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Abstract Hutchinson–Gilford progeria syndrome
(HGPS), commonly called progeria, is an extremely rare
disorder that affects only one child per four million
births. It is characterized by accelerated aging in affected
individuals leading to premature death at an average age
of 14.5 years due to cardiovascular complications. The
main cause of HGPS is a sporadic autosomal dominant
point mutation in LMNA gene resulting in differently
spliced lamin A protein known as progerin. Accumula-
tion of progerin under nuclear lamina and activation of
its downstream effectors cause perturbation in cellular
morphology and physiology which leads to a systemic
disorder that mainly impairs the cardiovascular system,
bones, skin, and overall growth. Till now, no cure has
been found for this catastrophic disorder; however, sev-
eral therapeutic strategies are under development. The
current review focuses on the overall progress in the
field of therapeutic approaches for the management/cure
of HGPS. We have also discussed the new disease

models that have been developed for the study of this
rare disorder. Moreover, we have highlighted the thera-
peutic application of extracellular vesicles derived from
stem cells against aging and aging-related disorders and,
therefore, suggest the same for the treatment of HGPS.
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Introduction

Hutchinson–Gilford progeria syndrome (HGPS), com-
monly called progeria, is a segmented laminopathy
(McKenna et al. 2013) that occurs due to an autosomal
dominant mutation (1824C>T, p. G608G) in the exon
11 of LMNA gene located at chromosome 1q21.2-q21.3
(De Sandre-Giovannoli et al. 2003; Eriksson et al. 2003;
Goldman et al. 2004). This mutation generates a cryptic
splice site that leads to deletion of 50 amino acids near
the C terminus of prelamin A, resulting in the loss of
recognition site (RSYLLG motif) of ZMPSTE24
endoprotease (or FACE-1 in human). This enzyme
cleaves 14 amino acids at the C-terminal of wild-type
prelamin A to produce functional lamin A protein. The
deletion of ZMPSTE24 endoprotease recognition site in
mutated prelamin A leads to the generation of a partially
processed protein, “progerin,” that retains the
farnesylated as well as carboxymethylated –CAAXmo-
tif at its C-terminal. This farnesylated end causes the
accumulation of progerin underneath the inner nuclear
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membrane. Figure 1 demonstrates the molecular mech-
anism of progerin synthesis in the cell.

The aggregation of progerin renders the nucleus sus-
ceptible for mechanical damage, nuclear blebbing, con-
gregation of nuclear pore complex, and stiffness and
thickening of nuclear lamina (Dahl et al. 2006;
Goldman et al. 2004; Verstraeten et al. 2007). Progerin
interacts with several proteins of nuclear envelop (NE)
and LINC (linker of the nucleoskeleton and cytoskele-
ton) complex that alter the mechano-sensitivity of NE as
well as morphology (Chen et al. 2014; Lu and Djabali
2018). There are several other cellular and molecular
consequences that result in the pathophysiology of this
disease at the cellular and systemic levels. These chang-
es include disruption of nucleocytoplasmic Ran gradient
(Kelley et al. 2011), disturbance in nuclear export
(García-Aguirre et al. 2019), alteration in microtubular
network (Larrieu et al. 2018), defective polarity (Chang
et al. 2019), reduction in autophagic proteolysis (Lu and
Djabali 2018), mitochondrial dysfunction and oxidative
stress (Kubben et al. 2016; Rivera-Torres et al. 2013;
Sieprath et al. 2015), lowered PGC-1α (peroxisome
proliferator-activated receptor gamma coactivator 1-al-
pha) expression level (Xiong et al. 2016), stress in the
endoplasmic reticulum (ER) and unfolded protein re-
sponse (Hamczyk et al. 2019), DNA damage (Gonzalo
and Kreienkamp 2015; Liu et al. 2005), shortening of
telomeres (Gonzalez-Suarez et al. 2009), defects in pu-
rine synthesis (Mateos et al. 2018), loss of peripheral
heterochromatin (Gesson et al. 2016), impaired epige-
netic regulation (Shumaker et al. 2006), chromatin re-
modeling (Pegoraro et al. 2009), alteration in cell sig-
naling pathways (Aliper et al. 2015), inhibition of cell
cycle progression and increased apoptosis (Bridger and
Kill 2004), leakage of DNA into cytoplasm
(Kreienkamp et al. 2018), upregulation of inflammatory
pathways (Osorio et al. 2012), depletion of stem cell
reserves for tissue repairing (Rosengardten et al. 2011),
defects in self-renewal and differentiation capacity of
stem cells, and disbalance in the synthesis of extracellu-
lar matrix (ECM) components and remodeling enzymes
(Csoka et al. 2004; Vidak et al. 2015).

The prevalence of HGPS is one in 20 million people;
however, the incidence of HGPS among newborns is
one in four million births (Gordon 2019c). There is no
gender, geographical, or ethnic predisposition (Sinha
et al. 2014). Till 01 December 2019, there were 162
known live children with progeria, i.e., 125 with classi-
cal HGPS and 37 with progeroid laminopathy (Gordon

2019b). Since HGPS occurs due to a sporadic de novo
mutation, which is extremely rare, there are no known
risk factors associated with this disorder. However, if the
parents have a child with LMNA pathogenic variant, the
chance of having a second baby with HGPS increases
by 2–3% due to parental germline mosaicism (Gordon
2019c; Gordon et al. 2003).

Apart from observed heterozygous point mutation
(C1824T) in classical HGPS, other mutations in LMNA
gene cause “atypical progeria syndrome” with symp-
toms similar to classical HGPS but of varying severity
(Doubaj et al. 2012; Ghosh and Zhou 2014;
Serebryannyy and Misteli 2018). Mutation in
ZMPSTE24 is also reported to cause accumulation of
farnesylated prelamin A leading to a more severe form
of HGPS—restrictive dermatopathy (Mazereeuw-
Hautier et al. 2007; Moulson et al. 2005; Navarro et al.
2005; Navarro et al. 2004; Navarro et al. 2014; Wang
et al. 2016). Zmpste24-deficient mice also share pheno-
typic similarities with that of HGPS human patients
(Fong et al. 2004). LMNA aberrant splicing also occurs
in the naturally aged wild-type cells, resulting in accu-
mulation of progerin at a low level (Scaffidi and Misteli
2006). Therefore, HGPS may share certain common
mechanistic pathways with aging.

Clinical manifestation of HGPS

HGPS is a systemic disorder that affects the majority of
the organs of the body including the skin, bone, skeletal
muscle, adipose tissues, heart, and large and small arteries;
however, certain tissues and organs like bones, joints, and
the blood vascular system are more prominently affected
(Gordon et al. 2003, 2014; Hamczyk and Andrés 2018;
Lowenstein and Bennett 2019; Vidak and Foisner 2016).
The children affected with HGPS start exhibiting the
symptoms of the disease at the age of 1–2. The affected
children present growth reduction, alopecia, loss of hairs
of eyebrows and eyelashes, prominent scalp veins,
sclerodermatous skin, loss of subcutaneous fat, high
pitched voice, horseman stance, protruding ears lacking
ear lobes, reduction in hearing capability, sharp nose,
cyanotic face, micrognathia, retarded and aberrant denti-
tion, increased platelet number, prolonged prothrombin
time, lean body, absence of puberty, alteration in metabol-
ic pathways, extra-skeletal calcification, short dystrophic
clavicles, pyriform thorax, thin legs, and stiff joints
(Domingo et al. 2009; Espandar et al. 2012; Gordon
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Fig. 1 Biogenesis of lamin A and progerin in the cell. The left
picture depicts the expression of normal lamin A protein from the
LMNA gene. The normal prelamin A protein undergoes extensive
modifications like farnesylation and carboxymethylation at the C-
terminal. Finally, the C-terminal is removed by the activity of
Zmpste24 endopeptidase to produce mature lamin A. Therefore,
the mature lamin A protein does not contain the farnesyl group.
The right picture shows the formation of progerin from mutant
LMNA gene.Mutation in LMNA gene in exon 11 (1824C>T) leads
to generation of an aberrant splicing site. Splicing at this abnormal
site causes deletion of 50 amino acids (607–656) in the prelamin A
protein. As a result, prelamin A Δ50 loses the Zmpste24-
recognition site, which causes the retention of modified C-

terminal with the farnesyl group. This protein is now called as
progerin. Accumulation of progerin at nuclear lamina leads to
defects in nuclear morphology and function. Various therapeutic
interventions may interfere with the biogenesis of progerin. The
CRISPR–Cas9 system can correct the causative mutation, whereas
MG132 and metformin can inhibit the aberrant splicing. FTIs
(farnesyl transferase inhibitors) and mono-AP (mono-
aminopyrimidines) can thwart farnesylation of progerin and AFC
(N-acetyl-S-farnesyl-l-cysteine) inhibits methylation of the C-
terminal of progerin. Abbreviations: ICMT, isoprenylcysteine car-
boxyl methyltransferase; RCE-1, Ras-converting enzyme; SRSF-1
and -5, serine/arginine-rich splicing factor-1 and -5
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et al. 2007, 2019; Gordon 2019c; Guardiani et al. 2011;
Gustavo Monnerat et al. 2019; Kieran et al. 2007;
Merideth et al. 2008; Rork et al. 2014; Ullrich and
Gordon 2015). In addition, patients experience angina,
hypertension, and hip dislocation. The patients die at a
mean age of 14.5 from stroke or myocardial infarction due
to the complications of atherosclerosis of coronary and
cerebrovascular arteries (Gordon 2019c; Merideth et al.
2008). Mental and cognitive abilities of the patients re-
main unaffected, the probable reason of which might be
the presence of a microRNA (miR-9) in the brain that
negatively regulates the expression of progerin/lamin A in
neural cells (Nissan et al. 2012).

Diagnosis of HGPS

The median age for diagnosis of HGPS is 2.9 years
(Hennekam 2006). Classic HGPS is identified on the
basis of clinical symptoms and the medical history of the
patient. Also, its presence can be confirmed on the basis
of genetic testing for the mutation (c.1824C>T) in the
LMNA gene (Gordon 2019c; Gordon et al. 2003). How-
ever, there is no kit available for its early detection. The
identification of HGPS on the basis of clinical features
includes recognition of abnormalities in serum lipid
level, sclerodermatous skin, alopecia, prominent scalp
veins, insulin resistance, thin limbs, low bone density,
coxa valga, receding mandible, osteolysis of the termi-
nal phalanges, etc. (Gordon et al. 2003). The
histopathological analysis of a biopsy sample from
abdominal skin shows abnormal nuclear morphology.
Radiological analyses can demonstrate defects in the
skull, long bones, thorax, mandible, distal phalanges,
etc. (Gordon 2019c; Gordon et al. 2003).

Atypical HGPS is diagnosed on the basis of clinical
features similar to classic HGPS, resulting from a mu-
tation in intron 11 (c.1968+1G>A, c.1968+2T>A,
c.1968+2T>C, and c.1968+5G>C) of LMNA gene
(Gordon et al. 2003). It can also be identified on the
basis of c.1822G>A (p. Gly608Ser) variation in exon 11
of the LMNA gene (Gordon et al. 2003).

Contemporary and emerging disease models
to study HGPS

To understand the molecular mechanism and cellular
pathophysiology of HGPS and the effects of drug

treatment, mainly cell culture and animal model studies
are conducted (Piekarowicz et al. 2019; Vidak and
Foisner 2016). For cell culture studies, mostly the tis-
sues from HGPS patients (primary culture/cell lines)
and mouse embryonic fibroblasts (MEFs) from
progeroid mice are used (Piekarowicz et al. 2019), and
a number of markers based on the phenotype of HGPS
cells are observed. The biomarkers include nuclear bleb-
bing, cellular senescence (measured by the status of β-
galactosidase), progerin level, ratio of progerin to lamin
A/C/B, mitochondrial function, nuclear trafficking, cel-
lular proliferation, ROS (reactive oxygen species) gen-
eration and antioxidant status, epigenetic markers (viz.
H3K9me3), LAP2 (lamina-associated polypeptide)
levels, DNA double strand breaks (γ-H2AX foci), in-
tracellular signaling pathways (e.g., mTOR, ERK1–3,
Akt, NF-κB pathways), etc. (Piekarowicz et al. 2019).
More than 200 cell lines are available now for the study
of HGPS and progeroid laminopathies (Gordon 2019d).
However, cell culture-based assays can only provide
limited information regarding the pharmacological pro-
file of a drug like information on molecular/biochemical
pathways, pharmacodynamics, etc. (Ghanemi 2015;
Gordon et al. 2012a). Therefore, to evaluate the effect
of the drugs at the preclinical level, appropriate animal
models with specific genetic mutation are required.

Several transgenic progeroid mouse models have
been developed with mutations in LMNA gene or the
processing enzymes of lamin A biosynthesis (Mayoral
et al. 2018). These mice differ in genotype with varied
molecular pathways and phenotypic characteristics but
share certain common features like reduced lifespan and
aberrant nuclear morphology (Carrero et al. 2016;
Piekarowicz et al. 2019). The first progeroid mouse
model (Zmpste24−/− or Zmpste24-null) was created in
2002 by Pendás et al. (2002) and Bergo et al. (2002).
These mice also accumulate farnesylated prelamin A
isoform and exhibit classical features of progeria like
slow growth, lipodystrophy, muscular dystrophy, pre-
mature death, abnormal body posture, cardiac dysfunc-
tion, loss of body weight, alopecia, fragile bones, and
hypoglycemia (Mayoral et al. 2018). As discussed ear-
lier, similar mutation in humans causes restrictive
dermatopathy. Although Zmpste24−/− mice represent
many typical features of HGPS, the mutation in their
genome is not the same as that in HGPS. Therefore,
transgenic mice with mutation c.1827C>T; p.G609G,
which is equivalent to c.1824C>T; p.G608G mutation
among humans, were developed (Osorio et al. 2011). As
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a result of this mutation, progerin expression and accu-
mulation starts in the mouse cells. These mice
(LmnaG609G/G609G) phenocopy most of the clinical man-
ifestations of HGPS viz. short life span, growth retarda-
t ion, loss of body weight , cervico thoracic
lordokyphosis, loss of subcutaneous fat, attrition of hair
follicles, involution of thymus and spleen, depletion of
vascular smooth muscle cell (VSMC), cardiovascular
defects, hypoglycemia, weakness of bones, etc. The
altered molecular pathway at the cellular level had a
striking similarity with HGPS patients. The defects in
LmnaG609G/+ were less severe as compared to
LmnaG609G/G609G (Osorio et al. 2011).

Progeroid mouse models are extremely useful for the
study of HGPS. To demonstrate the efficacy of various
treatments on progeria, most of the experimental work
has been carried out on Zmpste24−/− and LmnaG609G/
G609G mice (Table S1) (Mayoral et al. 2018). Besides
these two, a number of other mouse models of prema-
ture aging have been established. One example of such
mice is LmnaHG mouse model that has its intron 10 and
11 and the last 150 nucleotides of exon 11 deleted due to
which it produces only progerin in the cell in homozy-
gous condition (Yang et al. 2005). However, in hetero-
zygous mouse, a low level of lamin A and C was also
detected. This model phenocopies most of the HGPS
clinical features except cardiovascular alterations
(Mayoral et al. 2018; Yang et al. 2005, 2006). Further
modifications were made in this mouse model to pro-
duce two new types of transgenic mice that had the
CAAX motif modified into SAAX (LmnanHG mice) or
CAX (LmnacsmHGmice) (Yang et al. 2008a, 2011). Both
transgenic models produced unfarnesylated progerin
and demonstrated clinical manifestation of progeria at
less severe level, specifying the significance of
farnesylation in the pathology of HGPS. However,
LmnacsmHG mice had progeroid symptoms of much less
intensity as compared to LmnanHG mice, indicating that
cysteine (C) to serine (S) substitution at CAAX motif is
also toxic (Yang et al. 2011).

Another mouse model that carried the mutated hu-
man LMNA gene (p.G608G) on a bacterial artificial
chromosome (BAC) was developed (Varga et al.
2006). These mice recapitulated the arterial defects in-
cluding progressive medial loss of VSMCs (vascular
smooth muscle cells), but pathological features outside
the cardiovascular systemwere absent. Older mice dem-
onstrated arterial calcification and adventitial thickening
with severe VSMC loss and ECM deposition (Varga

et al. 2006). Further, mosaic Zmpste24−/− mice were
produced to study the effect of prelamin A on cancer (de
la Rosa et al. 2013). These mice did not exhibit
progeroid phenotype and had normal life span that
emphasized the role of cell-extrinsic mechanism in
HGPS pathology. Similarly, other progeroid mice have
been developed (keratin 14-progerin, tetop-LAG608G,
etc.) to study the effect of progerin expression under
specific conditions (Mayoral et al. 2018; Piekarowicz
et al. 2019).

Progeroid mouse models are considered gold stan-
dard for the understanding of pathophysiology of HGPS
and the outcomes of various treatment strategies at the
cellular and systemic levels. The most common bio-
markers evaluated for the efficacy of the drug involve
life span, body weight and size, muscle strength, bone
density and mineralization, progerin expression, nuclear
abnormalities, cardiovascular function, and subcutane-
ous fat level (Table S1). However, none of these models
displays all the characteristics of the disorder and some
demonstrate additional features that are not found in
progeria. Therefore, a cautious selection of an appropri-
ate model is required for the study (Harkema et al.
2016).

Because of inadequate availability of human samples
and limitations of existing models of progeria, there is a
dire need of improved and more human-like disease
model for testing of novel drugs. New advancements
have turned the focus toward HGPS-derived iPSCs as a
good model for its study (Compagnucci and Bertini
2017). HGPS-iPSCs (induced pluripotent cells derived
from the cells of HGPS patients) neither accumulate
progerin nor demonstrate the symptoms of the disease.
HGPS-iPSC are like control cells in terms of
pluripotency and nuclear membrane integrity, as well
as transcriptional and epigenetic profiles (Chen et al.
2017). However, their differentiation into VSMCs trig-
gers progerin expression and phenotype similar to that
of HGPS (Chen et al. 2017; Liu et al. 2011a). Several
other groups also successfully differentiated HGPS-
iPSCs into different cell types to investigate the under-
lying mechanism of progeria and pharmacological test-
ing (Blondel et al. 2014; Ho et al. 2011; Matrone et al.
2019; Nissan et al. 2011, 2012; Petrini et al. 2017;
Zhang et al. 2011). Interestingly, progerin expression
as a hallmark of disease phenotype was found more
predominantly in VSMCs, MSCs, and fibroblasts as
compared to others (Zhang et al. 2011). Recently,
Matrone et al. (2019) revealed that endothelial cells
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differentiated from the iPSCs derived from fibroblasts of
HGPS patients (HGPS-iPSC-ECs) exhibit several phe-
notypic and physiological features similar to HGPS
patient cells in vivo and in vitro with high progerin
expression. Thus, these cells can serve as a useful model
for the study of the pathophysiology of the disease and
therapeutics.

Further progress has been made in this field by
Atchison et al. (2017), who developed a 3D model of
HGPS that replicates an arteriole-scale tissue-engineered
blood vessel (TEBV) using iPSC-derived smooth muscle
cells (iSMCs) from an HGPS patient. This 3D culture can
be used to examine functional responses of pharmaco-
logical interventions analogous to those performed clini-
cally. The TEBV constructed from iSMCs derived from
HGPS cells exhibited pathological condition similar to
HGPS patient cardiovascular system viz. increased calci-
fication, thicker medial walls, enhanced apoptosis, and
escalated fibronectin deposition. The treatment of
rapamycin analog, RAD001 (everolimus), to this 3D
culture demonstrated increased expression of contractile
proteins, progerin clearance, and restoration of nuclear
morphology (Atchison et al. 2017).

Ribas et al. (2017) have also developed a progeria-
on-a-chip model fromHGPS-iPS-SMCs (SMCs derived
from human-induced pluripotent stem cells of HGPS
donors) for understanding the disease pathophysiology.
They used a microfluidic polydimethylsiloxane
(PDMS) device on top of which the cells can be cul-
tured. The cells can be stretched by applying vacuum at
the bottom of the PDMS membrane. This system reca-
pitulates the cyclic mechanical stretching experienced
by the vascular smooth muscle cells in the arterial wall
of the blood vascular system and can be used to study
cellular response under various physiological and path-
ological strains (Ribas et al. 2017). Using this system,
they demonstrated that HGPS-iPS-SMCs demonstrate
an exacerbated inflammatory response under 16% me-
chanical strain as compared to healthy iPS-SMCs. Treat-
ment with lonafarnib and lovastatin could ameliorate
this inflammatory response in HGPS-iPS-SMCs
(Ribas et al. 2017).

Recently, a humanized yeast system has also been
developed to study prelamin A cleavage by Zmpste24
(Spear et al. 2019). Two versions of this system have
been developed. Version 1.0 contains a mutated
ZMPSTE24 gene, whereas version 2.0 is meant to ana-
lyze mutation in LMNA gene. This humanized yeast
system can help in understanding the interaction of

Zmpste24 with prelamin A and in developing
pharmacological approaches for the treatment of certain
types of progeria including HGPS. Further, Dorado et al.
(2019) have produced the first large animal model of
HGPS, i.e., a Yucatan minipig carrying heterozygous
LMNA c.1824C>T mutation. This model was developed
by using the CRISPR–Cas gene editing system. Like
HGPS patients, HGPS minipig cells co-express progerin
and normal lamin A/C. These pigs exhibit growth retar-
dation, lipodystrophy, wrinkled and taut skin with patchy
punctate pigmentation, large areas of alopecia, thin legs
with joint stiffness, sculpted nose, thin lips, abnormal
dentition, prominent eyes, and severe cardiovascular per-
turbations (viz. loss of VSMCs, disturbed electrical ac-
tivity, systolic and diastolic myocardial dysfunction, mi-
crovascular dysfunction, and fibrosis). These symptoms
are drastically similar to human HGPS patients. The
HGPS pig also die near puberty, comparable to the hu-
man counterpart (Dorado et al. 2019). Therefore, HGPS
minipigs appear to be a good model for preclinical trials
and testing human size interventional devices for HGPS
therapeutics. These novel disease models have addressed
research gaps and created new opportunities to further
clarify the molecular mechanism of HGPS. Figure 2
represents the current models in use for the study of
HGPS.

Current therapeutic strategies for the treatment
of HGPS

To date, no cure for HGPS has been found. Various
treatments available can only improve the clinical con-
ditions and reduce complications. Children affected
with HGPS must be given a high-calorie diet on a
regular basis and should be supplemented with multivi-
tamin tablets to reduce weight loss and proper nutrition
(Gordon 2019c; Gordon et al. 2003). Adequate oral
hydration is advocated because stiff vasculature may
be less tolerant to dehydration. Electrocardiogram
(ECG) is used regularly for the diagnosis of atheroscle-
rosis of the coronary artery. Children are also treated
with a low dose of aspirin occasionally to decrease the
chances of heart attack and stroke (Gordon et al. 2003).
Nitroglycerin is used if angina develops. Due to coxa
valga, hip dislocation is common in HGPS patients.
Therefore, physical therapy, body bracing, and surgical
procedures are recommended (Gordon et al. 2003). Pa-
tients should be accompanied because of vulnerability
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to fractures. Primary tooth extraction is performed to
avoid dental crowding. Fluoride supplementation is also
recommended for reducing dental problems. Regular
physical and occupation therapy is suggested to main-
tain the range of motion in joints (Gordon 2019c;
Gordon et al. 2003). Patients are advised to avoid dehy-
dration and large crowds with taller peers. Also, their
physical activity should be self-restricted (Gordon et al.
2003). Figure 3 illustrates the major potential therapeu-
tic approaches against HGPS with their mechanism of
action. Further, Table S1 (Supplementary information)
summarizes the overall remedial strategies with their
target molecule/pathways, models studied, and the ther-
apeutic outcome.

Pharmacological treatment

Inhibition of posttranslational modification of prelamin
A

Various strategies are being tested for being a potential
therapeutic against HGPS. Farnesyltransferase inhibitors
(FTIs), that were initially used for the treatment of cancer,

have shown efficacy against disease phenotype in proge-
ria fibroblast culture as well as progeroid mouse model
(Capell et al. 2005, 2008; Fong et al. 2006a; Glynn and
Glover 2005; Pacheco et al. 2014; Rivera-Torres et al.
2013; Toth et al. 2005; Yang et al. 2005, 2006, 2008b;
Young et al. 2013). FTI treatment has been reported to
restore nuclear morphology in these models of HGPS.
These are small molecules, which bind to the enzyme
farnesyltransferase at the site of the CAAX binding do-
main. FTIs also improve lamin A-Rb signaling and DSB
(double strand breaks of DNA) repair in HGPS fibro-
blasts (Constantinescu et al. 2010; Marji et al. 2010).
Pacheco et al. (2014) reported that FTI treatment amelio-
rates self-renewal capacity in progerin-expressing stem
cells. FTI treatment of HGPS cells can also increase
telomere mobility (De Vos et al. 2010) and correct chro-
mosome positioning (Bikkul et al. 2018; Mehta et al.
2011). Further, mesenchymal stem cells (MSC) originat-
ed from induced pluripotent cells (iPSCs) derived from
the cells of HGPS patients (HGPS-iPSC-MSCs) were
used for the screening of a number of small molecules
for their farnesylation inhibitor activity (Blondel et al.
2016). It was found that mono-aminopyrimidines

Fig. 2 Various models to study HGPS. Abbreviation: HGPS-iPSC, induced pluripotent cells derived from the cells of HGPS patients
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Fig. 3 The potential therapeutic strategies (red font) for the treat-
ment of HGPSwith their target molecular/physiological pathways.
Abbreviations: 1,25D, 1α,25-dihydroxy vitamin D3; AFC, N-ace-
tyl-S-farnesyl-l-cysteine; ATRA, all-trans retinoic acid; CRISPR,
clustered regularly interspaced short palindromic repeats; FTI,

farnesyl transferase inhibitors; ICMT, isoprenylcysteine carboxyl
methyltransferase; iPSC-EVs, extracellular vesicles derived from
induced pluripotent cells; mono-AP, mono-aminopyrimidines;
NF-κB, nuclear factor kappa B; ROS, reactive oxygen species;
ROCK, Rho-associated protein kinase
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(mono-APs), which target farnesyl pyrophosphate syn-
thase and farnesyl transferase, serve as both FTI and
prenylation inhibitor. Administration of mono-APs to
HGPS-iPSC-MSCs rescued progeria phenotypes viz. nu-
clear defects and premature differentiation into osteoblas-
tic lineage (Blondel et al. 2016).

It is now known that after treatment of FTIs, prelamin
A can still be modified by an alternate prenylation
pathway, i.e., geranylgeranylation (Varela et al. 2008).
This explains the reduced efficacy of FTIs in ameliorat-
ing progeroid phenotype in mouse models. They also
demonstrated that statins (molecules that impair HMG-
CoA reductase activity) and amino bisphosphonates
(inhibit farnesyl pyrophosphate synthase and
isopentenyl pyrophosphate isomerase activity) can pre-
vent the formation of precursors of geranylgeranyl and
farnesyl, preventing posttranslational modification of
prelamin A and progerin. In this study, the use of prav-
astatin (statin) and zoledronate (amino bisphosphonate)
ameliorated the characteristic phenotypes of the
progeroid mouse (Zmpste24-deficient) viz. growth re-
duction, weight loss, lipodystrophy, loss of hair, and
bone weakness. Also, treatment with statin and
zoledronate in HGPS fibroblast and Zmpse24-deficient
cells ameliorated nuclear architecture defects and for-
mation of nucleoplasmic aggregates of lamin A and C
isoforms. Addition of farnesol or geranylgeraniol
abolished these therapeutic effects, suggesting that the
possible mechanism of pravastatin–zoledronate treat-
ment underlies the inhibition of geranylgeranylation
and farnesylation of the precursor of progerin (Varela
et al. 2008). An improvement in mitochondrial function
in “mouse adult fibroblast (MAF) derived from
Zmpste24−/− and LmnaG609G/G609G mice” was also ob-
served after zoledronate + pravastatin treatment (Rivera-
Torres et al. 2013), which was evident from enhanced
ATP synthesis and COX/CS (cytochrome c oxidase/
citrate synthase) ratio in these cells after treatment.

Combined treatment of HGPS skin fibroblasts with
mevinolin (statin) and trichostatin A (TSA, histone
deacetylase inhibitor) can also lower progerin accumu-
lation in the cell, restore heterochromatin organization,
and reorganize transcripts in HGPS fibroblasts
(Columbaro et al. 2005). However, treatment with
TSA only did not affect progerin level in the cell. This
suggests that the defarnesylation with FTI destabilizes
progerin, and TSA interferes with its interaction with
other proteins, leading to its degradation. According to
Mattioli et al. (2019), TSA enhances the lamin A/C–

HDAC2 complex and weakens the progerin–HDAC2
interaction. Mevinolin interferes with lamin A/C–
HDAC2 (histone deacetylase 2), but a combined treat-
ment of both strengthens lamin A/C–HDAC2 interac-
tion, indicating another possible therapeutic approach.

Isoprenylcysteine carboxyl methyltransferase
(ICMT) is the enzyme responsible for the addition of
methyl group at –CAAX motif at the C-terminal of
prelamin A. Administration of N-acetyl-S-farnesyl-l-
cysteine (AFC), an ICMT inhibitor, to HGPS fibroblast
enhanced cell proliferation (Ibrahim et al. 2013). Simi-
larly, inhibition of ICMT with short hairpin RNA
(shRNA) in HGPS cells also delayed senescence and
increased proliferation rate. Moreover, an expression of
a hypomorphic allele of ICMT in progeroid mice has
shown to increase body weight, normalize grip strength,
reduce bone fractures, and enhance life span in an AKT-
mTOR dependent manner (Ibrahim et al. 2013).

Autophagic clearance of progerin

Autophagy is an important cellular process that clears
and recycles the damaged organelles (Mizushima and
Komatsu 2011). The lack of nutrients and growth factors
as well as environmental stress are major stimuli for
autophagy. The mTOR (mammalian target of
rapamycin) pathway plays a significant role in the reg-
ulation of autophagy (Kim and Guan 2015). It has been
found that mTORC1 (mTOR complex 1) suppresses the
autophagy-initiating UNC-5 like autophagy-activating
kinase (ULK) complex by phosphorylating its compo-
nents viz. autophagy-related gene 13 (ATG13) and
ULK1/2 (Kim and Guan 2015). It also phosphorylates
components of VPS34 (vacuolar protein sorting 34)
complex, preventing its lipid kinase activity (Yuan
et al. 2013). Further, mTORC1 inactivates the transcrip-
tion factor EB (TFEB), which is a master regulator of
the expression of genes of lysosomes biogenesis and
autophagy (Settembre et al. 2013). These changes result
in a series of events that finally lead to the inhibition of
autophagy, and inhibition of the mTOR pathway with
pharmacological interventions has shown to induce au-
tophagy in experimental conditions (Kim and Guan
2015).

Rapamycin is an mTOR inhibitor drug that was
initially used as an immunosuppressant among trans-
plant patients (Chueh and Kahan 2005). It has also been
found useful in the treatment of aging and related disor-
ders (viz. neurodegenerative disorders, atherosclerosis)
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in various animal models (Bjedov et al. 2010; Ehninger
et al. 2014; Elloso et al. 2003; Evangelisti et al. 2016;
Harrison et al. 2009; Miller et al. 2011, 2014; Mueller
et al. 2008; Vellai et al. 2003; Waksman et al. 2003;
Zhang et al. 2013). Rapamycin has also shown benefi-
cial effects on lamin A/C-deficient (Lmna−/−) mice by
rescuing altered mTORC1 signaling (Liao et al. 2016;
Ramos et al. 2012). Treatment with rapamycin and its
analog (temsirolimus, everolimus) on human HGPS
fibroblast has been reported to ameliorate nuclear bleb-
bing, enhance progerin clearance by autophagy, restore
chromatin dynamics, maintain histone methylation
levels, re-establish BAF and LAP2α distribution pat-
terns, partially ameliorate DNA damage, and extend
cellular life span (Cao et al. 2011; Cenni et al. 2011;
DuBose et al. 2018; Gabriel et al. 2016). However, the
use of temsirolimus had no effect on mitochondrial
function and ROS production (Gabriel et al. 2016).
Rapamycin treatment in MDSPCs (muscle-derived
stem/progenitor cells) derived from Zmpste24−/− mice
reduces apoptosis, decreases senescence, augments
myogenic capacity, and improves the chondrogenic dif-
ferentiation capacity (Kawakami et al. 2019).

Further, administration of FTIs and rapamycin as a
combinatorial treatment strategy in HGPS fibroblasts
could correct the aberrant genome organization and
reduce DNA damage (Bikkul et al. 2018). The use of
rapamycin analog (everolimus) in combination with FTI
(lonafarnib) is currently under clinical trial
(NCT02579044). Discussion of the potential side effects
of rapamycin and whether they should hinder human
use is a continued area of debate in the geroscience
community. In the context of HGPS, it would be helpful
to know if the doses of rapamycin are similar to those
given to transplant patients or closer to those of other
mTOR inhibitors given in studies that show benefits in
elderly humans (Mannick et al. 2014, 2018).

The progerin promoter contains retinoic acid re-
sponse elements, and all-trans retinoic acid (ATRA) is
known to induce autophagy in the cell (Rajawat et al.
2010, 2011). Therefore, ATRA has been studied in
combination with rapamycin on HGPS fibroblast cells
and a synergistic effect on progerin degradation was
observed (Pellegrini et al. 2015). Sulforaphane (SFN),
an antioxidant derived from crucifer vegetables, has also
been reported to induce clearance of progerin from cells
by micro-autophagy. Treatment with SFN abolished
phenotypic changes in HGPS fibroblast culture
(Gabriel et al. 2015). In addition, combined treatment

of FTI (lonafarnib) with SFN separately (intermittent)
on HGPS fibroblasts showed a synergistic and additive
effect on progerin clearance, but induced cytotoxicity
when given together (Gabriel et al. 2017). However,
intermittent treatment with FTI and SFN rescued the
cellular phenotype of progeria viz. reduction in ROS
and increase in cellular ATP level, decreased DNA
damage, and lowered the number of dysmorphic nuclei
(Gabriel et al. 2017).

Downregulation of aberrant splicing of LMNA

Intramuscular injection of MG132 (an autophagy-
activating drug) in LmnaG609G/G609G mice HGPS fibro-
blasts has been found to reduce progerin synthesis and
improve cell viability in HGPS fibroblast, vascular
smooth muscle cells, and HGPS-iPSC-derived mesen-
chymal cells through downregulation of SRSF-1 (ser-
ine/arginine-rich splicing factor-1) and SRSF-5, which
are RNA binding protein that favors aberrant splicing of
prelamin A into progerin (Harhouri et al. 2017). SRSF-1
has also been found to be regulated by an antidiabetic
drug, metformin (Larsson et al. 2012), that is also
known to possess anti-aging properties (Barzilai et al.
2016). Metformin downregulates specificity protein
(Sp) transcription factors, Sp-regulated genes, mTOR
signaling, and epidermal growth factor (EGFR)-depen-
dent activation of Ras (Nair et al. 2014). Treatment of
HGPS-iPSC-MSCs with metformin decreased SRSF-1
and progerin expression and ameliorated nuclear defects
in the cells and premature osteoblastic differentiation.
Remedial effects of metformin were also observed in
human HGPS fibroblasts and LmnaG609G/G609G mouse
fibroblasts (Egesipe et al. 2016; Park and Shin 2017).

Inhibition of progerin–lamin A interaction

Progerin interacts with lamin A with great affinity,
disrupting nuclear lamina and membrane integrity.
Therefore, progerin–lamin A inhibitors (JH1, JH4, and
JH13) have also been proposed as a therapeutic against
HGPS (Lee et al. 2016b). The use of these molecules,
particularly JH4, alleviated the hallmarks of HGPS viz.
distortion of the nucleus, senescence-associated β gal
(SA-β-gal) activity, reduced H3K9me3 level, and cell
cycle arrest. Anti-senescence effects of JH4 were ob-
served in aging cells as well. It reduces the half-life of
progerin in a proteasome-dependent manner. Further, it
was observed that JH4 improves the life span of
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LmnaG609G/G609G-mutant mice, which are phenotypical-
ly similar to human HGPS, but does not affect progerin-
independent progeric mice (Zmpste24−/−), which sug-
gests that it selectively binds and inhibits progerin (Lee
et al. 2016b).

Ameliorating mitochondrial dysfunction and oxidative
stress

Mitochondrial dysfunction, increased oxidative stress,
and lowered antioxidant levels are hallmarks of HGPS
(Kubben et al. 2016; Richards et al. 2011; Rivera-Torres
et al. 2013). Treatment of HGPS cells with antioxidants
like N-acetyl cysteine (NAC) and methylene blue (MB)
improves HGPS phenotype. NAC administration to
progeroid fibroblasts reduces ROS generation, de-
creases unrepairable DSB, and improves cell prolifera-
tion (Richards et al. 2011). MB treatment in HGPS skin
fibroblasts also alleviates mitochondrial as well as nu-
clear defects along with improvement in heterochroma-
tin organization and restoration of expression of
misregulated genes (Xiong et al. 2016). By using an
in vitro reconstructed 3D human skin model, Xiong
et al. (2017) demonstrated that MB treatment improves
skin viability, stimulates wound healing, improves skin
hydration, and extends dermis thickness. Additionally, it
was found safe for application at high concentrations
and for a longer period.

NRF2 is a critical redox sensor that interacts with
ARE (antioxidant response element) motifs and acti-
vates an array of antioxidant and cytoprotective genes
in response to oxidative stress (Lewis et al. 2010). It is
sequestered by progerin in HGPS cells, resulting in its
subnuclear mislocalization, which leads to oxidative
stress (Kubben et al. 2016). Introduction of constitutive-
ly active NRF2 (caNRF2) in HGPS fibroblasts reduced
ROS levels, increased expression of NRF2-regulated
antioxidant genes, lowered the number of apoptotic
cells, revoked HGPS-associated nuclear defects, and
re-established the in vivo viability of HGPS-iPSC-
MSCs in an animal model (Kubben et al. 2016). Similar
effects were observed after treatment of cells with mild
NRF2 activator oltipraz, suggesting that the NRF2 path-
way has a major role in the presentation of HGPS
phenotype (Kubben et al. 2016).

ROCK (Rho-associated protein kinase) phosphory-
lates Rac1b, which facilitates its interaction with cyto-
chrome c to increase mitochondrial ROS production in a
cytochrome c oxidase (COX)-dependent manner (Kang

et al. 2017). Y-27632, a ROCK (Rho-associated protein
kinase) inhibitor that prevents mitochondrial ROS gen-
eration, has also been found to ameliorate nuclear ab-
normalities, restore mitochondrial function (as demon-
strated by recoveringmitochondrial membrane potential
and increased COX activity), and reduce DSB of DNA
in HGPS fibroblasts (Kang et al. 2017). Similarly, treat-
ment with Y-27632 and fasudil (another ROCK inhibi-
tor) invoked mitochondrial function recovery, increased
cell proliferation, and alleviated cellular senescence, and
enhanced expression of chromatin remodeling genes
was also observed in HGPS as well as normal senescent
cells (Park et al. 2018). ROCK inhibitors could also
aggravate wound healing in aged mice. These results
indicate toward the potential of ROCK inhibitors against
physiological and pathological aging.

Recently, Kuk et al. (2019) studied the effect of KU-
60019, an ATM inhibitor and anti-aging agent (Kang
et al. 2017), on HGPS skin fibroblast. Administration of
KU-60019 reduced ROS level and improved mitochon-
d r i a l membrane po t en t i a l w i t h me t abo l i c
reprogramming. It also led to the reduced accumulation
of progeria, restoration of nuclear morphology, and
alleviation of senescence. This provides evidence for a
possible therapeutic approach by controlling ATM ac-
tivity for age-related disorders.

Villa-Bellosta et al. (2013) conducted a study on
knock-in LmnaG609G/+ mice and found that their capac-
ity of inhibiting vascular calcification was drastically
reduced. This defect is mainly because of the increased
expression and activity of tissue-nonspecific alkaline
phosphatase which leads to impaired mitochondrial
function and ATP synthesis. This further causes impair-
ment in the accumulation of extracellular pyrophos-
phate, which plays a key role as an inhibitor of vascular
calcification. Administration of pyrophosphate amelio-
rated vascular calcification in LmnaG609G/G609G mice.

Modulation of inflammatory pathways

Hyperactivation of NF-κB has been linked to aging and
several age-related disorders (Adler et al. 2007; Tilstra
et al. 2011). Its inhibition has also been reported to delay
aging in mice (Tilstra et al. 2012). Osorio et al. (2012),
while working with LmnaG609G/G609G and Zmpste24-
deficient mice, reported that the NF-κB signaling path-
way is activated in progeroid syndrome via ATM (atax-
ia-telangiectasia-mutated) and NEMO (NF-kappa-B es-
sential modulator) proteins, and its blocking with
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sodium salicylate [a nonsteroidal anti-inflammatory
drug that binds with conserved IKK (IκB kinase) com-
plex] prevents progeroid features and prolongs life span.

Recently, using a text mining approach, Liu et al.
identified 17 proinflammatory marker genes that are
associated with all the main pathological features of
HGPS, i.e., alopecia, lipodystrophy, arthritis, and vas-
cular disease (Liu et al. 2019a). Fourteen of these genes
are linked to the JAK1/2–STAT1/3 signaling pathway.
JAK–STATsignaling was also found to be overactivated
in HGPS and normally aged cells (Liu et al. 2019a).
Moreover, these 14 genes were also found to be directly
regulated by NF-κB transcription factor. By treating
HGPS fibroblast primary culture with baricitinib—an
inhibitor of JAK1/2 that weakens STAT1/3 activation,
Liu and colleagues (Liu et al. 2019a) found an improved
growth rate, reduced senescence, decreased ROS level,
enhanced ATP levels, and induced autophagy and pro-
teasome activity. Prolonged baricitinib administration
significantly reduced progerin level, the number of dys-
morphic nuclei, and the expression of proinflammatory
factors in HGPS cells. Further, it was elucidated that a
high level of DNA damage in senescent/progeric cells is
responsible for triggered JAK–STAT signaling within
(Liu et al. 2019a).

Improvement in DNA damage repair machinery
and epigenetic modifications

Kreienkamp et al. (2016) reported that progerin accu-
mulation in HGPS leads to decreased levels of vitamin
D receptors (VDR) and DNA repair factors such as
BRCA1 (breast cancer type 1) and 53BP1 (p53 binding
protein 1). Restoration of VDR signaling with 1α,25-
dihydroxy vitamin D3 (1,25D) in HGPS fibroblasts
could ameliorate pathological features viz. nuclear de-
fects, premature senescence, and DSB repair defects.
The underlying mechanism of action of this drug might
involve correction of replicative stress and DNA dam-
age in progeric cells (Kreienkamp et al. 2018).

Another promising molecule is resveratrol, a SIRT1
activator that associates with lamin A. In the presence of
progerin, SIRT1 partially interacts with the nuclear ma-
trix and decreases deacetylase activity that causes rapid
depletion of adult stem cells in progeroid (Zmpste24−/−)
mouse model. Resveratrol administration in these mice
improves SIRT1–lamin A interaction and decreases
adult stem cell depletion. At the systemic level, it results
in improved body weight and bone density and

decelerated weight loss with a significant increase in
the life span (Liu et al. 2012). Mattioli et al. (2019)
suggested the use of HDAC inhibitors (TSA and MS-
275) as therapeutics in HGPS cells as those weaken
progerin–HDAC2 interactions and augment lamin
A/C–HDAC2 binding with improved histone acetyla-
tion status of the cells. A recent report also gave evi-
dence of a progressive decline of ATM-centered DNA
damage response (DDR) with aging (Qian et al. 2018).
Treatment with a low dose of chloroquine (CQ, a ma-
laria treatment drug) induces ATM, clears DNA dam-
age, relieves age-related metabolic shift, and prolongs
life span in aging cells. ATM stabilizes SIRT6, which is
a longevity enzyme, by phosphorylating SIRT6
deacetylase enzyme that mediates proteasomal degrada-
tion of SIRT6. Prolonged administration of CQ also
enhanced life span in progeroid (Zmpste24−/−) mouse
model and ameliorated hallmarks of progeria
phenotype.

Farnesyl diphosphate synthase (FDPS) or farnesyl
pyrophosphate synthase is a key enzyme in isoprenoid
biosynthetic pathway that helps in farnesylation and
geranylgeranylation of proteins. Human skin fibroblasts
derived from HGPS patients exhibit increased expres-
sion of FDPS. Pamidronate, a FDPS inhibitor and a
bisphosphonate drug, reduced senescence and increased
proliferation in these cells. Pamidronate treatment also
rescued misshapen morphology of the nucleus (Griveau
et al. 2018). Further, phospholipase A2 receptor
(PLA2R1) is a transmembrane protein that regulates
senescence in a p53-, JAK/STAT-, and ERRα-
dependent fashion (Augert et al. 2009; Griveau et al.
2016). The expression of PLA2R1 increases in progerin
overexpressing cells. It was found that knocking down
of PLA2R1 with shRNA can ameliorate progerin-
induced senescence and increase proliferation in these
cells in a DDR/p53/FDPS-dependent pathway (Griveau
et al. 2018). However, some more insight is required for
understanding the mechanism of action of FDPS as it is
an important enzyme in isoprenoid biosynthetic path-
way that helps in the formation of progerin; on the other
hand, it serves as a downstream effector of progerin in a
PLA2R1-dependent manner.

HGPS cells also exhibit increased shortening of telo-
meres and heterogeneity in their lengths (Decker et al.
2009; Gonzalo and Kreienkamp 2015; Li et al. 2019).
The telomere attrition induces DDR that leads to prolif-
eration arrest and senescence. Recently, it has been
demonstrated that transient expression of human
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telomerase (hTERT) mRNA in HGPS cell lines can
extend telomere length. hTERT mRNA administration
could also enhance the proliferative capacity, reduce the
number of senescent cells, exacerbate senescence-
associated secretory phenotype (SASP), and rescue nu-
clear morphology. Combined treatment of FTI + hTERT
mRNA had a synergistic effect on cell proliferation (Li
et al. 2019).

According to Finley (2018), the drugs that alleviate
the pathological defects of HGPS (viz. rapamycin, met-
formin, methylene blue, all-trans retinoic acid, MG132,
1α,25-dihydroxy vitamin D3, sulforaphane, and
oltipraz) by improving mitochondrial function, enhanc-
ing Nrf2 activity, promoting autophagy, or by altering
gene splicing act through a commonmechanism, i.e., by
modulating AMPK pathway.

Pharmacological removal of senescent cells

Senescent endothelial cells and VSMCs play a major
role in the development and progression of atheroscle-
rotic plaque in chronologically aged people (Katsuumi
et al. 2018). Elimination of senescent cells in progeroid
mice has been shown to increase survival and reduce the
incidences of age-related disorders (Baar et al. 2017).
Senescent cells also upregulate the expression of anti-
apoptotic proteins BCL-W and BCL-XL, the inhibition
of which with siRNA or small molecules ABT-737 or
ABT-263 (senolytic drugs) leads to apoptosis (Chang
et al. 2016; Yosef et al. 2016). Ovadya et al. (2018)
demonstrated an extensive accumulation of senescent
cells in Lmna+/G609G progeroid mice, which results in a
short life span. Pharmacological treatment with ABT-
737 in these mice significantly reduced the number of
senescent cells in the liver, pancreas, lungs, and skin of
these mice and partially ameliorated progeric phenotype
(Ovadya et al. 2018). This gives new drug targets for
therapeutics of age-related disorders. Administration of
senolytic drugs (dasatinib and quercetin) on aged/
atherosclerotic mice has also been found effective in
improving the vasomotor functions and reduce the aor-
tic calcification by inducing nitric oxide signaling (Roos
et al. 2016). It also reduced the senescent cell burden
and DNA damage.

Growth hormone treatment

Somatotroph signaling [i.e., growth hormone (GH)/in-
sulin-like growth factor 1 (IGF-1)] has been found to be

one of the major regulators of aging in a variety of
organisms including humans (Russell and Kahn 2007).
An extreme reduction in plasma IGF-1 level has been
observed in the murine model of HGPS (Zmpste24−/−

mice) (Mariño et al. 2010). Treatment of these mice with
recombinant human IGF-1 (rIGF-1) restored the proper
balance between IGF-1 and GH and extended life span.
It also ameliorated several phenotypic features of HGPS
like improved body weight, increase in the amount of
subcutaneous fat, reduced level of kyphosis, and alope-
cia (Mariño et al. 2010). In a previous study (Abdenur
et al. 1997), patients with HGPS demonstrated increased
growth hormone (GH) resistance. Treatment with GH
and high-calorie diet improved growth velocity in
progeric patients (Abdenur et al. 1997; Merideth et al.
2008).

Targeting other downstream actions of progerin

Chemical screening of several molecules resulted in the
finding of a new molecule “remodelin” that could im-
prove nuclear architecture, chromatin organization, and
health of progeric as well as lamin A/C-depleted cells
(Larrieu et al. 2014). Remodelin targets an acetyl trans-
ferase protein, NAT10 (N-acetyltransferase 10), which
restores nuclear shape in laminopathic cells via rear-
rangement of microtubules (Larrieu et al. 2014).
Remodelin administration to HGPS and aged cells re-
stored normal nucleocytoplasmic transport and
rebalanced gene expression at a large scale in a
Transportin-1 (TNPO1)-dependent manner. Similar ef-
fects were seen after treatment with siRNA-mediated
depletion of NAT10 in these cells (Larrieu et al. 2018).
Furthermore, chemical inhibition of NAT10 by oral
administration of remodelin to homo- and heterozygous
LmnaG609GHGPSmousemodel led to the augmentation
in health span of animals as demonstrated by improve-
ment in age-dependent body weight loss, cardiac func-
tion, curvature, fitness, and genomic instability.
Remodelin works in a progerin-independent manner as
the progerin level remains similar in remodelin-treated
and control mice (Balmus et al. 2018).

Geng et al. (2018) screened a number of natural
products on Werner syndrome (adult progeria) human
mesenchymal stem cells (WS-hMSC) to test their effec-
tiveness as a geroprotective agent. They identified 10
natural compounds for their geroprotective role, out of
which, quercetin had the most profound effect. Querce-
tin attenuated WS-hMSC senescence by promoting
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proliferation, differentiation, and self-renewal capabili-
ties in addition to re-establishing heterochromatin struc-
ture via modulating multiple cellular pathways (viz. cell
cycle, chromosome condensation, and antioxidant gene
expression). It was also found to improve telomere
length and reduce the percentage of abnormal nuclei
significantly. In the same study, it was demonstrated that
quercetin and vitamin C also reduce accelerated cellular
senescence in HGPS-hMSC (LMNAG608G/+) with a syn-
ergistic function. Both molecules lowered progerin ex-
pression in the cell, increased proliferation rate, en-
hanced clonal expansion ability, and decreased SA-β-
gal-positive cells (Geng et al. 2018).

A next-generation sequencing (RNAseq) and high-
resolution quantitative proteomics (iTRAQ) techniques-
based study (Mateos et al. 2018) demonstrated a reduc-
tion in expression level of ribose-phosphate
pyrophosphokinase 1 (PRPS1), a protein that is essential
for purine synthesis in the cell. Supplementation of
HGPS cells with S-adenosyl-methionine (SAMe),
which is a methyl donor and alternative source of purine
in living cells (Chiang et al. 1996), resulted in increased
proliferation capability and reduced senescence. Ac-
cording to Mateos et al. (2018), SAMe supplementation
enhances AMP production in the cell, which could also
convert into GMP, and help in restoring cellular energy
status and biosynthetic pathways to partially rescue
progeria phenotype.

Treatment with TUDCA, a low-abundance bile acid
in human and a chemical chaperon, has been shown to
ameliorate vascular defects and increase life span in
progeroid mice (Hamczyk et al. 2019). The molecular
mechanism of this molecule involves enhancement of
genes related to protein folding and modification, which
could ameliorate endoplasmic reticulum (ER) stress and
unfolded protein response (UPR) in this model of
progeria.

Casein kinase 2 (CK2) is a serine/threonine protein
kinase that binds to nuclear lamina and nuclear matrix
with the help of lamin A. It regulates various important
cellular processes like proliferation and survival, differen-
tiation and development, DDR, and apoptosis. Lamin A
serves as endogenous inhibitor of CK2; however, it was
found that mutated prelamin A (with additional 18 amino
acids) can further enhance this inhibitory action in Zmpste-
24-deficient mice (Ao et al. 2019). This “prelamin Awith
additional amino acids” is not equivalent to progerin in this
regard as progerin contains a deletion of extra 50 amino
acids from lamin A. Spermidine, a polybasic compound,

serves as a CK2 activator. Spermidine supplementation to
Zmpste-24-deficient mice extended life span. In
Zmpste24−/− MEFs, spermidine treatment could alleviate
senescence and improve DDR.

The overexpression of a protein exportin-1 or chro-
mosomal region maintenance 1 (CRM1) caused by
progerin expression leads to a disbalance in nuclear
protein export, which is one of the central regulatory
features of progeric phenotype (García-Aguirre et al.
2019). Pharmacological inhibition of CRM1 with
leptomycin B (LMB) can alleviate almost all significant
pathophysiological features of HGPS in the cell viz.
nuclear blebbing, reduced lamin B1 expression, cellular
senescence, heterochromatin loss, expansion of nucleo-
li, etc. Since enhanced nuclear export due to enhanced
CRM1 activity is now considered as key converging
mechanism in pathological and normal aging, targeting
this molecule can significantly attenuate the progression
of the disorder (García-Aguirre et al. 2019).

In LmnaG609G/G609G mice, it was noted that those
exhibit several characteristics of hematopoietic aging
viz. expanded hematopoietic stem cells (HSCs) with
reduced engraftment, lymphoid deficiency, and myeloid
differentiation into platelets. The microenvironment of
bone marrow (BM) is considered as the major factor for
premature hematopoietic aging in these mice. Treatment
of BRL37344, a β3-adrenergic receptor (β3-AR) ago-
nist that targets the BM microenvironment, for over
2 months can reduce HSCs, normalize the association
of HSCs to megakaryotes, and correct lympho-myeloid
skewing in these mice (Ho et al. 2019).

Dietary interventions and modulation of gut microbiota

In a study by Bárcena et al. (2018), the use of 0.1%
cholic acid (a primary bile acid) in the diet delayed aging
in Zmpste24−/− mice along with improvement in
progeria-associated phenotype such as hind limb stiff-
ness, loss of body weight, loss of body hair, and
cervicothoracic lordokyphosis. Further, it was found
that methionine-restricted (MR) diet can increase life
span in HGPS mouse model by reversing the tran-
scriptome alterations in inflammation and DNA damage
response genes present in this condition. Also, the MR
diet could improve lipid profile and bile acid status and
conjugation in progeroid and control rats. These results
cumulatively indicate a key role of bile acid metabolism
in progeroid syndromes. The possible mechanism of
MR diet may underlie the activation of autophagy-
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mediated progerin removal by targeting the mTOR
pathway (Bárcena et al. 2019a). Dietary supplementa-
tion of nitrite (sodium nitrite) in progeroid (LmnaG609G/
G609G) mice also improved vascular defects, i.e.,
protecting them from vascular stiffness and inward re-
modeling (del Campo et al. 2019). High-fat diet (HFD)
in G609G mice has also shown promising results
against HGPS (Kreienkamp et al. 2019). HFD nearly
doubled the life span of mice and significantly improved
organismal decline as compared to control with a sig-
nificantly distinctive metabolic response. As discussed
earlier, the Progeria Research Foundation also recom-
mends a high-calorie diet for HGPS patients.

In a recent novel study, Bárcena et al. (2019b) found
that progeroid mice as well as progeria patients present
intestinal dysbiosis. They examined two mouse models of
progeria, i.e., LmnaG609G/G609G mice and Zmpste24−/−

mice, and found that these mice have a high prevalence
of Proteobacteria and Cyanobacteria and a reduced abun-
dance of Verrucomicrobia in the gut. Similar patterns were
observed in human HGPS and NGPS (Nestor–Guillermo
progeria syndrome) patients. On the other hand, it was
discovered that centenarians/long-lived humans have a
high prevalence of Verrucomicrobia but low
Proteobacteria in their gut (Bárcena et al. 2019b). The
gut microbiota genera Klebsiella, Lactobacillus,
Parabacteroides, and Akkermansiawere mainly abundant
among centenarians. LmnaG609G/G609G mice, when orally
supplemented with fecal microbiota from wild-type mice,
demonstrated a median 13.5% increase in life span. Also,
they displayed a delayed loss of body weight, ameliorated
body temperature, and improved blood glucose levels. The
treatment of Zmpste24−/−mice with fecal microbiota from
wild type enhanced the median life span of 13.4%. An
improvement in health of these mice was also observed.
Further, supplementation of Akkermansia muciniphila on-
ly to the LmnaG609G/G609Gmice also extended the life span
of these mice with thickening of intestinal mucosa and
expression of wound-healing factors. The possible mech-
anism of fecal microbiota transplantation-induced im-
provement in health and life span may involve restoration
of secondary bile acids and other metabolites like arabi-
nose, ribose, and inosine (Bárcena et al. 2019b).

Downregulation of progerin expression with therapeutic
RNA

Few studies have shown that silencing of progerin ex-
pression can completely reverse the disease phenotype

in skin and bones of HGPS transgenic animal models,
even after the disease phenotype is fully developed
(Sagelius et al. 2008; Strandgren et al. 2015). It was first
demonstrated by Scaffidi and Misteli (2005), who ad-
ministered morpholino antisense oligonucleotide
against activated cryptic splice site in HGPS fibroblasts.
Correction of splicing led to lowering of mutant lamin A
protein, restoration of the typical nuclear structure, nor-
mal expression of misregulated genes, re-establishment
of cellular levels of lamin-associated proteins, and ame-
lioration of the defects in heterochromatin-specific his-
tone modifications.

Administration of antisense morpholino oligonucle-
otide in HGPS (LmnaG609G/G609G) mouse model re-
voked pathogenic alternate splicing and ameliorated
progeroid phenotype, promoting life span and improved
body weight (Osorio et al. 2011). Lee et al. (2016a) also
showed that the delivery of antisense oligonucleotide
against a 30 nucleotide stretch in exon 11 of LMNA gene
in in vitro (HGPS fibroblasts) and in vivo (LmnaG09G/
G09G mouse) system blocked SRSF2 binding site and
enhanced the synthesis of lamin C protein at the cost of
prelamin A. Since the production of both lamin A and C
is not required and the mouse model expressing only
lamin C is also disease free, this could also be a possible
strategy for the treatment of HGPS (Coffinier et al.
2010; Fong et al. 2006b).

Another strategy is the use of RNA interference.
Huang et al. (2005) developed short hairpin RNA
(shRNA) against mutated LMNA mRNA and delivered
it with the help of lentivirus into the HGPS fibroblast.
As a result, the protein expression level of mutant lamin
Awas reduced to 26% that significantly improved pro-
liferative ability and nuclear structure in progeroid cells
(Huang et al. 2005). In some cases, a mutation at exon
11 of LMNA gene produced progerin and other truncated
or wild-type prelamin A (Barthélémy et al. 2015). Pa-
tients carrying such type of mutations are called as
“HGPS like patients.” Harhouri et al. (2016) conducted
a study on HGPS, HGPS-like, and MAD-B
(mandibuloacral dysplasia type B) patients. They
showed that administration of morpholino antisense
oligonucleotide into the cells derived from these patients
reduced the formation of truncated prelamin A isoform
significantly. The use of microRNA has also been found
to be effective in the treatment of HGPS along with
other premature aging syndromes and laminopathies,
as reviewed by Frankel et al. (2018). However, the lack
of techniques of tissue-specific delivery of RNA and
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poor cellular uptake are the limitations for the use of
therapeutic RNA in humans (Yong-Fu 2016).Moreover,
the development of an animal model and clinically
characterized patient model poses another challenge
for preclinical and clinical studies (Kole et al. 2012).

NANOG overexpression

HGPS cells are characterized by defects in ECM syn-
thesis and remodeling. It has been found that it is a
major factor responsible for reduced proliferative capac-
ity, and the progeric cells grown on wild-type ECM
components have normal proliferation (Hernandez
et al. 2010). An overexpression of Nanog homeobox
(NANOG), which is a transcription factor, can re-
establish TGF-β1 and ROCK pathways and induce
SMAD2/3-dependent type III collagen (COL3) synthe-
sis (Rong et al. 2019). The restoration of COL3 in these
cells can reduce senescence, induce proliferation, and
lower DNA damage (Rong et al. 2019). NANOG ex-
pression can also increase actin polymerization and
restore contractile activity in HGPS cells (Mistriotis
et al. 2017).

Treatment with healthy and functional stem cells

Depletion of functional stem cells, leading to the decline
of regenerative ability of tissues, has been considered as
a hallmark of aging (Kirkwood 2005). Similarly, MSCs
recovered from the bone marrow of HGPS patients tend
to lose their differentiation ability (Scaffidi and Misteli
2008). Lavasani et al. (2012) showed that transplanta-
tion of muscle-derived stem/progenitor cells
(MDSPCs), isolated from young wild-type mice, in
progeroid mice improved life span and health. It also
promoted the growth of the animals with improved brain
and muscle tissue health. It ameliorated phenotypic
defects in tissues where stem cells were not injected
indicating secretion of factors with paracrine action.
However, treatment with cells has certain disadvantages
in general, viz. lack of immediate action, teratoma for-
mation, and low survival rates of implanted cells.

Cellular reprogramming

Cellular reprogramming can induce tissue regeneration
and can be achieved by inducing Yamanaka transcrip-
tion factors or OSKM (i.e.,Oct4, Sox2, Klf4, and c-myc)
in progeroid mice (Ocampo et al. 2016). Partial cellular

reprogramming with Yamanaka factors in LAKI 4F
(LmnaG609G/G609G mice crossed to mice carrying an
OSKM polycystronic cassette and a rtTA trans-activa-
tor) mice extended their life span and ameliorated age-
related histological changes in multiple tissues like the
skin, spleen, kidney, and stomach. Induction of
Yamanaka factors in these mice also partially rescued
the degeneration of VSMCs and progressive develop-
ment of bradycardia (Ocampo et al. 2016). In vitro
studies also revealed an anti-senescence effect of
OSKM induction in tail tip fibroblast culture from
progeroid mice (Ocampo et al. 2016). There was a
significant reduction in several age-associated markers,
ROS generation, and DNA damage. Epigenetic modifi-
cations implicated in heterochromatin maintenance
were also restored (Ocampo et al. 2016).

Correction of the causative mutation

There is an emerging area of gene therapy using clus-
tered regularly interspaced short palindromic repeats/
Cas protein (CRISPR/Cas) genome editing system
(Arancio et al. 2015). This approach permits genome
editing at specific loci. This system consists of a guide
RNA with Cas (double-stranded DNA endonuclease)
protein that can generate DSB at a desired location in
the genome with high accuracy. The alterations done by
this system are permanent. The CRISPR/Cas system can
be used mainly in two ways: (i) by gene disruption,
creating and indel (small insertion/deletion), or by (ii)
sequence-specific gene editing approach. This tech-
nique, in combination with adeno-associated virus-de-
rived vector delivery system, has shown promising fu-
ture possibilities in permanent genome editing for the
treatment of various genetic disorders. Adeno virus-
derived vectors have been used once to correct the
mutation in LMNA gene of HGPS in patient-specific
iPSCs with homologous recombination-based gene
editing approach (Liu et al. 2011b).

Recently, two independent studies (Beyret et al.
2019; Santiago-Fernández et al. 2019) have demonstrat-
ed the potential of this technique in an animal model of
HGPS. Beyret et al. (2019) demonstrated a single-dose
systemic delivery (intravenous injection) of adeno-
associated virus-delivered CRISPR–Cas9 components
in a mouse model of HGPS. Administration of
CRISPR–Cas9 components reduced lamin A/progerin
level, attenuated weight loss, extended life span, and
improved health status in mice. In another independent
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study, Santiago-Fernández et al. (2019)) used lentiviral
vector-based delivery of Staphylococcus aureus Cas9
and gRNAs in human (LMNAG608G/+ fibroblasts from
HGPS patients and LMNA+/+ fibroblasts) and murine
fibroblast (Lmna+/+ and LmnaG609G/G609G) and found
that it leads to a reduction in progerin and lamin A
protein level. Adeno-associated virus systemic delivery
(intraperitoneal injection) of Staphylococcus aureus
Cas9 and gRNA into LmnaG609G/G609G mice as an
HGPS animal model also reduced progerin expression,
increased mean survival time, and improved health sta-
tus in these animals. In vivo CRISPR/Cas treatment has
been demonstrated in mice with promising outcomes in
other disease models also (Cheng et al. 2014; Ding et al.
2014). Moreover, researchers have claimed the use of
the CRISPR/Cas9 system in human preimplantation
embryo for correction of MYBPC3 mutation (Ma et al.
2017), demonstrating a possible use of this technology
in humans in the near future.

There are many factors that affect the efficacy and
specificity of the CRISPR–Cas9 system as a therapeutic
approach. It may produce off-target effects that can
generate undesired mutations at random sites in the
genome (Keep off-target effects in focus 2018). A pre-
existing humoral and cell-mediated immunity against
the Cas9 orthologs derived from Staphylococcus aureus
and Streptococcus pyogenes, which are the most fre-
quently used Cas9 orthologs, has been reported
(Charlesworth et al. 2019). The presence of a pre-
existing adaptive immune response against the
CRISPR–Cas9 system may cause severe immune re-
sponses in the treated patients and also interfere with
the systemic delivery of the system. The other chal-
lenges that affect the efficacy of the CRISPR–Cas9
system include low incidences of HDR (homology-di-
rected repair)-mediated DNA repair, target DNA site
selection and sgRNA design, and selection of Cas9
orthologs with appropriate PAM (protospacer adjacent
motif) sequences (Lino et al. 2018).

Clinical trials for the treatment of HGPS

Currently, four major clinical trials for the treatment of
HGPS are ongoing. Administration of lonafarnib, an
FTI, to 26 HGPS patients in phase II clinical trial
(NCT00425607) from 2007 to 2009 demonstrated re-
markable improvement in weight gain, vascular archi-
tecture, and bone structure along with a decreased

frequency of headaches and strokes (Gordon et al.
2012b, 2014). Furthermore, a recent clinical study con-
ducted by Gordon et al. (2018) demonstrated an im-
provement in the life span of lonafarnib-treated patients
as compared to no treatment (NCT00879034 and
NCT00916747). Pravastatin (statin) and zoledronic acid
(bisphosphonates) have also been used in combination
with lonafarnib in clinical trials but failed to show any
significant beneficial effect on cardiovascular defects as
compared to lonafarnib monotherapy; however, an im-
provement in bone mineral density was noted (Gordon
et al. 2016). Moreover, lonafarnib treatment (115–
150 mg/m2 for 24 to 29 months) has been reported to
reduce the prevalence of stroke, TIA, and headache in
HGPS patients (Ullrich et al. 2013). A clinical study on
the combined efficacy of lonafarnib, zoledronic acid,
and pravastatin is being conducted with estimated 85
participants and is expected to be completed in July 2020
(NCT00916747).

Another phase I–II clinical trial involving two drugs,
i.e., lonafarnib and everolimus (mTOR kinase inhibitor,
rapamycin analog), began in April 2016 (NCT02579044).
Phase I was completed in June 2017, which registered 17
patients. Phase II clinical trial started in July 2017 and 41
patients have been registered till February 2018 (Gordon
2019a). Despite the beneficial effects of lonafarnib, its
effects on mortality and morbidity of the patients are still
not very much known. Therefore, long-term studies are
required to evaluate lonafarnib on these parameters. An-
other clinical study on the effect of umbilical cord blood
transfusion on HGPS patients has started in March 2019
(NCT03871972).

Extracellular vesicles as a therapeutic candidate
for HGPS?

The use of stem cell-derived extracellular vesicles (EVs)
for the treatment of aging and aging-related disorders is
nowadays drawing a lot of attention. EVs are
membrane-bound carriers of bioactive molecular cargos
(viz. RNA, proteins, growth factors) that are released
from the cells and can fuse with a target cell to make
changes in it (van Niel et al. 2018). The EVs derived
from healthy/stem cells are therefore extensively studied
for their therapeutic actions against various clinical dis-
orders (Park et al. 2019; Reiner et al. 2017). Treatment
with EVs also confers a therapeutic effect on multiple
tissues/organs associated with aging (Panagiotou et al.
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2018; Robbins 2017). Despite this, there are no reports
of application of EVs on HGPS yet. The EVs derived
from stem cells mediate the communication between the
stem cells and the target damaged cells, which alters the
functioning of the target cell. Recently, it has been
reported that EVs derived from healthy MSCs (MSC-
EVs) and human iPSC-EVs (iPSCs derived from
human-induced pluripotent cells) can ameliorate aging
phenotype in senescent MSCs and enhance proliferation
(Liu et al. 2019b). However, human iPSC-EVs were
more effective than MSC-EVs. They also demonstrated
that under a defined culture condition, human iPSCs
produce > 16-fold higher number of EVs as compared
to MSCs. These highly purified nano-sized human
iPSC-EVs carry an intracellular antioxidant enzyme
“peroxiredoxin” in high concentration, which can alle-
viate cellular senescence by reducing oxidative stress
and DNA damage in the cells. Moreover, human iPSC-
EVs and MSCs could also attenuate premature aging in
progerin-induced senescent model of MSCs that mimics
HGPS at the cellular level (Liu et al. 2019b). In another
recent report, the EVs containing extracellular nicotin-
amide phosphoribosyl transferase (eNAMPT) were iso-
lated from young mice and cultured adipocytes and
injected into aged mice (Yoshida et al. 2019). This
treatment extended the life span of aged mice with
enhanced physical activity in an increased NAD+

biosynthesis-dependent manner. There is one clinical
trial being conducted on the efficacy of umbilical cord
blood transfusion in HGPS patients as a stem cell ther-
apy (NCT03871972). Treatment with this cell-free sys-
tem (EVs) is safer, highly stable in circulation, high
transport capability to target cells, and with fewer com-
plications as compared to cell therapy (Adamiak et al.
2018; Villa et al. 2019).

There are several reports on the treatment of aging-
related bone and cardiovascular disorders with EVs in
in vitro and in vivo conditions (Alibhai et al. 2018; Chen
et al. 2019; Yuan et al. 2018). EVs derived from a
variety of stem cell and even nonstem cell sources have
shown potential for preventing post-myocardial infarc-
tion (MI) remodeling in animal models. EVs have
shown to repair and rejuvenate heart cells after MI. It
reduces apoptosis, enhances cell proliferation, attenu-
ates inflammatory responses, and induces angiogenesis
(Alibhai et al. 2018; Yang et al. 2019). Several
microRNAs (miR-126, 210, 146a, 19a, 21, 22) and
bioactive molecules have been identified for such an
action of the EVs (Alibhai et al. 2018; Yang et al.

2019). Further, microRNA-containing EVs have dem-
onstrated atheroprotective activity. EVs derived from
Krupple-like factor-2 (KLF2)-transduced or physiolog-
ical shear stress-induced endothelial cells are rich in
miR-143 and 145. These microRNA-enriched vesicles
could prevent the formation of atherosclerotic lesions in
Apo−/− mice fed on a high-fat diet (Hergenreider et al.
2012). Moreover, delivery of EVs enriched in miR-126
into the mice with endothelial damage can protect from
atherosclerosis and promote vascular endothelial cell
repair by inducing CXCL12/CXCR4 and suppressing
SPRED1 pathway (Jansen et al. 2013; Zernecke et al.
2009). Further, endothelial progenitor cell (EPC)-de-
rived microparticles (MPEs) have been shown to reduce
the development of atherosclerotic lesions in
hypertensive-hypercholesterolemic hamster model by
alleviating accumulation of lipids and macrophages in
the liver/arterial wall, reducing proinflammatory mole-
cules, restoring cytokine/chemokine profiles, re-
establishing cholesterol and triglyceride concentrations,
improving blood pressure and heart rate, and ameliorat-
ing arterial dysfunction (Georgescu et al. 2016, 2017). It
was also found that the mechanism of atheroprotective
activity of MPEs involves the transfer of microRNAs
such as miR-21, miR-126, miR-146a, and miR-223 to
late EPCs (Georgescu et al. 2017).

In a recent study, stem cells obtained from human
urine (USCs) were used for the production of EVs
(USC-EVs) that could prevent bone loss and promote
osteogenesis in a mouse model of osteoporosis (Chen
et al. 2019). USC-EVs have also demonstrated wound-
healing ability in diabetic mice (Chen et al. 2018).
Intravenous injection of EVs isolated from human um-
bilical cord blood plasma (UCB-EVs) into aged osteo-
porotic mice reduced bone loss, increased osteogenesis,
and reduced osteoclast activities. This effect of UCB-
EVs was mediated by the delivery of miR-3960 into
osteoblasts and osteoclasts, thereby inducing osteogenic
differentiation but reducing the same in osteoclasts (Hu
et al. 2019). EVs derived from MSCs and macrophages
are also directly associated with bone repair and miner-
alization (Chu et al. 2019). Stem cell-derived EVs have
also demonstrated high capacity of skin repair, wound
healing, and attenuation of signs of skin aging (Ferreira
and Gomes 2018).

EVs containing miR-9 can also be helpful for the
treatment of HGPS. Nissan et al. have demonstrated that
microRNA miR-9 overexpression in HGPS-iPSC-MSC
can reduce progerin level and alleviate nuclear blebbing
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(Nissan et al. 2012). Several studies have reported the
collection of miR-9 in EVs from different types of cells
in culture conditions (Lu et al. 2018; Roballo et al. 2019;
Yang et al. 2018). However, the efficacy of these types
of EVs in progeric cells or animal models has not been
tested yet. Furthermore, EVs can be bioengineered to
load therapeutic cargos such as siRNA or small mole-
cules and targeted drug delivery. EVs derived from bone
marrow-MSCs and loaded with siRNA targeting onco-
genic Kras (siKrasG12D iExo) have shown efficacy
against pancreas ductal adenocarcinoma (PDAC) in
mouse models (Mendt et al. 2018). This strategy is
currently under phase I clinical trial (NCT03608631).
The E-selectin-targeted delivery of therapeutic
microRNA to endothelial cell with the help of EVs has
also been shown to alleviate endothelial inflammation
and atherosclerosis (Ma et al. 2016). Further, packaging
of the CRISPR–Cas9 system into EVs and delivery to
target cells in vivo has been reported that demonstrate
the efficiency of EVs as a delivery system (Gulei and
Berindan-Neagoe 2019; Lainšček et al. 2018). EVs can
be delivered to multiple organ systems via various ad-
ministrative routes including intravenous injections and
oral administration (Lamichhane and Jay 2018; Sil et al.
2019).

Globally, there are several cl inical tr ials
(https://clinicaltrials.gov/) going on using EVs as
therapeutics against various disorders including cancer
(NCT03608631), diabetes (NCT02138331), macular
holes (NCT03437759), kidney damage (Nassar et al.
2016), cerebrovascular disorder acute ischemic stroke
(NCT03384433), and cutaneous wound healing
(NCT02565264). Exosomes derived from dendritic
cells and loaded tumor antigen are also under clinical
trials for their vaccination efficacy against nonsmall cell
lung cancer (NCT01159288). Further, plant-derived
EVs are also being clinically tested for their efficacy
against diseases like “oral mucositis linked with chemo-
and radio-therapy of head and neck cancer
(NCT01668849)” and polycystic ovary syndrome
(NCT03493984). In total, the attributes discussed above
make EVs a very promising therapeutic approach for
HGPS. There are many other clinical trials being con-
ducted on EVs/exosomes for their potential as prognos-
tic marker for disorders like various types of cancer,
neurodegenerative disorders, sepsis, obstructive sleep
apnea syndrome, diabetes, bronchopulmonary dyspla-
sia, inflammatory/allergic diseases, liver cirrhosis, and
cardiovascular diseases (https://clinicaltrials.gov/).

Conclusion

A number of the new therapeutic strategies for the
treatment of HGPS are arising. However, a deeper
knowledge of the mechanism is still required for an
effective treatment strategy to emerge and its evaluation.
Since HGPS is a systemic disorder that affects multiple
organs in the body, it is now becoming clear that
targeting HGPS at a single physiological level is not
enough to alleviate the disease significantly and bring
the patients back to normal life. Therefore, multiple
combinations of drugs should be used to decrease accu-
mulation and increase the removal of progerin and its
downstream effectors.

The limited availability of HGPS patients poses a
challenge to clinical trials for these drugs. Despite the
growing list of possible therapeutic approaches for
HGPS, there is a lack of sufficient preclinical data for
application in humans. Further, because of the limited
pool of patients available for clinical trials, it is very
difficult to study many approaches at a given time.
Because of the unavailability of sufficient control sub-
jects, the trial endpoints have to be compared with
historical controls, and randomized, double-blind, con-
trol studies cannot be performed. In all the preclinical
studies related to HGPS, the ability of the drug to target
the cardiovascular system should be preferably evaluat-
ed, since it is the major pathophysiological reason for
premature deaths in the patients.

Biotechnology can play a very important role in the
cure of HGPS. The majority of the drug-based ap-
proaches can only target the downstream effectors of
progerin, but cannot correct the causative mutation.
However, some of them can target the aberrant splicing
mechanism. Approaches such as gene therapy, cellular
reprogramming, and the CRISPR–Cas9 system can tar-
get the causative mutation and the formation of defec-
tive protein progerin. However, the current develop-
ments in this field have been limited to laboratory ani-
mals and cell culture studies only, and human in vivo
studies at the systemic level are required to develop
those into a remedy for HGPS. Further, the therapeutic
EVs from various stem cell/nonstem cell sources have
shown success in ameliorating aging or aging-related
ailments. Therefore, its efficacy needs to be evaluated
against HGPS in cell/animal disease models. Finally,
this review article will help the researchers to evaluate
existing potential therapeutic strategies for HGPS and
disease models for their examination.
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We also propose the use of EVs derived from healthy
stem cells for the treatment of HGPS. EVs are stable in
biological fluids, capable of multidrug delivery, less
immunogenic, and less toxic. They can be administered
by various physiological routes and can cross various
physical barriers and extracellular matrix. EVs can be
loaded with a variety of cargo molecules including
RNAs, proteins, and drug molecules and can protect
their enclosed cargos from enzymatic/nonenzymatic
degradation (Murphy et al. 2019; Sil et al. 2019). Fur-
ther, bioengineered EVs can be utilized for the targeted
delivery of therapeutic RNA and drug molecules.
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