the innate and adaptive immune system cells secrete this protein. When the protein is 

combined into a homodimer by the IFNG receptor, it triggers the cell's response to viral and 

microbial infections [304]. As the proportion of senescent cells increased, IFNG increased 3.4 

times in 1651C, 2.9 times in 1652C, 3.3 times in P003 and 4.0 times in P127. The increase of 

IFNG with growing senescence may also be related to inflammation. 

The protein encoded by IGF-1 is similar to insulin in structure and function and is a member 

of a family of proteins involved in mediating growth and development. IGF-1 is mainly 

produced by growth hormone to stimulate the liver; it plays an essential role in childhood 

growth and affects the anabolic metabolism in adults [305]. With the gradual ageing of cells, 

IGF-1 decreased by 70% in 1651C, 50% in 1652C, 50% in P003 and 50% in P127. Although the 

cell lines were different, the decreasing trend and amplitude of IGF-1 were the same, 

indicating that the decrease of IGF-1 was correlated with the increase in SNS, rather than the 

progerin level. 
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IL-6-encoded protein is a cytokine that plays a role in inflammation and B cell maturation. IL-

6 is generated not only at the position of acute inflammation but also at the section of chronic 

inflammation. It is then secreted into the serum, inducing a transcriptional inflammation 

response through IL-6 receptor alpha. IL-6 is involved in many disease categories related to 

inflammation [306]. IL-6 increased 5.9 times in 1651C, 7.9 times in 1652C, 8.0 times in P003 

and 8.7 times in P127 with the increasing senescence of HGPS fibroblasts and control 

fibroblasts. Notably, the increase of IL-6 in HGPS was slightly higher than that in control, which 

verifies that progerin prompts an expansion of IL-6 [306]. In HGPS, ageing is undoubtedly the 

cause of IL-6 increase and inflammation, but the progerin level increase is also an essential 

cause of the rise in IL-6. 

IL-4-encoded protein is a cytokine secreted by activated type II T helper cells (Th2 cells) and 

is a ligand for the IL-4 receptor. The biological effects of IL-4 include stimulating the 

proliferation of activated B cells and T cells and differentiating CD4+ T cells into type II T helper 

cells. It also plays a crucial role in regulating humoral immunity and adaptive immunity. IL-4 

induces the conversion of B cell antibody classes to IgE and upregulates the production of 

type 2 MHCs [307]. IL-4 increased 3.2 times in 1651C, 2.5 times in 1652C, 2.7 times in P003 

and 3.5 times in P127 as cells entered senescence. The fold increase of IL-4 in HGPS and 

control cells was similar, which shows that the increase of IL-4 is closely related to ageing and 

has little correlation with progerin, further illustrating the immunity role in the ageing process. 

IL-18-encoded protein, also known as interferon-gamma inducing factor, is a pro-

inflammatory cytokine that enhances natural killer cell activity in spleen cells. It stimulates 

the production of IFNG in type I T helper cells. Many cell types, including hematopoietic cells 

and non-hematopoietic cells, have the potential to produce IL-18. IL-18 can regulate innate 

immunity and adaptive immunity, and its disorder can cause autoimmune or inflammatory 

diseases [308]. From 5% SNS to 30% SNS, IL-18 increased 4.0 times in 1651C, 3.9 times in 

1652C, 4.0 times in P003 and 3.6 times in P127. These changes unrelated to progerin indicate 

that IL-4 increases with age and has less to do with progerin. 

PPARG-encoded protein is a member of the peroxisome proliferator-activated receptor (PPAR) 
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subfamily of nuclear receptors involved to diabetes, atherosclerosis and cancer [309]. While 

cells aged from 5% SNS to 30% SNS, IL-18 decreased 50% in 1651C, 50% in 1652C, 50% in 

P003 and 60% in P127. This result indicates that PPARG also plays an important role in the 

ageing process, and it decreases with the development of ageing. 

The protein transcribed by TGFB1 is a secreted ligand of the TGFB (transforming growth 

factor-β) superfamily. It leads to the recruitment and activation of SMAD family transcription 

factors that regulate gene expression after binding to the corresponding receptor. TGF-β 

regulates cell proliferation, differentiation and growth. It can also control the expression and 

activation of other growth factors (including interferon γ and tumor necrosis factor α), 

inducing the differentiation, chemotaxis, proliferation and activation of various immune cells 

[310]. As the ageing increased, TGFB1 increased 2.1 times in 1651C, 1.9 times in 1652C, 1.8 

times in P003 and 1.5 times in P127. A similar increase in control and HGPS cells indicates 

that the rise in TGFB1 expression is directly related to ageing rather than to progerin. 

The protein encoded by TNFa is a multifunctional, pro-inflammatory cytokine of the TNF 

superfamily. TNFa is secreted by macrophages binding to the receptor’s tumor necrosis factor 

receptor superfamily member 1A (TNFRSF1A)/tumor necrosis factor receptor 1 (TNFR1) and 

tumor necrosis factor receptor superfamily member 1B (TNFRSF1B) to fulfil functions. These 

functions include cell proliferation, differentiation, apoptosis, lipid metabolism and blood 

coagulation. TNFa is associated with various autoimmune diseases and insulin resistance [311]. 

TNFa increased 2.1 times in 1651C, 1.9 times in 1652C, 1.8 times in P003 and 1.5 times in 

P127 with fibroblast senescence. This result indicates that the increase in TNFa may be closely 

related to ageing and inflammation. 

TRAF1 protein, encoded by the TRAF1 gene, and TRAF2 protein form a heterodimeric complex, 

which is highly required for the activation of MAPK8/JNK and NF-κB mediated by TNFa. The 

protein complex built by this protein and TRAF2 also interacts with the overcome inhibitor 

protein (IAP), thereby mediating the antioxidant signal of the TNF receptor [312]. TRAF1 

increased 2.1 times in 1651C, 1.9 times in 1652C, 1.8 times in P003 and 1.5 times in P127 

while the SNS of the cell increased from 5% to 30%. The increase of TRAF1 is not highly related 
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to the expression of progerin but is closely associated with the development of ageing. 

The protein encoded by the CCL2 gene is also known as monocyte chemoattractant protein 

1 (MCP1) and small inducible cytokine A2. Belonging to the CC chemokine family, CCL2 is a 

small cytokine that has chemotactic activity against monocytes and basophils. However, CCL2 

has no chemotactic activity on neutrophils or eosinophils. CCL2 recruits monocytes, memory 

T cells and dendritic cells to the site of inflammation caused by tissue damage or infection 

[313]. In HGPS cells, 15% SNS showed a significant increase in CCL2 levels compared to 5% SNS. 

In control cells, the CCL2 level at 15% SNS did not increase significantly from 5% SNS. This 

result indicates that the increase of CCL2 may be related not only to ageing but also the 

progerin level. 

The ICAM-1 code generates intercellular adhesion molecule 1, also known as CD54 (Cluster 

of Differentiation 54). ICAM-1 is a cell surface glycoprotein expressed on endothelial cells and 

immune system cells. Normally, ICAM-1 binds to CD11a/CD18 or CD11b/CD18 integrins [314]. 

With fibroblast ageing from 5% SNS to 30%, ICAM-1 increased by 5.8 times in 1651C, 4.5 

times in 1652C, 7.7 times in P003 and 6.8 times in P127. Although the stage of senescence 

was the same, the increase in HGPS cells was more obvious than the increase in control cells, 

which shows that ICAM-1 may not only be related to ageing but also increasing progerin. 

The protein encoded by CXCL8/IL-8 is a member of the CXC chemokine family and the primary 

mediator of the inflammatory response. Macrophages and neutrophils are the primary 

producers of secreting CXCL8, an essential immune response medium in the innate immune 

system. This chemokine is also an effective angiogenesis factor. Cells show that there are 

many receptors on the membrane that can bind to IL-8. The most common are G protein-

coupled serpentine receptors C-X-C motif chemokine receptor 1 and C-X-C motif chemokine 

receptor 2, and IL-8 has a stronger affinity for C-X-C motif chemokine receptor 1. [315]. With 

the increase of senescence, CXCL8 increased 4.3 times in 1651C, 1.7 times in 1652C, 17.4 

times in P003 and 18.8 times in P127. Although control fibroblasts and HGPS fibroblasts had 

the same percentage of senescence, the expression of CXCL8 in HGPS cells was significantly 

higher than that of control cells, which indicates that the appearance of CXCL8 is not only 
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related to ageing but also the increase of progerin. 

The protein encoded by LEP is secreted by white adipose cells and then enters the systemic 

circulation. This protein plays a principal role in regulating energy homeostasis. When 

circulating leptin binds to leptin receptors in the brain, it inhibits consumption and promotes 

energy expenditure. In addition, leptin is also involved in the regulation of immune and 

inflammatory reactions, haematopoiesis, angiogenesis, reproduction, bone formation and 

wound healing [316]. During the process of SNS increasing from 5% to 30%, LEP increased by 

7.5 times in 1651C, 5.9 times in 1652C, 4.0 times in P003 and 3.9 times in P127. The results 

indicate that LEP is not only related to ageing but also the expression of progerin. 

In summary, in HGPS and control cells, changes in 17 genes during replication senescence 

were consistent with text mining predictions. Interestingly, both control cells and HGPS cells 

showed similar pro-inflammatory secretory phenotypes during the replication ageing process. 

Although HGPS cells entered senescence earlier than normal cells, once the cells had the 

same ageing section, the expression of these 17 essential genes remained similar. Therefore, 

the increase of most genes is not necessarily directly generated by the rise of progerin, but 

the surge of progerin causes cells to age, and the ageing process leads to an increase in these 

genes. However, some of these genes are affected by both the progerin and ageing. 
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Figure 13. Quantitative real-time PCR analysis of the 17 genes identified by text mining in normal and HGPS 

cells during replicative senescence. (a) Table showing the cell strains and the percentage of the corresponding 
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passage of senescence (SNS). (b–r) mRNA levels of the indicated genes were determined in controls (GMO1651c, 

and GMO1652c) and HGPS (HGADFN003 and HGADFN127) cell strains at the indicated percentage of 

senescence (SNS). Relative expression was normalized to the expression of GAPDH. Graphs show the mean ± 

SD (★ p <0.05, ★★ p <0.01, ★★★ p <0.001, n > 3). The mean fold changes between 5% and 30% SNS for 

control and HGPS are indicated. 

 

 

4.5. Overactivation of JAK-STAT signaling during replicative senescence 

in normal and HGPS fibroblasts 

From the 17 critical genes mentioned above, it is easy to find that the expression of 

inflammatory cytokines increases as the cell ageing process develops. These results 

correspond to the data mining predictions. According to data mining, most of these 17 genes 

are related to the NF-κB or JAK-STAT pathway. Therefore, the NF-κB or JAK-STAT pathway may 

play an essential role in the development of cell ageing. According to the reference, sodium 

salicylate as an NF-κB inhibitor has been studied in premature ageing cells and shows a good 

effect on alleviating ageing [317]. 

At the same time, when we examine genes related to the NF-κB or JAK-STAT pathway, none 

of them can regulate the C3 gene, but they can all control CCL2, CRP, CXCL8, FAS, HMOX1, 

ICAM-1, IL-6, PPARG, TGFB1, TNF, IL-4 and IFNG. However, the JAK-STAT pathway cannot 

regulate IL-18 and TRAF1, while NF-κB can manage it. NF-κB cannot regulate IGF-1 and LEP, 

but the JAK-STAT pathway can. Controls and HGPS cultures with similar senescence indexes 

had the same direction and fold change in IGF-1, IL-18 and TGFB1, indicating that the 

relationship between these genes and ageing is more direct, whether the ageing is caused by 

the progerin or not. Meanwhile, LEP is not only related to senescence but also the level of 

progerin. Therefore, there is reason to believe that the JAK-STAT pathway may play an 

indispensable role in reducing the cellular ageing of control and HGPS cells. 
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Subsequently, we used qPCR to study the expressions of JAKs and STATs in the JAK-STAT 

pathway, which is a crucial regulator of cytokine production. The mRNA expression results 

show that in normal cells and HGPS cells, the mRNA levels of JAK1, JAK2, STAT1 and STAT3 

increased with the development of cell ageing. From 5% SNS to 30% SNS, JAK1 expression 

increased in various cell lines, with a 2.4-fold increase in control cells and a 2.7-fold increase 

in HGPS cells. Unlike JAK1, which had similar expression levels between different cell lines, 

the initial mRNA levels of JAK2 in each cell line were altered. For example, compared to 

several other control cell lines, the expression of 1582B was significantly lower than other 

cell lines, and the trend of 1582B was to increase first and then decrease. The changing 

pattern of all other cell lines was the same as the increase. The fold change of control cells 

and HGPS cells was 2.9 times. 

Subsequently, we examined the gene expression of different STATs. Because cell lines are 

different, the initial expression at the young passage of each STAT is also different. For 

example, at 5% SNS, the control cell 0323B had a significantly higher STAT1 expression than 

other cell lines. At different ageing stages, the expression of STAT4 in P164 cells was 

substantially higher than that of other cell lines. Meanwhile, the expression of STAT4 in 

control cell 0323B was also significantly higher than that of other cell lines but not as high as 

P164. Even if the cell lines are different, most cells have a similar trend when senescence goes 

from 5% to 30%. For example, in control cells, STAT1 increased 5.4 times, STAT3 increased 3.8 

times, STAT5A increased 2.0 times and STAT5B increased 1.9 times. In HGPS cells, STAT1 

increased 5.8 times, STAT3 increased 3.5 times, STAT5A increased 1.9 times and STAT5B 

increased 2.0 times. JAK3, TYK2 and other STATs did not show significant changes in either 

cell types. Compared with previous data mining results, STAT3 is involved in the regulation of 

12 genes, STAT1 is incorporated with the control of nine genes, STAT5A is related to four genes, 

and STAT5B is involved in the regulation of four genes, and STAT6 implicates in the provision 

of two genes. These findings indicate that JAK1/2-STAT1/3 signaling has a potential role in 

normal and HGPS cell ageing. 
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Figure 14: Real-time PCR analysis of the JAKs and STATs gene families in control and HGPS cells. (a) The mRNA 

levels of JAK1, 2, 3 and TYK2 in control (GMO1651c, GMO1652c, GMO1582B, and GMO0323B) and HGPS 

(HGADFN003, HGADFNP127, and HGADFNP164) cells from cultures of the indicated senescence index. (b) The 

mRNA levels of STAT1, 2, 3, 4, 5a, 5b and 6 in the control and HGPS cell strains like above. Relative expression 
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was normalized to the GAPDH expression. We only calculated the indicated fold change due to the 

heterogeneity in the expression levels between cell strains. 

 

Increased gene expression is a reliable predictor of the activation of the JAK-STAT signaling 

pathway. However, the adequate activation of the JAK-STAT pathway not only depends on the 

increase of corresponding proteins but also, more importantly, the phosphorylation of the 

proteins. Therefore, we employed Western blot to assess JAK1, JAK2, STAT1 and STAT3 protein 

levels during the ageing process. The expression of JAK1 protein in young cells with less than 

5% SNS varied with cell lines. For example, the expression level of JAK1 in 1651C and P127 

was significantly lower than that of 1652C and P003. Therefore, the initiator level of JAK1 was 

irrelevant to the cell strains of control or HGPS. Specifically, during the ageing process from 

5% to 30%, 1651C increased 2.3 times, 1652C decreased 20%, P003 increased 1.3 times and 

P127 increased 1.1 times. Accordingly, the result showed that the JAK1 level did not produce 

notable differences throughout replicative senescence (≈ 15%, ≈ 30% SNS). On the contrary, 

the protein levels of JAK2 increased with cellular ageing in control and HGPS cells. Notably, 

the expression of JAK2 in HGPS was also higher than that of control cells in the early cell 

stages. More importantly, the JAK2 protein levels of various cell lines increased when the 

senescence rate rose from 5% to 30%. For example, control fibroblast 1651C increased 3.9 

times and 1652C increased 6.5 times. HGPS fibroblast 003C increased 3.7 times and P127 

increased 5.0 times. 

The activated JAK-STAT pathway requires phosphorylated STAT to perform the functions. 

Subsequently, we measured the expression of STAT1 and STAT3 during replicative ageing. The 

results showed that both STAT1 and STAT3 increased with the increasing percentage of old 

cells and increased whether the cells expressed progerin or not. For STAT1 expression, 1651C 

increased by 8.0 times, 1652C increased by 3.4 times, P003 increased by 2.0 times and P127 

increased by 3.1 times. It seems that the STAT1 of the 1651C cells increased the most, but 

this may have been because the young 1651C cells had the lowest initial expression. For STAT3 

expression, 1651C increased by 3.3 times, 1652C increased by 2.5 times, P003 increased by 
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1.8 times and P127 increased by 2.1 times. It is not difficult to find that the change of STAT1 

protein levels is more evident than that of STAT3. 

The literature shows that after the activation of JAK1/2, STAT1 is phosphorylated on tyrosine 

residue 701, and STAT3 is phosphorylated on tyrosine 705 [318]. Phosphorylated STATs can 

form heterodimers or homodimers, transfer into the nucleus and activate the transcription 

of its target genes, such as FAS, IL-6 and IFNG, in the 17 genes mentioned above [319]. 

Consequently, we further investigated the expression of p-STAT1 and p-STAT3. As the cell 

senescence degree increased, the expression of p-STAT1 increased by 5.3 times in 1651C, 3.7 

times in 1652C, 2.7 times in P003 and 5.0 times in P127. Among them, the initial 

phosphorylation value of P003 cells was significantly higher than in other groups. This result 

corresponds to a higher STAT1 quantification of P003 cells than other groups. At the same 

time, the expression of p-STAT3 increased by 11.6-fold in 1651C, 3.5-fold in 1652C, 2.9-fold in 

P003 and 5.4-fold in P127. Among them, the initial phosphorylation value of P003 cells was 

significantly higher than in other groups. This result corresponds to a higher STAT3 amount 

of P003 cells than other groups. The rapid increase of phosphorylation in 1651C may also be 

related to the initial value of young cells being lower than other groups with 5% SNS. 

Therefore, the above results indicate that regardless of healthy cells or HGPS cells, the 

phosphorylation levels of STAT1 and STAT3 increase during the cellular ageing process. Overall, 

the above results indicate that the JAK-STAT pathway is over-activated and is directly related 

to cell ageing. This association occurs in HGPS cells and control cells in different degrees. 
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Figure 15: Status of the JAK-STAT signaling pathway in control and HGPS cells during replicative senescence. 

(a) Table showing the cell strains and the passages corresponding percentages of senescence (SNS). (b, e , h) 

Representative Western blot images for JAK1/2, STAT1/3, p-STAT1 (tyr701), p-STAT3 (tyr705) and β-actin in 

control (GMO1651c and GMO1652c) and HGPS (HGADFN003 and HGADFN127) cell strains at the indicated 

percentages of senescence. (c) Quantification of JAK1, (d) JAK2, (f) STAT1, (g) p-STAT1, (i) STAT3 and (j) p-STAT3. 

Graphs show the mean ± SD. (★ p <0.05, ★★ p <0.01, ★★★ p <0.001, n > 3). Fold changes between the 

samples with 5% and 30% senescence are indicated. 

 
 

4.6. Baricitinib, a specific inhibitor of JAK1 and JAK2, efficiently blunts 

STAT1 and STAT3 activation 

As cells aged, the JAK1/2-STAT1/3 pathway became getting over-activated in both control and 
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HGPS fibroblasts, activating most of the 17 related genes mentioned above. Then, the 

cytokines produced by these genes boosted the senescence of other cells around this 

senescent cell, leading to an overall accelerated cellular ageing. Therefore, we selected the 

small molecule compound baricitinib to mitigate this process. Baricitinib is a reversible 

inhibitor that selectively inhibits JAK1 and JAK2 kinases [320]. First, we evaluated the 

cytotoxicity of baricitinib on young 1651C cells. There were several reasons for choosing this 

cell condition for investigation: 1. From the results mentioned above, senescent cells have 

higher expressions of p-STAT1 and p-STAT3 than young cells. If we selected senescent cells as 

the experimental subjects, baricitinib would reveal the cytotoxicity and show therapeutic 

effects to alleviate ageing. Therefore, we decided to use young cells to assess the cytotoxicity 

effect of baricitinib to obtain an objective determination as the therapeutic effects prevent 

cell death. 2. Similarly, in the early stage (SNS <5%), the p-STAT1 and p-STAT3 of HGPS are also 

higher than the corresponding values of the control cells. It cannot avoid the possible 

therapeutic effect of baricitinib, which leads to a particular remission role of cell ageing. 

Therefore, the measurement of baricitinib on HPGS cells will evaluate the corrective impact 

of baricitinib rather than the cytotoxicity. 3. Even young HGPS cells will express a certain 

amount of progerin. The expression of progerin will affect the function of many signaling 

pathways, rather than only the JAK-STAT pathway. Therefore, we could not prevent baricitinib 

from affecting other signaling pathways. 4. The control fibroblast 1651C at less than 5% SNS 

has lower expression levels of JAK1, JAK2, STAT1, STAT3, p-STAT1 and p-STAT3 than that of the 

1652C. Collectively, we chose control fibroblast 1651C (<5% SNS) as the experimental target. 

We used the CellTox™ Green Cytotoxicity Assay Kit to detect the cytotoxicity of baricitinib 

against GMO1651C in control fibroblasts. Cells were treated with different concentrations of 

baricitinib (Mock, 0.125 µM, 0.25 µM, 0.5 µM, 1 µM, 2 µM, and 4 µM) and incubated for 24 

and 48 hours before measuring the cytotoxicity. As described from the results, the cell deaths 

from 0.125 µM, 0.25 µM, 0.5 µM and 1 µM baricitinib treatment all remained at about 1% 

after 24 hours or 48 hours, and there was no significant cells death increase over the mock 

group. While the concentration continued to increase, the cytotoxicity of baricitinib 
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presented at 2 µM. Meanwhile, the 4 µM baricitinib group displayed more potent cytotoxicity. 

Simultaneously, the average percentage of cell death from each group after 48 hours was 

slightly higher than the average rate corresponding to 24 hours, but there was no significant 

difference. Therefore, in future studies, we would choose 1μM baricitinib as the target 

concentration because it is the highest concentration that shares cytotoxicity similar to the 

mock group. 

 

 
 

Figure 16: Cytotoxicity and stability of baricitinib in a cell-based ageing model. (a) Cell cytotoxicity was 

determined by the CellTox™ Green Cytotoxicity Assay kit in control fibroblasts GMO1651C. Cells were treated 

with baricitinib at different concentrations (0.125 µM, 0.25 µM, 0.5 µM, 1 µM, 2 µM, 4 µM) for 24 and 48 hours. 

(b) Representative Western blot images for STAT1/3, p-STAT1/3 and β-actin in the control (GMO1651) and HGPS 

(HGDFN127) cells at the indicated senescence index that were treated with baricitinib or DMSO for an indicated 

period without medium change. (c-f) Quantifications of STAT1/3 and p-STAT1/3 are shown. Graphs show the 

mean (n>3). 
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Subsequently, we verified the stableness and effectiveness of baricitinib for inhibiting the 

JAK-STAT pathway, or whether it can effectively inhibiting the phosphorylation of STAT1 and 

STAT3. The administration process lasted four days in total, without changing the medium 

within that time. We selected 1651C in the young state (< 5% SNS) and P127 (> 30% SNS) in 

the senescence phase for the experiment administration. Because the expression of p-STAT1 

and p-STAT3 in 1651C (< 5% SNS) was deficient, it could be used as a control to estimate 

whether baricitinib can effectively inhibit the high expression of p-STAT1 and p-STAT3 in P127 

(~ 30% SNS). 

The experimental results showed that baricitinib has a powerful and effective inhibitory effect 

on p-STAT1, which can reduce the expression of p-STAT1 by 90% until 96 hours. At the same 

time, baricitinib also has a distinct inhibitory effect on p-STAT3, which considerably reduces 

the appearance of p-STAT3 until 96 hours. However, there was no significant effect on the 

expression of STAT1 and STAT3 treatment after baricitinib. Therefore, treating the young 

control fibroblasts 1651C and the senescent HGPS fibroblasts P127 with 1 µM baricitinib for 

96 hours without changing the culture medium indicates that baricitinib can stably and 

effectively inhibit JAK1/2 and further inhibit the phosphorylation of STAT1/3. This result 

matches the report from the literature. 

Afterwards, in order to estimate the inhibitory effect of long-term baricitinib use on the JAK-

STAT pathway, we chose the control and HGPS cells with less than 5% SNS for studying the 

changes in the JAK-STAT signaling pathway after taking baricitinib for 30 days. The 

experimental results showed that JAK1 and JAK2 protein levels had a slight downward trend 

after baricitinib treatment, but the changes were not remarkable. After one month of 

treatment, the expression level of STAT3 sill remained consistent, while the protein level of 

STAT1 rose slightly after the treatment procedure. Among them, 1651C increased by 34%, 

and 1652C increased by 36%, P003 increased by 44%, while P127 increased by 20%. However, 

after the administration of baricitinib, the expression of p-STAT1 and p-STAT3 in control cells 

and HGPS cells all decreased. For p-STAT1, 1651C decreased by 68%, 1652C reduced by 67%, 

P003 lowered by 79% and P127 diminished by 72%. For p-STAT3, 1651C decreased by 89%, 
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1652C reduced by 87%, P003 declined by 93% and P127 shrank by 94%. It is clear that the p-

STAT1 and p-STAT3 cells reduced in each group after baricitinib treatment. These results 

indicate that baricitinib treatment can effectively inhibit the JAK1/2-STAT1/3 signaling 

pathway in control cells and HGPS cells for long-term treatment. 

 

 

 

Figure 17: Status of the JAK-STAT signaling pathway in normal and HGPS cells treated with 1 µ M baricitinib. 

(a, b) Representative images of Western blots for JAK1/2, STAT1/3, p-STAT1/3 and β-actin in normal (GMO1651c, 

and GMO1652c) and HGPS (HGADFN003, and HGADFN127) cells treated as indicated. Cultures exhibiting <5% 

senescence were treated with baricitinib or DMSO for one month. (c) Quantification of JAK1, (d) JAK2, (e) p-

STAT3, (f) STAT3, (g) p-STAT1 and (h) STAT1. Graphs show the mean ± SD. Protein levels were compared by two-

tailed t-test (★ p <0.05, ★★ p <0.01, ★★★ p <0.001, n > 3). 

 
 

4.7. Inhibition of JAK1 and JAK2 ameliorates age-related cellular 

changes in normal and HGPS cells 

The experimental outcomes revealed that during a 30-day administration period, baricitinib 
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could effectively inhibit the JAK1/2-STAT1/3 pathway for a long time. At the same time, the 

excessive activation of this signaling pathway is also closely related to ageing. Therefore, both 

the short-term administration of seven days and the long-term administration of 30 days of 

baricitinib have therapeutic effects of delaying ageing-related cell changes. To evaluate 

baricitinib's impact on improving the changes that occur during cellular ageing, we selected 

control and HGPS cultures with initial states of 5% SNS and 15% SNS, respectively. According 

to the previous cell senescence curve under normal circumstances, the young cells with < 5% 

SNS from both control and HGPS cell lines regularly reach about 15% SNS after 30 days. 

Therefore, this process can well characterize the baricitinib process of preventing young cells 

from ageing. 

Meanwhile, control cell cultures starting at 15% SNS will reach about 30% SNS after 30 days, 

and HGPS cell cultures end at nearly 50% SNS after 30 days when beginning at 15% SNS. This 

process can help us to study the effect of baricitinib on senescent cells. We were reluctant to 

use 70% SNS cells as the research object for the senescent cells. When most cells are 

senescent, the apoptosis and other signal pathways of cells are also activated, which would 

affect our results. 
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Figure 18: Baricitinib treatment ameliorates HGPS nuclear morphology. ( a ) Cell cytotoxicity was determined 

using CellTox™ green cytotoxicity assay on mock-treated or baricitinib-treated control (GMO1651C) and HGPS 

(HGADFN127) fibroblasts at the indicated senescence index (48 hours treatment). (b) The frequency of 

misshapen nuclei (dysmorphic) after 20 days of treatment with either DMSO or 1.0 μM baricitinib. An average 

of 1000 nuclei was examined for each condition, and each experiment was repeated three times. (c) 

Immunochemistry was performed on mock-treated or temsirolimus-treated control (GMO1651C) and HGPS 
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(HGADFN127) fibroblasts after 20 days using antibodies against the indicated proteins (lamin A/C, and progerin). 

Representative images are shown. Scale bar: 10 μm. 

 

First, we tested the cytotoxicity of 1 µM baricitinib administration to 15% SNS control and 

HGPS cells to ensure that the experimental process was not affected by the cytotoxicity 

generated by baricitinib. The results showed that after treating the control cells 1651C and 

HGPS cells P127 for 48 hours, neither group of cells showed significant cytotoxicity, so it was 

suitable for the following research. The result of the population doubling after treatment 

showed that baricitinib treatment significantly increased the growth rate in the one-week 

and one-month groups. Specifically, after one week of administration, the control cells 

containing 5% SNS increased population doubling (PPD) by 10%, HGPS cells containing 5% 

SNS increased PPD by 14%. The 15% SNS control cells increased PPD by 19%, and 15% of SNS 

HGPS cells increased PPD by 17%. Corresponding to the one-month treatment, the 5% SNS 

control increased PPD by 12%, and the 5% SNS HGPS increased PPD by 22%. The 15% SNS 

control increased PPD by 18%, and the 15% SNS control increased PPD by 23%. Overall, these 

results indicate that baricitinib treatment can accelerate the growth rate of cells, showing a 

beneficial effect on cell growth. In each group's changes, the growth rate change of senescent 

cells was more significant than that of young cells. The growth rate adjustment of HGPS cells 

was more distinguished than that of control cells, and the growth rate improvement of long-

term administration was more significant than that of short-term treatment. These results 

may be due to the excessive activation of the JAK-STAT pathway caused by the increasing 

number of senescent cells, the progerin expression in HGPS and the long-term culture leading 

to more replicative senescence. This result shows that whether the decrease in the growth 

rate is due to the normal replication senescence or the abnormal expression of progerin, the 

administration of baricitinib can significantly relieve this process. 

In terms of slowing down cell ageing, baricitinib also shows an alleviation of the increasing 

senescence. We treated 5% and 15% of the control and HGPS cells with 1 μM of baricitinib 

for one week and one month, respectively, and then compared the percentage of cell 
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senescence reduction in the baricitinib to that of mock groups. 

The short-term, one-week treatment results showed that the senescence of 5% SNS control 

cells decreased by 5%, the senescence of 15% SNS control cells lowered by 7%, and the 

senescence of 5% SNS HGPS cells decreased by 8%, while the senescence of 15% SNS HGPS 

cells reduced by 12%. Long-term, one-month treatment results showed that the senescence 

of 5% SNS control cells lowered by 16%, the senescence of 15% SNS control cells reduced by 

19%, and the senescence of 5% SNS HGPS cells decreased by 10%, while the senescence of 

15% SNS HGPS cells declined by 21%. Overall, compared with the mock-treated group, the 

short-term administration of baricitinib only reduced the percentage of cell ageing by a small 

amount. While the HGPS cells with 15% of SNS improved significantly after treatment, the 

changes in other groups were not noticeable. However, the long-term administration for each 

group displayed a significant anti-ageing effect. Furthermore, treating both control and HGPS 

cultures originating from 15% SNS with baricitinib for one month reduced the senescence 

proportion by about 20% compared to the mock treatment. The results showed that after 

one month of treatment, baricitinib administration improved proliferative lifespan and 

delayed the senescence of both the control group and HGPS cells. 

To further study the therapeutic effect of baricitinib on changing cell homeostasis, we 

investigated classical indicators that always apply in the HGPS study, such as autophagy, 

proteostasis, mitochondrial function and progerin levels. Autophagy can effectively help cells 

degrade progerin, thereby reducing the damage of progerin to cells. The autophagy level of 

HGPS cells in the young state (< 5% SNS) was significantly lower than that of the 

corresponding control cells in the same initial state but similar to the control cells with 15% 

SNS. Simultaneously, in HGPS cultures exhibiting 15% SNS, the basal level of autophagy was 

even lower. This result is consistent with previous reports that HGPS cells have more reduced 

autophagy than control cells, while senescent cells are younger [37].  

When we used baricitinib to treat each group of cells, the autophagy slightly increased in the 

short-term, one-week dosing events. The 5% SNS control cells increased by 6%, 15% SNS 

control cells grew by 13%, and HGPS cells with 5% SNS increased by 12%, while the 15% SNS 
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HGPS cells rose by 33%. The long-term, one-month administration results showed that the 

control cells of 5% SNS rose by 26%, the control cells of 15% SNS increased by 37%, the HGPS 

cells of 5% SNS improved by 41%, and the HGPS cells of 15% SNS expanded by 52%. The 

outcomes show that after administration, baricitinib can help each group of cells enhance 

autophagy, regardless of the cell senescence percentage. Nevertheless, because autophagy 

decreases while cells are entering senescence, the effect of baricitinib on senescent cells is 

prominent. For example, autophagy was significantly reduced in the cells with a high initial 

senescence rate, HGPS cells and cells with a long cultivation process for replication 

senescence. Consequently, baricitinib shows a promoted ability to alleviate autophagy in 

these conditions. 

Afterward, we evaluated the effect of baricitinib administration on the proteasome activity 

of each group of cells. The initial state of 5% SNS control cells and HGPS cells was similar. 

Meanwhile, with the increase of culture time, the proteasome activity of the 5% SNS control 

group did not significantly decrease after one week or one month. On the contrary, the 

proteasome activity reduced considerably in the HGPS group, and it dropped more in the 

one-month cultivation than in one-week cultivation. For the cells beginning with 15% SNS, 

the control cells' proteasome activity did not reduce significantly after one week of 

administration. However, it dropped a decent amount after one month of treatment. At the 

same time, after one week or one month of culture, the activity of the proteasome in HGPS 

cells with 15% SNS initially was all reduced, and after one month, the decline was even more 

significant. These results indicate that proteasome activity decreases as cells age. However, 

baricitinib treatment can increase the proteasome activity of each group. Specifically, in the 

one-week administration group, 5% SNS control cells increased by 13%, 15% SNS control cells 

increased by 25%, 5% SNS HGPS cells increased by 20%, and 15% SNS HGPS cells increased 

by 35%. In the one-month administration group, 5% SNS control cells increased by 35%, 15% 

SNS control cells increased by 37%, 5% SNS HGPS cells increased by 41%, and 15% SNS HGPS 

cells increased by 39%. In general, each group's proteasome activity increased after the use 

of baricitinib, and the one-month administration group's increase was more noticeable than 
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in the one-week administration group. The results show that after a one-week and one-

month treatment of baricitinib, the proteasome activity of normal cells and HGPS cells was 

all enhanced regardless of the ageing index before medication. 

Like our previous report, critical indicators of mitochondrial functional ROS increased in the 

HGPS group and the group with a higher senescence ratio. Nevertheless, baricitinib can 

reduce the production of ROS in each group. For instance, with one week of baricitinib 

administration, 5% SNS control cells lowered by 5%, 15% SNS control cells reduced by 5%, 5% 

SNS HGPS cells were decreased by 8%, and 15% SNS HGPS cells decreased by 9%. After the 

one-month baricitinib administration, 5% SNS control cells decreased by 26%, 15% SNS 

control cells reduced by 29%, 5% SNS HGPS cells lowered by 34%, and 15% SNS HGPS cells 

decreased by 41%. The results showed that baricitinib treatment effectively reduced the level 

of ROS production in the one-month administration group. In contrast, the treatment effect 

of baricitinib was not apparent in the one-week administration group. 

In addition, ATP (another essential indicator of mitochondrial function) also decreased as SNS 

rose. Under the same SNS, the ATP in the HGPS group was lower than that in the control 

group. Meanwhile, the ATP in the one-month administration group was lower than that in 

the one-week administration group. Baricitinib treatment significantly increased the level of 

ATP production in each group. Specifically, in the one-week administration group, 5% SNS 

control cells increased by 23%, 15% SNS control cells grew by 28%, 5% SNS HGPS cells rose 

by 28%, and 15% SNS HGPS cells developed by 34 %. In the one-month administration group, 

5% SNS control cells increased by 20%, 15% SNS control cells increased by 25%, 5% SNS HGPS 

cells increased by 30%, and 15% SNS HGPS cells increased by 37%. In general, baricitinib can 

increase the intracellular ATP level of each group of cells, with HGPS and control fibroblasts 

starting at 15% SNS expanding by more than 30%, which is more prominent than others. 

Regardless of cell type, the increasing percentages of ATP are all similar and located between 

20% and 30% after one week and one month of treatment. 

Although HGPS cells are different from control cells in cell homeostasis, the fundamental 

separation is still the progerin expression. As autophagy can effectively degrade the progerin 
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expressed in HGPS, we evaluated the progerin levels of each group after baricitinib treatment 

[100]. The Western blot results showed that the progerin level of each group decreased to 

varying degrees. The results show that 5% SNS HGPS fell by 1% after a one-week treatment, 

15% SNS HGPS cells decreased by 22% after a one-week treatment, 5% SNS HGPS cells 

reduced by 41% after a one-month treatment, and 15% SNS HGPS cells diminished by 45% 

after a one-month treatment. The results show that the long-term administration of 

baricitinib can significantly reduce the expression of progerin.  

Later, to further confirm the effectiveness of baricitinib, we examined the impression of 

baricitinib treatment on HGPS nuclear morphology. In Figure 18, we can see the highly 

irregular deformation and various alterations of the HGPS nuclei, including the nuclear 

envelope abnormalities, nuclear envelope blebbing and invaginations. Baricitinib treatment 

for 20 days significantly reduced the percentage of dysmorphic nuclei in both the control 

group and the HGPS group. Also, using the anti-progerin antibodies indicated that more 

progerin proteins accumulated in the HGPS nuclei envelope in some specific areas after the 

mock treatment. In contrast, overall, the percentage of bright progerin-positive nuclei and 

the signal intensity of these nuclei in HGPS cells were reduced in the HGPS cells treated with 

baricitinib compared to HGPS cells treated with mock. 

Overall, baricitinib effectively alleviated the HGPS morphology by lowering progerin levels. In 

summary, these results indicate that inhibiting the JAK1/2-STAT1/3 pathway with baricitinib 

can effectively restore proliferation, proteostasis and mitochondrial function, reduce 

progerin and improve nuclear morphology, all of which are known hallmarks of cell ageing. 
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Figure 19: Baricitinib treatment ameliorates normal and HGPS cellular functions during long-term treatment. 

(a) The graph shows the population doublings of control (GMO1651c, and GMO1652c) and HGPS (HGADFN003, 

and HGADFN127) cells. Baricitinib (1 µ M) or DMSO treatment was administrated for one week or one month, 

as indicated. The percentage of senescence (SNS) in cultures before treatment is indicated. (b) The graph shows 

the percentage of SA-β-gal-positive cells measured after treatment. (c) Autophagy activity was determined by 
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measuring MDC levels using fluorescence photometry of the same cultures as in (a). (d) Proteasome activity 

was determined by measuring chymotrypsin-like proteasome activity using Suc-LLVY-AMC as a substrate. (e) 

Intracellular ROS levels were determined by measuring oxidized dichlorofluorescein (DCF) levels using a DCFDA 

cellular ROS detection assay. (f) Cellular ATP levels were measured using a CellTiter-Glo Luminescence ATP Assay. 

(c–f) The per cent change in baricitinib-treated cells relative to mock-treated counterparts is indicated. (g) 

Representative images of a Western blot for progerin in HGPS (HGADFN127) cells from cultures at 5% and 15% 

senescence administered the mock or baricitinib treatment for one week or one month, as indicated. 

(h)Quantification of the progerin signal. The per cent changes between baricitinib-treated cells and mock-

treated counterparts are indicated. Graphs show the mean ± SD. Comparisons were performed by two-tailed t-

test (★ p <0.05, ★★ p <0.01, ★★★ p <0.001, n > 3). 

 

 

4.8. JAK-STAT inhibition reduces pro-inflammatory factors 

The significant role of the JAK1/2-STAT1/3 pathway in the inflammation process and our 

previous measurement of 17 essential genes identified through text mining show that these 

genes increase while the percentage of senescent cells increases. Therefore, we tested 

whether the inhibition of JAK1/2-STAT1/3 can rebalance the expression of these 17 genes. 

The overexpression of these 17 genes can influence the occurrence of the related four 

phenotypes, including arthritis, hair loss, lipodystrophy and vascular disease. The reduction 

of these critical genes' expression alleviates these phenotypes in HGPS patients. 

Simultaneously, these 17 genes are also essential for cellular ageing, and their excessive 

release also causes the senescence of other cells. Accordingly, we again tested the expression 

levels of these 17 genes by using qPCR at the condition. 

We treated both young control and HGPS cultures containing less than 5% SNS cells with 1 

µM baricitinib or mock treatment for one month. Subsequently, we used the same 

experimental methods and conditions as the previous qPCR to measure each gene's 
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expression after administration. As reported above, baricitinib treatment reduces the 

percentage of senescent cells to total cells. It further prevents the excessive upregulation of 

most cytokines/chemokines known as SASPs (CCL2 / MPC1, CXCL8 / IL8, IFNG, IL-4, IL-6, IL-

18, LEP, TNFA). Among them, the most significant reduction occurs in pro-inflammatory 

factors, such as IL-6, CXCL8 / IL8, IL-18 and CCL2/MPC1. Similarily, TGFB1, TRAF1, ICAM-1, FAS 

and CRP were reduced in baricitinib-treated cells. In the cells treated with baricitinib, the 

levels of IGF-1 and PPARG increased and, therefore, improved in both cell types (Figure 20). 

These results collectively indicate that baricitinib treatment reduces the expression of several 

SASPs, which may lead to delayed senescence of normal cells and HGPS cells. 
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Figure 20: Real-time PCR analysis of the 17 genes identified by text mining in normal and HGPS cells after 

being treated with baricitinib for one month. (a-q) mRNA levels of indicated genes were determined in controls 

(GMO1651c, GMO1652c) and HGPS (HGADFN003 and HGADFN127) cell strains. The starting senescence indexes 



Results 

- - 135 - - 

 

of the culture and the senescence indexes of cultures at the end of the treatment are indicated (Start SNS). 

Relative expression was normalized to the expression of GAPDH. Graphs show mean ± SD (n ≥ 3). Comparisons 

were performed with the two-tailed t-test (★ p <0.05, ★★ p <0.01, ★★★ p <0.001, n > 3). The per cent 

changes between baricitinib-treated cells and mock-treated counterparts are shown. 

 

 

4.9. Etoposide-induced DNA damage over-activates the JAK-STAT 

pathway in both normal and HGPS cells 

The above results indicate that the JAK1/2-STAT1/3 signaling pathway plays a vital role in the 

occurrence and development of replicative senescence. However, to establish a more direct 

link between this signaling pathway and senescence, rather than just replicative senescence, 

we set a classical senescence model caused by etoposide. 

Etoposide is a topoisomerase inhibitor widely applied in cancer treatment. In the DNA 

replication process, topoisomerase II can assist the unfolding of DNA, which plays an essential 

role in the regular procedure of DNA replication. Etoposide can form a ternary complex with 

DNA and topoisomerase II, which stabilizes the complex of topoisomerase II after the DNA 

strand breaks. This process, in turn, hinders the operation of DNA ligase, leading to the 

destruction of DNA. DNA-damaged cells exhibit a sustained DNA damage response, which 

eventually triggers cell cycle arrest and senescence [321]. This kind of senescent cell usually 

has nuclear substructures with persistent DNA damage and DNA damage response proteins, 

namely the DNA segments with chromatin alterations reinforcing senescence (DNA-SCARS). 

DNA-SCARS are associated with PML nuclear bodies and the accumulation of activated p53, 

ATM and ATR proteins [322]. Similarly, such senescent cells exhibit similar senescence-

associated secretory phenotypes, mediating the non-cell-autonomous ageing effect. Likewise, 

the SASP here is composed of a highly complex mixture of secreted cytokines, chemokines, 

growth factors and proteases [323]. 
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As shown in Figure 21, we treated the control and the HGPS cell lines with 5 µM etoposide 

for six days to damage the DNA, and then we switched to the standard cell culture medium 

for four days in the etoposide group. For the baricitinib administration group, we used 1 μM 

baricitinib pre-administration for two days to execute a protective function. Then, we also 

administered 1 μM baricitinib during the DNA damage of etoposide for six days. In the last 

four days of the normal cultivation process with the standard cell culture medium, we again 

added 1 µM baricitinib to exert anti-ageing effects. For the mock control group, we only gave 

the corresponding mock treatment throughout. 

After the ten days of cell culture, we used the SA-β-gal staining to probe each group for the 

percentage of cell senescence. The control cell line 1651C and the HGPS cell line P003 in the 

mock treatment group still maintained less than 1% SNS, with well-functioning growth status 

and regular cell morphology. The cells in the etoposide administration group had a noticeable 

increase in cell senescence. The percentage of senescent cells in 1651C increased to 65% SNS, 

while the senescence rate of P003 cells was higher, reaching 75% SNS. Meanwhile, the growth 

rate of cells slowed down, and the cell morphology became flat and no longer like a slender 

spindle. The baricitinib treatment group effectively delayed cell senescence caused by 

etoposide. It reduced the cell senescence in control 1651C to 57% and the cell senescence in 

the HGPS P003 to 63%. This result indicates that baricitinib can alleviate the process of cell 

ageing to a certain extent. For example, the percentage of SNS decreased by 8% in control 

cells and decreased by 12% in HGPS cells. Correspondingly, the expression level of the classic 

senescence index protein p21 also increased significantly in the etoposide administration 

group. 

At the same time, the p21 expression level of the baricitinib administration group rose 

considerably. However, its increasing level was lower compared to the etoposide group, but 

it was still significantly higher than the mock group. This result shows that baricitinib has a 

decent ability to alleviate the ageing process caused by etoposide. At the same time, we also 

compared the expression of progerin in each group of cells. We found that the progerin levels 

in each group of cells were almost identical, and there was no noticeable change. This 
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phenomenon may be explained by the fact that the long-term overexpression of progerin can 

cause cell senescence. However, the short-term rapid senescence of cells does not 

necessarily accelerate the production of progerin. Nevertheless, the baricitinib 

administration group still showed a certain degree of progerin reduction. It may be related to 

the activation of cell autophagy by baricitinib, and the cell autophagy may have reduced the 

expression of progerin in the HGPS cells. 

Etoposide can accelerate cellular ageing of both control and HGPS cells via DNA damage. To 

explore if the accelerated ageing generated by DNA damage also leads to the excessive 

activation of the JAK1/2-STAT1/3 pathway, we evaluated the expression status of STAT1 and 

STAT3. The results showed that the expressions of STAT1, p-STAT1, STAT3 and p-STAT3 in the 

control cell line and HGPS cell line were shallow, corresponding to the previous experimental 

results. However, after using etoposide to induce senescence, the expression levels of STAT1 

in the HGPS group and HGPS group were significantly increased, and the expression levels of 

STAT3 were also considerably increased. The increase in STAT3 was slightly lower than that of 

STAT1. However, we then conducted a more extensive investigation of the control group and 

the HGPS group regarding p-STAT1 and p-STAT3. The results showed that both of them 

increased dramatically several times after the etoposide treatment. The change of p-STAT1 

was also more significant than that of p-STAT3, in accord with results from the replicative 

senescence. These results all prove that etoposide significantly activates STAT1, p-STAT1, 

STAT3 and p-STAT3 during the ageing process of normal cells and HGPS cells, showing the 

connection between the JAK1/2-STAT1/3 pathway and senescence. 

It can be seen that the performance of baricitinib effectively prevents the rise of p-STAT1 and 

p-STAT3 caused by etoposide. Related to the expression changing of p-STAT1, the 1651C 

reduced by 83%, the 1652C reduced by 88%, P003 reduced by 88% and the P127 reduced by 

95%. Related to the expression changing of p-STAT3, the 1651C reduced by 75%, the 1652C 

reduced by 74%, the P003 reduced by 74% and the P127 reduced by 79%. Similar to the 

previous results of the baricitinib treatment group, the expression level of STAT1 did not 

change significantly, but the expression of STAT3 increased in both the control and the HGPS 
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cell lines. In the protein level change of STAT3, the 1651C increased by 35%, the 1652C rose 

by 36%, the P003 was enhanced by 10% and the P127 grew by 27%. Collectively, these results 

demonstrate that highly damaged DNA can lead to cell senescence, and it can further lead to 

over-activation of the JAK1/2-STAT1/3 pathway. These processes are similar to the 

senescence presented during replicative senescence. 

We also examined the genetic changes after etoposide damaged the DNA. We already knew 

the role of the JAK1/2-STAT1/3 pathway in senescence caused by etoposide and understood 

that the activation of this signaling pathway leads to changes in the expression of those 17 

essential genes. Therefore, we designed and tested the five most critical related genes. The 

results showed that, in contrast to the mock treatment, the expressions of CCL2/MPC1, 

CXCL8/IL8, IFNG, IL-6 and TNFa in the control cell and HGPS cell etoposide treatment groups 

were both significantly increased. They corresponded to the changes we reported above; 

their gene expression increased as the senescence index increased. 

For example, related to the change of CCL2, 1651C decreased by 70%, 1652C reduced by 66%, 

P003 lowered by 57% and P127 declined by 54%. Among the changes in CXCL8, 1651C 

reduced by 37%, 1652C decreased by 34%, P003 lowered by 45% and P127 declined by 49%. 

Among the changes in IFNG, 1651C reduced by 52%, 1652C decreased by 45%, P003 reduced 

by 55% and P127 declined by 56%. In the IL-6 changes, 1651C declined by 32%, 1652C 

decreased by 36%, P003 reduced by 40% and P127 declined by 40%. In the change in TNFa, 

1651C decreased by 40%, 1652C lowered by 43%, P003 declined by 45% and P127 decreased 

by 46%. 

Taken together, these findings indicate that DNA damage-induced senescence is similar to 

replication induced senescence. DNA damage inducers mediate ageing through the excessive 

activation of JAK-STAT signaling, while baricitinib treatment can delay ageing and reduce the 

expression of pro-inflammatory SASP. 

  



Results 

- - 139 - - 

 

 

 

Figure 21: Etoposide treatment activates the JAK-STAT signaling pathway in HGPS and normal cells. (a) 

Schematic representation of the etoposide treatment protocol. All treatments started with cultures exhibiting 
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< 5% senescence. Cells were either pre-treated with or without 1 µ M baricitinib for two days and then exposed 

to medium with or without etoposide in the presence or absence of baricitinib for six days. Next, cells were 

grown for four days with or without baricitinib as indicated. (b) Representative images of SA-β-gal-positive cells 

in mock-, etoposide- and etoposide+ baricitinib-treated cultures (GMO1651cand HGADFN003) shown. The 

percentages of senescence after treatment are indicated. Scale bar: 10 μm (c) Representative images of Western 

blots for progerin, p21 and β-actin in normal (GMO1651c, and GMO1652c) and HGPS (HGADFN003, and 

HGADFN127) cells, treated as indicated. (d) and (g) Representative images of Western blots for JAK1/2, STAT1/3, 

p-STAT1/3 and β-actin in normal (GMO1651c, and GMO1652c) and HGPS (HGADFN003, and HGADFN127) cells, 

treated as indicated. (e) Quantification of STAT1, (f) p-STAT1, (h) STAT3 and (i) p-STAT3. The per cent change 

between etoposide- and etoposide+ baricitinib-treated cells is indicated. (j–n) Quantitative real-time PCR 

analysis of CCL2, CXCL8, IFNG, IL-6 and TNFa in cells, treated as indicated. Relative expression was normalized 

to the expression of GAPDH. Graphs show the mean ± SD. Comparisons were performed by two-tailed t-test (★ 

p <0.05, ★★ p <0.01, ★★★ p <0.001, n > 3). All experiments were repeated at least three times (n > 3). 
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5. Discussion 

With this study, we became the first group to use text mining in the HGPS field to identify 

potential molecular markers. Previous research has explored many possible ways to treat 

HGPS patients from multiple angles. For example, medicines like pravastatin and zoledronic 

can alleviate symptoms in HGPS patients. At the same time, drugs like lonafarnib or 

sulforaphane can reduce progerin at a molecular level. Specifically, pravastatin is a statin that 

can lower cholesterol and prevent cardiovascular disease. Zoledronic acid can improve 

osteoporosis and prevent bone fractures. Lonafarnib can prevent progerin production by 

inhibiting farnesyl transferase. Sulforaphane activates autophagy to degrade the expression 

of progerin. 

We combined the molecular mechanisms behind the four most common phenotypes in the 

elderly and HGPS patients and then identified the commonalities and potential homogeneity 

of these four diseases. Finally, we found a new signaling pathway that has never been 

reported before. The four different pathologies associated with ageing are vascular disease, 

arthritis, alopecia and lipodystrophy, and the signaling pathway is the JAK1/2-STAT1/3 

pathway. We found that regulating this signaling pathway can effectively relieve vascular 

disease, arthritis and alopecia. More importantly, we discovered that senescence is highly 

related to JAK1/2-STAT1/3 signaling. 

We used text mining to examine genes related to these four critical diseases and found that 

17 essential genes are crucial in these four diseases simultaneously. Of these 17 genes, 14 

are regulated by STAT1 and STAT3 transcription factors. At the same time, these 14 

inflammatory markers belong to SASP and are secreted by SNS cells [324]. Subsequently, we 

found that the excessive activation of the JAK1/2-STAT1/3 pathway mediated by these pro-

inflammatory cytokines plays a vital role in the pathogenesis of these four diseases. We found 

that chronic inflammation and excessive activation of the JAK1/2-STAT1/3 pathway play a role 

in the development of these four ageing-related diseases and also play a role in the ageing 
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process of ordinary people and HGPS patients. 

Increasing research has shown that there is an indispensable relationship between chronic 

inflammation and senescence [325]. Researchers have detected inflammatory signals not only 

in the blood samples of patients with vascular disease, arthritis, alopecia or lipodystrophy but 

also in patients with HGPS [326]. Therefore, the 17 genes we distinguished can be used as 

biomarkers to track and evaluate the development stage and severity of these four related 

diseases and HGPS. 

Organisms with a vascular system often have a defensive response to inflammatory factors 

and local damage through inflammation, in which the plasma sample levels of pro-

inflammatory factors, such as cytokines IL-6, IL8, IL-18 and TNFa, usually increase significantly. 

These conditions are mainly caused by the stimulation of biological tissues such as trauma, 

bleeding or pathogen infection[327]. In general, inflammation is the body's automatic defense 

response showing a beneficial effect, but persistent inflammation can also cause damage and 

adverse effects on tissues and organs. When this delicate balance of cytokine shifts, chronic 

inflammation is activated and leads to ageing and diseases related to ageing. This process is 

also called inflame-ageing [328]. 

Similarly, the accumulation of SNS in specific tissues and organs can also cause chronic 

inflammation by releasing SASP. In general, ageing causes inflammation, which, in turn, 

causes ageing, and this mutual process can occur in many different cell types. These cell types 

include immune cells, stem cells, smooth muscle cells, endothelial cells, fibroblasts in 

atherosclerotic plaques, adipocyte cells in fat tissue, keratinocytes, fibroblasts in the ageing 

skin and the synovial fibroblasts of arthritic joints. Therefore, the increase in the proportion 

of SNS of different cell types leads to the senescence of various tissue parts and then 

determines which age-related pathology develops. Therefore, where SNS accumulates 

determines which age-related pathology emerges, and SNS accumulation over time will make 

the condition worse. 

Studies have shown that the occurrence and development of inflammation is a complex 

process. In addition to the JAK1/2-STAT1/3 pathway described above, NF-κB is also an 
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important pathway that mediates inflammation. In the classical pathway, IκB (Inhibitor of κB) 

binds to NF-κB/Rel to restrict the function of NF-κB. Once the pro-inflammatory factor, 

lipopolysaccharides, growth factor and antigen receptor activate the IκB kinase complex, the 

IκB protein gets phosphorylated, causing the IκB protein to be ubiquitinated and degraded 

by lysosomes. Subsequently, NF-κB is released and further phosphorylated before it transfers 

into the nucleus, thereby inducing the expression of target genes, producing cytokines such 

as IL-6, IL-1 α, TNFa and so on. These cytokines can further create intracellular pro-

inflammatory signaling cascades. For example, these cytokines can activate the JAK-STAT 

pathway, showing that the occurrence of inflammation directly or indirectly activates the JAK-

STAT pathway. 

Meanwhile, inflammation is closely related to senescence. Therefore, in this paper, we 

confirmed that the JAK-STAT signaling pathway is over-activated in both control and HGPS 

cells using an in vitro cell level ageing model. The common four ageing-related complications 

always affect mesenchymal-derived tissues, including the heart, vascular vessels, skin, bone 

and joints. These tissues all contain resident immune cells, tissue-specific cell types and 

fibroblast subtypes. Although fibroblasts are highly heterogeneous, they all have similar 

characteristic properties. They express various cytokines that perform different functions, 

such as wound healing, repair, remodeling, fibrosis and stem cell maintenance. As fibroblasts 

are present in all tissues related to these four diseases, their increased ageing can 

characterize senescence's critical role in the pathological development of these diseases. 

In past research, people often chose control and HGPS fibroblasts within the same passage 

number or with the same population doublings for comparison. The premise of this 

comparison is that regular cell lines always maintain a similar character after experiencing 

the same passage number. However, that was not valid in our case. We found in experiments 

that due to progerin expression, HGPS cells enter ageing earlier than control cells. Even at the 

same incubation time or passage number, the control cells and HGPS cells were at totally 

different levels of senescence.  

Therefore, we cultivated primary fibroblast cultures for a long time to check normal and HGPS 
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fibroblasts and tested the indicators of the two cell lines under similar ageing indexes. We 

found that both control and HGPS cells showed similar growth rates when they were at less 

than 5% senescence, as well as minimal differences in autophagy levels, proteasome activity, 

ROS and ATP levels. When the two cell lines both grew to 15% or 30% SNS, all of these 

indicators had corresponding changes. The HGPS cell parameters in the same senescence 

index period were similar to that of control cells. These results indicate that with the increase 

of SNS, the growth rate, proteostasis and mitochondria function all have corresponding 

changes in control and HGPS cells. Our experimental results show that although these 

functional changes are slightly related to progerin expression, they are more associated with 

the senescence index. 

It appears that we obtained a different experimental result from previous studies. The reason 

for this discrepancy might be that previous studies did not adequately consider the scoring 

of senescent cell levels; the same passage may be at an entirely different senescence level. 

We found the impact of this critical parameter because we also used passage number as an 

indicator to measure the state of cells in the early stage of the experiment. When we 

compared the control and HGPS cells at the beginning, we found that even though two 

different cells were in matching passage numbers, they showed inconsistent p-STAT1 and p-

STAT3 levels, and this also happened in the same cell strain. When we strictly evaluated the 

proportion of senescent cells in these two groups of cells during the cell culture process, 

control and HGPS cells showed a surprising similarity of senescing at the molecular and 

cellular level. In addition to the cell growth rate and cell homeostasis mentioned above, this 

strategy also enabled control and HGPS fibroblasts to exhibit similar mRNA levels of gene 

encoding pro-inflammatory factors (CRP, CCL2, IL8, C3, TRAF1, IL-18, IL-6, and TNFa) and 

adhesion molecules ICAM-1 and CRP. This result indicates that when cultures have the same 

percentage of senescent cells, they express a similar SASPs. This feature has nothing to do 

with whether the cells are normal cells or HGPS cells. In the subsequent Western blot 

experiments, we observed that the phosphorylated forms of STAT1 and STAT3 presented 

comparable rising levels in the replicating senescence process. This result indicates that the 
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JAK1/2-STAT1/3 signaling pathway is over-activated during the ageing process caused by 

etoposide treatment, and this process occurs in both the control and HGPS cells. 

In addition to telomere attrition, many other stresses can also cause the occurrence of cell 

senescence. We used etoposide to induce the senescence of the control and HGPS fibroblasts 

via DNA damage. Notably, the over-activation of the JAK1/2-STAT1/3 signaling pathway could 

be found in cells after injury using etoposide, like replicative senescence. In etoposide-treated 

control and HGPS cells, the levels of phosphorylated STAT1 and STAT3 increased abruptly in 

SNS, and the expression of a targeted set of inflammatory cytokines (IL-6, L8, TNFa, CCL2, 

IFNy) was also significantly up-regulated. Therefore, the JAK-STAT pathway's excessive 

activation during senescence depends on a common mechanism. Although this mechanism 

is always accompanied by ageing, the generation of ageing can be induced by multiple 

sources. It can be caused by telomere attrition or promoted by progerin expression, or it can 

be affected by DNA damage. No matter what kind of stress causes cell ageing, the JAK-STAT 

pathway can continuously release pro-inflammatory factors during the senescence process. 

To prevent the release of these pro-inflammatory factors, we selected baricitinib, a similar 

inhibitor of JAK1 and JAK2, to repair this process. The experimental results showed that 

baricitinib treatment effectively prevented the activation of JAK1/2-STAT1/3 signaling 

pathways during the replicative senescence process and DNA damage senescence caused by 

etoposide. After being treated with baricitinib for one month, several ameliorations were 

enhanced, including improved growth rate, postponed senescence, ameliorated proteostasis 

and mitochondrial function, significantly attenuated pro-inflammatory marker levels in both 

control and HGPS cells and reduced progerin levels in the HGPS cells. Consequently, 

baricitinib treatment can rebalance the homeostasis of both control and HGPS fibroblasts and 

correct multiple hallmarks of senescence. 
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