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1.1 Hutchinson-Gilford progeria syndrome (HGPS)

1.11 General description

HutchinsonGilford progeria syndrom@HGPS)is one of the most devastating
segmental aging diseasenitially characterized by Hutchinson and Gilford 1836
and 1897 respectivelgAtkins, 1954) It is an extremely rare autosomal dominant
disease, occurring at a rate of 1 in eved dhillion of live births(Capell and Collins,
2006; Merideth et al., 2008BHGPSassociategpremature aging phenotypes include
nutrition deficiency independent growth impairment, bone abnormalities, joint
contractures, sclerotic skin, lipodystrophy, alopecia and systematic cardilarasc
dysfunctiongGordon et al., 2007; Merideth et al., 200Bptients with HGPS are
born normal, while start to display the above phenotypes at abdist tfbnths after
birth and eventually die in their earlyetes (average 13 years old) due to

cardiovascular diseases such as stroke or myocardial infag@owdon et al., 2007)

1.1.2 Clinical features of HGPS

In 2008, anatural historystudyperformedby Merideth et B, comprehensivg
examinedthe pathological features in 13GPS patients The study revealed that
HGPS patients exhibited severe growth retardaditer birth(Merideth et al., 2008)
Between 2 to 10 years of @gan average gain of body weight was only 0.6%ey
year in HGPS patients compared to 1.80kg in healthy child&milarly, HGPS
patients displayed an average gain of 3.58cm per year while healthy individuals

gained 5.84cm per yedpatients who receidegrowth hormondreatmentdisplayed



faster weight and height growth with average gain of 1.01kg and 3.98cm per year
respectively.

Besides retarded growth HGPS patientsalso showed a variety of
musculoskeletal abnormalities such as abnormal periphénainj@tion range (every
child older than 18 month of age), reduced spinal flexibility (11 out of 11 tested),
stooped shoulder (11 out of 15), calcaneovalgus (9 out of 15), subluxed finger joints
(7 out of 15),genu valgum (4 out of 15), kyphosis (3 outldl) and calcaneo varus (1
out of 15)(Merideth et al., 2008)

Finally, Merideth et alcharacterized a variety of cardiovascudénormalities
associated with HGP@®/eridet et al., 2008)For example, patients showed elevated
systolic or diastolic blood pressure (7 out of H¢vated pulse rate for age (5 of the
oldest children), oxygen saturation (13 out of 13 tested), long QT intervals (5 out of
15), thickened aorticalve (2 out of 15)distal anteroseptunschemia (1 out of 15)
and adventitia thickening (14 out of 15)dditionally, two previous postmortal
studieson three HGPS patients reveakayere depletion of smooth muscle célten
aortic media, maladaptive seular remodeling, intima thickening, disrupted elastin,
deposition of extracellular matrix and sclerotic plaques induced steisastsens et
al., 2001; Stehbens et al., 199%hese phenotypessulted in reduackcardiovascular
functionality with age and@re of particular interest given that the majority of HGPS

patient death are due to cardiovascdiefiects



1.13 Loss of vascular smooth muscle cedl(SMCs) in HGPS

A drastic phenotype that has repeateloyenobserved in HGPS patients and
animal models is the loss of media layer vascular smooth muscle cells (8Ms)
major aortasin the 2000s, two postmortestudies uncoverethis phenotype in three
HGPS patientgStehbens et al., 2001; Stehbens et al., 198@ure 11A). In an
HGPS mouse model (BAC G608G), scientists observed a progressive loss of media
layer smooth muscle cells in the descending gdaaga et al., 2006(Figure 11B).
This phenotype was later on recapitulated @ydifferent HGPS mouse model,
Imna®%%¢ (Osorio et al., 2011jFigure 1C). Interestingly, vascular SMC loss has
been long considered as a contribatio the development of cardiovascular disorders
such as atherosclerogiBennett, 1999; Clarke et al., 200®)otably, SMC loss has
been implied to increase plague vulnerability and induce vessel plaque rupture
(Bennett, 1999; Clarke et al., 2008hese studies strongly suggest a role of SMC
loss in HGPS cardiovascular pathology. However, the molecular mechanism

underlyingthis phenotype remains be elucidated

A B C

Aorta (HGPS) BAC G608G WT Lmna©6096

- géghp,gg; et al. Cardiovascular. 3 > R o
: pathology 2004 e T




Figure 1-1: Vascular SMC depletion in HGP$4). Postmortem study of the atherosclerotic aorta
from a male HGPS patient (adapted from Stehbens &aatliovascular Pathology 2001(B). H&E
analysis of 12 month old mice aorta indicates loss of vascular SMBAC G608G transgenic mice
(adapted from Varga et aPNAS 2008 (C). DAPI staining of aortic arch indicates depletion of

vascular SMCs ibmn&®%°¢mice (adapted from Osorio et dkansl. Med. 2011

1.2 Causation: mutation in the LMNA gene

1.2.1HGPS associatedLMNA mutation

Given the fact that HGPS incidence did not show any family or sex preferences,
it was initially difficult to genetically locate the mutated loci responsible for this
specific disease. In 2003, Eriksson et al. successfully identthed prevalent
(accounts for >80%) mutation for HGPS, using polymorphic microsatellite
sequencingEriksson et al., 2003)This mutation is a spontaneous mutation in the
LMNA geneon chromosome 1g2:¢21.3 (Eriksson et al., 2003)it is ade novo

mutation, which substitutes a single nucleotide (1824T¢ in the exon 11 of the

LMNA gene(Eriksson et al., 2003)

Under normal circumancesLMNA gene mainly encodes two protein products
lamin A and lamin QCapell and Collins, 2006As a type V intermediate filament
protein, lamin A consists of two globular domains at N tersiand C terminus
respectively as well as a centeahelical rod domainThese domains allow lamin A
to form homodimers and construct the nuclear lamina meshwegk discussiom
the next sectionjCapell and Collins, 2006 At the C terminus of lamin A, there is a

Raslike-CAAX motif (C for cysteine, A for aliphatic amino acid and X for any



amino acid), which is indispensable for its maturatipechat et b, 2008; Zhang et
al., 2013) With the CAAX motif, lamin A precursor undergoes a series of-post
translational modifications, in which, every step is strictly dependent on the previous
one and eventually becomes mature lamirfD®chat et al., 2008; McCord et al.,
2013; Zhang et al., 2018Figurel-2A).

Among these modifications, the initial step is farnesylation of the cysteine
residue on the CAAX motif by farnesyltransferase (Ftéderhat et al., 2008; Zhang
et al., 2013)Figurel1-2A). Then, the last three amino acid&AX) are removed by a
zinc metalloproteinase called Zmpste24/FACHigure 1-2A). The remaining
cysteine at C terminus then undergoes carboxymethylatmediated by
isoprenylcysteine carboxyl methyltransferase (ICNhang et al., 2013)Figure 1-
2A). In the final step, the lagd6 amino acids at C terminus including the farnesylated
cysteine residue are removed by Zmpste24/FACEL, allowing the release of mature
lamin A (Figure 1-2A). Mature lamin A, together with other nuclear lamina proteins
(for exampleB type laming form thenuclear lamina meshwork undernettik inner

nuclear membrane (INM)Capell and Collins, 2006)



¢ S0Necsv ¢ B0csv
Farnesylation Farnesylation
(Ftase) (Ftase)
¢ SENeCs v ¢ #Csim
Cleavage Cleavage
of C terminus of C terminus
AAAANA ARAAAA
¢ eC s, ¢ __
Methylation Methylation
AAAAAA AAAAAA
¢ B0dC -ocHs ¢ BcC -ocu3
Zmpste24 Zmpste24
l Cleava,g‘e Cleavage
K ~ @C -ocHs3 ¢ BcC -ocus
A

Zhang et al. Aging Cell 2013

Figure 1-2: Posttranslational processing of lamin (&) and Progerir(B). Translation of the&e MNA

gene yields the prelamin Arotein, which has the amino acids CSIM at thdéefninus. After
farnesylation, a modification step that can be blocked by farnesyltransferase inhibitors (FTIs), the
terminal threeamino acids (SIM) are cleaved by the ZMPSTE&#oprotease, and therminal
farnesylated cysteineindergoes carboxymethylation. A second cleavage Isjephe ZMPSTE24
endoprotease then removes the terminal 15 amino acids, including the farnesyl groupnarhis fi

cleavage step is blocked pmogerin(B) (adapted from Zhang et #lging Cell2013.

In HGPS, the prevalende novomut at i on (1824 CYT) doesn
original amino acid sequence (G608@igure 1-3). However, this mutation
introduces a cryptic splicing donor site in exon 11MMNA gere (Zhang et al., 2013)
(Figure 1-3). This splicing donor site can be recognized by spliceosome during
transcription and yield a D,nucleotides in frame deleted mRNA, which is eventually

translated into a 50 amino acid deleted mutant protein termed prdgbkang et al.,



2013)(Figurel-3). Progerin completely abolishes the Zmpste24/FACEL1 cleavage site
in wild type prelamin A and therefore retains a farnesyl tail on the C terrf@agsl|

and Collins, 2006; Zhang et aR013)(Figure 1-2B). This farnesyl tail permanently
anchors progerin at the INM and functions in a dominant negative fashion and

disrupts nuclear lamina meshwd&apell and Collins, 2006)

Consensus splice G G T A A G T
donor sequence G

1824
Wild type LMNA c 6 Tc@clg
HGPS LMNA G G Tc@oarT

Wild type -lamin A
______ | . :
Exon 10 Exo 1; [1mt — Exon 12 3 UTR

LMNA gene

Figure 1-3: Scheme of the classic HGPS mutatiorLMNA gene.The LMNA wild type sequence is
similar to consensus splice donor site, with only two nucleotides different (indicated by Thee).
1824 cysteine in the wild typeMNA sequence wamutated into ahymine in HGPS, making the
sequence closer to consensus splice donagrvgitle only one different nucleotide (indicated by blue)
This mutation yields a cryptic splice donor site that can be recognized by spliceosome, resulting in a

150 nt in frame det®n and a mutant protein termed progerin.

1.2.2Lamins and nuclear lamina
As discussed abovéMNA genemainly encodedwo A type lamins:lamin A,
lamin C(Zhang et al., 2013 hese two proteinare the two major products bMNA

gene and produced in roughly equal amo@dagpell and Collins, 2006)n addition,



LMNA also excodes another two minor products: lamipi® and lamin CZZhang et
al., 2013) Lamin AD10 was only reported to be expressed in colon, lung and breast
carcinomas and lami@2 was confined in male germ celBurke and Stewart, 2013;
Capell and Collins, 2006; Hutchison, 200Bgsides A type lamins, there are three B
type lamin proteins: lamin B1 encoded lbyiINB1, lamin B2 encoded hyMNB2 and
lamin B3 encoded byL.MNB2. Whereas A type lamins arkighly regulated
throughout mammalian development asgclusively expressed in differentiated
somatic cells, B type lamins are present ubiquitously in all cell tyaske and
Stewart, 2013; Capell and Collins, 2006)

Both A and B type lamins belong to the type V intermediate filament psptein
which harbor a centrah-helical coiledcoil rod domain flanked byraamino(N)
terminal globular head donmaiand acarboxy C) terminal globular tail domain
(Burke and Stewart, 2013; Capell and Collins, 2006k centralrod domain allows
A or B type lamins to fornparallel coiledcoil homodimersn a heaeto-tail fashon,
which thenalign laterally toform antiparallel protofilaments(Burke and Stewart,
2013; Capell and Collins, 200Q6Eight protofilaments associate to form the
intermediate filament structuréCapell and Collins, 2006)Lamin intermediate
filaments then form a complex meshwork structurainderneaththe inner nuclear
membrangINM) termed nuclear lamingBurke and Stewart, 2013)uclear lamina
was initially considered tde little more thana structural apparatusvhich only
provides mechanical rigidity to support nuclear envelog¢owever increasing
evidenceshave recentlyrevealedthat nuclear lamina plays far more complex roles

maintaining cellular homeostasis aisdnvolved in critical cellular processes such as



chromatin organization, cell cycle regulation, DMéplication, DNA damage repair
and etc.(Burke and Stewart, 2013; Capell and Collins, 2006; Dechat et al., 2008;
Hagting et al., 1999; Stuurman et al., 1998)

Nuclear lamina in bromatin organization nuclear laminais suggested to
provide anchoring poist for chromatindomains and #reby regulate chromatin
structure and histone modificatiorhe initial evidence supporting this idea is that A
type lamins have been showndioectly interact withcore histones andNA through
their tail domain(Andres and Gonzalez, 2009; Parnaik, 2008; Shoeman and Traub,
1990; Taniura et al., 1995 type lamins also indirectly bind to chromatin through
interacting with lamin binding proteins such as Lap2a and bdcdautointegration
(BAF) (Andres and Gonzalez, 2009; Dechat et al., 2009; Vicek and Foisner, 2007)
Microscopic study provided evidence that lamin A vaéde to interact with Lap®?
and locate heterochromatin to the nucleanvelope and potentially suppsegene
transcription (Dechat et al., 2009; Reddy et al., 2008; Verstraeten et al., .2007)
Moreover, evidence consolidating the functional importance of A type lamins in
regulating chromatin structure come from rmdpoon LMNA mutations. Loss of
functions studies by knocking out lamin A fro@. elegansor Drosophilahave
revealed abnormal chromatin organizations and developmental aberi(@mues
and Gonzalez, 2009; Parna®008) Cardiomyocytesrom LMNA deficient(Lmna’)
mouse have been shown to display dissociated loftenmatin from nuclear
envelope (Nikolova et al., 2004) In addition, patient cells from multiple
laminopatles (diseases caused by mutations associated with lamin encoding genes

such asLMNA, LMNB1 and LMNB2) including HGPS,Mandibuloacral dysplasia
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(MAD) and familial partial lipodystrophy RFLD) all exhibit general loss of
heterochromatiiCapanni et al., 2003; Capell and Collins, 2006; Filesi et al., 2005)

Nuclear laminain cell cycle regulationat the onset of mitosis, nuclear lamina
is phosphorylated by cyclin B/CDK1, which leads to itsadgemblyand allows
mitotic spindles to interact with kinetochar@Hagting et al., 1999; Stuurman et al.,
1998) During this process, B type lamins are associated with disassembled nuclear
envelopes while A type lamins are soluble argtriiutedevenlyin theentire celltill
the end of mitosigDechat et al., 2008; Goldman et al., 2008jerestingly,it is
unclear whether lamins plag role in nuclear envelope reassembly at the end of
mitosis. There is evidence suggesting thatpie@sphorylation of B type lamins by
protein phosphatase 1 (PP1) that targets the nuclear envelope is a prerequisite for
their reassemblySteen et al., 2000; Thompson et al.97p Alternatively, there are
alsostudies claiming that lamirgs o rpérticipatein nuclear envelope reassembly, but
were transported into the nuclear vesicles around chromatins through nuclear pore
complexegMeier et al., 1991; Newport et al., 1990)

Nuclear laminain DNA replication Both lamin A and B participate in
regulating DNA replication. blike B type lamins which exclusively locatesthe
nuclear periphery and associates witte nuclear envelope, Aype lamins are
partially distributed in the nucleoplasmic region. This part of A type lamins are
believed to play a role in the initiation of DNA replicati¢Dechat et al., 2008;
Kennedy et al., 2000)n early Sphasethe nucleoplasmic lamin A/C structures are
associated with the replication origin sites in primary fibroblé§kennedy et al.,

2000) During S phaselamin Bl celocdizes with the proliferating cell nuclear
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antigen (PCNA) in the replication machineny3T3 cells(Dechat et al., 2008; Moir
et al., 1994) Moreover, tudiesin Xenopus egg extracts revealed that immuno
depletionof Xenopus major lamin XLB3 or introduction of XLB3 dominant negative
mutart will inhibit DNA replication (Dechat et al., 2008; Meier et al., 1991; Newport
et al., 1990) Introduction of dominant negative XLB3 matawill result in
redistribution of endogenous XLB3 foci along with PCNA and replication factor C
(RFC) (Moir et al., 2000; Spann et al., 1997hterestingly, reestablishment of
normal lamin structure by transferg these foci into fresh extracts would resume
DNA replication,suggesting aessential role of appropriate lamin structurédNA
replication(Moir et al., 2000)

Nuclear laminain DNA damage repairseveral reent studies havenlightened
the important role of lamin A/C in DNA damage repair. For instance, lamin A/C
deficient cells exhibited elated sensitivity to DNA intestrand crosslinks (ICLs)
and replication stressVhen treated with ICLs agents, lamin Ad&ficient cells
displayeddecreased recruitment of FANCP2 DNA damagerepair facto), delayed
gH2AX (DNA double strand break markerclearance and increased aberrant
chromosome$Singh et al., 2013)Similar effects were also observed in cells treated
with hydroxyurea(a replication stress inducing ager{8ingh et al., 2013)In
addition, lamin A also stabilizes DNA damage repair foci by engaging into
chromosome throughistone variant H2AXMahen et al., 2013)Lamin A/C favor
both nonthomologous end joining (NHEJ) and homologous recombination (HR)
DNA repair pathways by regulatingNA repair protein homeostasis. Depletion or

ShRNA mediated suppression of lamin A results in cysteine protease Cathepsin L
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(CTSL) mediated degratdion of p53 binding protein 153BPJ (an important NHEJ
promoting factor) and transcriptional reduction dfreast cancer 1BRCA1) and
RAD51 (two key HR regulatojs (GibbsSeymour et al., 2015)Consequently,
deletion of lamin A/C inhibits both NHEJ and HR and renders persistent DNA
breaks, chromosome aberrations and increased-sadsitivity (GibbsSeymour et

al., 2015; Singh et al., 2013Mechanistically,53BP1 bindsto lamin A/C via its
Tudor domain in ungmaged human dermal fibroblasts, suggesting a role of lamin
A/C maintaininga nucleoplasmic pool of 53BP@GibbsSeymour et al., 2015)
Colledively, these studiedlustratea crucialrole of lamin A/C in DNA repair.

Given such physiological importance, mutatieamgamin encoding genes may
disrupt organism homeostasis and lead to pathological consequAscasnatter of
fact, there are over 180 mutations in these gené¢sathaassociated with at least 13
diseases (termed as the laminopathiincluding HGPJCapell and Collins, 2006)

In HGPS,the presence of progerdisrupts the structure and functiontbe nuclear
lamina and results in a vaty of pathological phenotypes. At the systematic level,
progerin induces severe premature aging phenotypes as described in thg. At
cellular level, progerin disrupts nuclear morphology, perturbs heterochromatin
organizaibn and interfere with numerous critical cellular processes sudbNss

damage repair mitochondrial respiratioretc. (Capell and Collins, 2006; Dechat et

al., 2008)
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1.3HGPS cellular and molecular phenotypes

131Nucl ear ADHGEP®  bIi ngo

Abnormal nuclearmorphology is one of the most frequently observed
phenotypes in HGPSrimary fibroblasts from HGPS patients displayohulated
nuclear morphology termed as nuclear blebligksson et al., 2003; Goldman et
al., 2004) The d@normal nuclear shape is usually accompanied by a disrupted spatial
distribution of nuclear pore complex (NP(Goldman et al., 2004)nterestingly, as
progerin gradually buildsup inside the cell t he fAnucl ear bl ebbin
becomes more severguggesting a role of progerin in this phenotypical development
(Driscoll et al., 2012; Goldman et al., 2004) fact, the farnesyl tailof progerin
within the CAAX motif, enhances its affinity with SUN1, a component of the LINK
(links the nucleoskeleton and cytoskelgtoomplex, results in SUN1 accumulation
at the nuclear envelope and potentially impacts nucleaststa(Chen et al., 2012;
Chen et al., 2014However,studies need to be done to further reveal the molecular
and physical mechanisms underlying this phenotype

Structual abnormalitiesin the nucleus are often coupled with functional
alterationsFor example, NPC ia critical structure that spans across both inner and
outer nuclear membranesd governs protein nuclear transportatiielley et al.,
2011) It is also amulti-functional apparatus thatgulates a variety afthercellular
processes including RNP assembly, mRNA quality control and SUMOyi@teltey
et al., 2011) Disruption of NPC organization in HGPS potentiaillgpacts its

interaction with nuclear import and export receptors, interferavith nuclear
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cytoplasmic Ran gradient and impedes nuclear transportation of numerous proteins

(Kelley et al., 2011; Zhang et al., 2014)

1.3.2Abnormal chromatin structure and epigeneticmodifications in HGPS
Progerinhas been shown to interfere with chromatiganizationin HGPS
cells. Paticularly, HGPS cells display passage dependeptogressiveloss of
peripheral heterochromatira highly organized and transcriptionally repressive
chromatinstructurethatis mainly associated with nucleoli and nuclear lan{ifigure
1-4). This lossis accompanied byprogerin accumulation anduclear lamina
thickening (Goldman et al., 2004; McCord et al., 2013)loreover, we have
previously shown that therga global loss of spatial chromatin compartmentalization
in late passage HGPS celig genome wide chromosome conformation capture (Hi
C), suggestingaddtional structural abnormaligs in HGPS(Goldman et al., 2004;

McCord et al., 2013)

Father-p18 HGPS-p18
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Figure 1-4: Loss of peripheral heterochromatin in HGPS fibroblastectronic microscopy analysis
of HGPS fibroblasts atgssage 18 and normal control fibroblasts (father of HGPS patient) at passage
18, showing a loss of peripheral heterochromatin in HGPS nudRagions cropped by dot boxes
were illustrated by higher magnification views on the rightand N indicate cytopbm and nucleus

respectivelyadapted from McCord et dkenome Re2013)

Multiple lines of evidence have suggest@ohormalhistone modificatios in
HGPS cell{fMcCord et al., 2013; Scaffidi and Misteli, 200Hhumaker et al., 2006)
Specifically, progressive changes histonemethylationsthat mark heterochromatin
were most frequently observed. Thesethylationsare facultative heterochromatin
marker, trimethylation of histone H3lysine 27 (H3K27me3) and ostitutive
heterochromatin markers, trimethylati@i histone H3 lysine 9 (H3K9me3) and
trimethylation of histone Héysine 20 (H4K20me3jMcCord et al., 2013; Shumaker
et al., 2006) To date, H3K27me3 and H3K9maBefound to be dowsregulated in
HGPS cells, while H4K20meBas beershown to be dowmegulated These changes
arenot only observed in HGPS primary fibroblasts, but also seen in cells ectopically
expressing progerin, suggesting a direct role of progetinis abnormalitiegDechat
et al., 2008) Significantly, the change in H3K27md&ppensas an early event,
before the appearance of otleeflular defects such as nuclear blebbing, and therefore
is considered to ban upstream mechanism responsible for various cellular defects in
HGPS (McCord et al., 2013; Shumaker et al., 200@)deed,our previows study
illustrated that the association between lamin A/C and chromatin was reduced in
regions with low H3K27me3 abundance HGPS (McCord et al., 2013)
Mechanistically, H3K27me3 was able to physically interactittw lamin A/C.

Therefore, depletion of H3K27me3 reduces the association between lamin A/C and
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chromatin(McCord et al., 2013)These findings provided mechanistic explanation
of the heterochromatin loss phenotypéiGPS.

Besides structural changes, abnormal epigenetic modificattsts la& to
functional compromises in HGPS cellor examplewe have previously shown that
local changes in H3K27me3 enrichment at specific gene promoters were significantly
correlded with gene expression alterations in HGPS ¢MiCord et al., 2013).oss
of H3K27me3on the inative X chromosome (Xi) results partial decondensation of
the X chromosome andan potentially cause transctipnal activation in those
regions (Dechat et al.,, 2008; Shumaker et al., 2008) addition to histone
methylation, abnormal histone acetylation pattesrobservedZmpste24 mouse
embryonc fibroblasts, a MERiat mimicsHGPS by producing unprocessed prelamin
A. Krishnan et al, reported that there was a doggulation of acetylation on histone
H4 lysine 16 in Zmpste24MEFs. This downregulation rendered a more condensed
chromatin structure which created aypical barrier preventing DNA repair factors
from access to the damaged DNA lesi{Rsshnan et al., 2011)

Over the past decade, scientists have revealed some mechanistic insights
underlying these abnormal his® modifications in HGPS. For example, the loss of
H3K27me3is possibly due to a dowregulation of enhancer of zeste homolog 2
(EZH2), a methyltransferase responsible for its maintenéc€ord et al., 2013,
Shumer et al., 2006)The mechanism that manifests H3K9me3 loss still remains to
be uncovered.However, scientistsreported a significant dowregulation of
heterochromatin proteinal(HP1a), a histone bindingrotein that associatedith

H3K9me3 andmaintanedits abundanc€Dechat et al., 2008; Scaffidi and Misteli,
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2005; Xiong et al., 2015)Knockdown of HPa& resultsin a significant loss of
H3K9me3, supporting the critical role of H®1n H3K9me3 maintenand@Zhang et
al., 2015) This information together highlightslP1a downregulationas a potential

candidateesponsible foH3K9me3 loss in HGPS.

1.3.3 Defective DNA damage repair and genome instabilitin HGPS

As | disaussed in 1.2.1Jnuclear lamina serves as an important reguiat@NA
damage repair. Deletion of lamin A/C leads to deficient DNA repair upon various
types of DNA damagessiven such importance, functional disruption of the nuclear
lamina by progerimayimpact DNA damage repaand increase genome instability
Indeed, HGPS fibroblasts display a variety of phenotypes that can be caused by
sustainedDNA damage, such as reduced proliferative capacity, premalteet
evidence demonstrating the defective DHAmage repair in HGPS was reported in
2005. In that study, Liu et al. shed thatupon the insult of excessive DNA damage
by ionizedirradiation, HGPS fibroblasts and Zmpste2MEFs displayeda delayed
recruitment of 53BP1, an important NHEJ regulatormvards the damaged DNA
lesions(Liu et al., 2005) In addition, the recruitment of Rad51, a critical player in
HR DNA damage repair pathway was also shown to be delayed in HGPS fibroblasts
and Zmpste24 MEFs (Liu et al., 2005)As a resultHGPS fibroblasts or Zempste24
/- MEFs displayed significantly higher sensitivity to DNA damage inducing agent and
slower rate of recover compared to normal conttal et al., 2005) Notably over

expressing of progerin in HelLa cells was able to recapitulate this phenotype,
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supporting a direct role of progerin impairing DNA damage refianju et al.,
2006).

Mechanistically, progerin was proposed to disrupt DNA damage repair by
interfering with lamin A/C functionality. For exampl€rishnan et al. reported that in
Zmpste24" MEFs, unprocessed prelamin A interferes with the interaction between
lamin A and the histone acetyltransferase Mof, disrupts Mof retention at nuclear
matrix, and impairs 53BP1 foci formation at DNA lesiofkgishnan et al., 2011)n
another study from the same groupprocessed prelamin And progerin was also
shown to disrupt the interaction betwedseimin A and the NAD'-dependent
deacetylaseSirtuin 1 SIRTL) (Liu et al., 2012) Given the importancef SIRT1 n
DNA damage repair, this studyoints out a potential mechanism through which
progerin impacts DNAdamagerepair. Epigenetic alterationsre also proposed to
impact DNA damage repain HGPS or Zmpste24 cells For example, loss of
H4K16ac induced by prelamin Awas considered toendera mae condensed
chromatin structure and create a physical barrier preventing DNA repair faztors
access to the damaged fatiZzmpste24- MEFs (Krishnan et al., 2011)n addition,
progerin wasshown to reduce retoblastoma binding protein 4 and 7 (RBBP4 &
RBBP7) and histone deacetylase (HDAC), all of whislere components of
nucleosome remodeling deacetylase (NURD) complex anceglaytical roles in
chromatin modification. Importantly, loss of these proteingsespondedwith DNA
repair defects in HelLa cells, suggestiag alternative mechanism through which
progerinperturbedDNA repair byimpactingchromdin modifications(Pegoraro et

al., 2009)
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Not only, does progerirblock DNA damage repair, its accumulation also
increases the source of DNA damage. Specificallyyas been reported imduce
DNA breaks by increasing the level of reactive oxygen species )(RR&hards et
al., 2011; Xiong et al., 2015)It is well established that ROS is an important
contributor to genome instability. By reacting with the double strand bonds, ROS is
able to induce more than 20 types of DNA bre@@ksoke et al., 2003)f not properly
repaired, singlestrand breaks (SSBs) created by ROS will turn into double strand
breaks (DSBs) and threaten genome integhityortantly, it was previously reported
that ROS accumulates in HGPS céRschards et al., 2011Accumulated ROS was
shown to correlate with impaired proliferation capacity in HGPS ,cellagreement
with the inhibitory role of DNA damage in cell cyclprogressionRichards et al.,
2011) Moreover,treatment wih ROS scavenger -Hcetyl cysteine (NACyvas able
to alleviatetheir DNA damage basal level and improved population doubling times
(Richards et al., 2011)

Taken together, progerin jeopardizes genome integrityoniyt by disrupting
properDNA damagerepair, but also by introducing more DNA damags.&\result,
HGPS cells exhibian elevated basal level of DNA damag@eau et al., 2008) Un-
repaired DNA damage is proposedmresponsible for a variety of cellular defects in
HGPS, including growth defects, premature senescence and genome instability
(Krishnan et al., 2011; Liu et al., 2012; Liu et al., 2005; Liu et al., 2013a; Liu, et a

2013Db; Liu et al., 2008; Zhang et al., 2014)

20



1.3.4Mitochondrial deficiencies in HGPS

ROS production is highly correlated with mitochondrial functionality.
Disruption of mitochondrial function could result in oxidative stress under various
pathologcal situationgMurphy, 2009; Xiong et al., 2015%tudies performed by our
group and others have confirmed a progerin induced mitochondrial disruption in
HGPS cellJRivera-Torres et al., 2013; Xiong et al., 2015Jo begin with, a recent
SILAC (stable isotope labeling with amino acid) analysis revealed tinat
mitochondrial oxidative phosphorylation proteins welewnregulatedin HGPS
patientscompared tanormal subjets (RiveraTorres et al., 2013Bimilar reductions
were also observed in fibroblasts obtained from adult progeroid mouse models:
Zmpste24 and Lmn&5°%¢6%9%(a mouse progerin knogk model) (RiveraTorres et
al., 2013) As expectedmitochondrial ATP synthesis was also found to be reduced
HGPS fibroblast§Pagano et al., 2014Recently, our grouphowedthat HGPS
fibroblasts bea swollen and fragmented mitochondrigkiong et al., 2015)
Functional wise, HGPS fibroblasts and progerin expressing normal controls diplay
slower mitochondria movementlisrupted mitochondrial membrane potential (MMP)
and increased RO®Xiong et al., 2015) Interestingly, HGPS cells displayed a
significant downregulation ofthe peroxisome proliferatoactivated receptor gamma
coactivatorla (PGCX), a central regulator of mitochondrial biogenesis which
controlled the expression of many mitochondrial proteins, suggesting a potential
mechanismunderlying mitochondrial deficiencies in HGRZiong et al., 2015)

Notably, orer expression of progerin was showninduce the above defectsd
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directly inhibit PGC&a expression, validating &egative effect of progerin on

mitochondrial structure and functionalitfiong et al., 2015)

1.3.5Therapeutic approaches

Based on HGPS pathology, several therapeutic approaches have been developed
to either alleviate the toxic effects of progerin or reduce the anodyrbgerin.As |
mentioned in 1.2.1, progerin retains a permanent farnesyl tail, resides on the inner
nuclear membrane and disrupts nuclear structure. Therefore, one representative
attempt to counteract proger iiomdbyusihgo X i ¢
farnesyltransferase inhibitors (FTIgyeating HGPS fibroblasts or normal fibroblasts
over expressing progerin with FTIs was able to improve their nuclear morphologies
(Capell et al., 2005)Moreover,in vivo studieson HGPS mouse modet®onfirmed
that FIT treatment was able to rescaevariety of disease phenotypes including
growth retardation, bone sickness and vascular SMQ Gl et al., 2008; Yang et
a., 2006) The positive results from these studies have led to a clinical trial of FTIs
on HGPS patient&Gordon et al., 2012)

Progerin has been shown to disrupt mitochondrial functionality, increase ROS
and cagse DNA damagdRiveraTorres et al., 2013)Based on tis information |
proposed a na@¥ approach @ counter act progerirby targeting its defective
mitochondria. Specifically,we adopted methylene blue (MB) a nutoondrial
targeting antioxidan¢xiong et al., 2016)Our study showed that MB treatment not
only rescued HGPS associated mitochondrial defects, but also significantly delayed

premature senescence, improved cetlifaration and restored nuclear morphology
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and histone modificationgXiong et al., 2016) Further analysisconfirmed MB
treatment drove a release of progerin from inner nuclear membraese results
indicated MB as a promising therapeutic approach to treat HGPS.

The second type of attempts aiat reducing the level of progerin and thereby
reduce toxicitiesFor example, Scaffidi et alere able taeduced progerin mRNA
level by usingsequence specificnorpholno anti€nse oligonucleotide¢AONS),
which blocked the cryptic splicing site$iGPS fibroblasts treated with AONs
displayed improved nuclear morphology andd gene expressioprofile (Scaffidi
and Misteli, 2005) In vivo study performed by Osorio et al. confirmedat
morpholino treatment was able to alleviate disease phenotypes in an HGPS mouse
model (mna®®%°9 (Osorio et al., 2011However, the dosage of morpholino in these
studieswasrelatively high (micromolar level)Therefore, attentions should be paid to
off-target effects.

Approaches have also been taken to directly reduce progerin proteinihevel.
2011, Cao et al. showed that rapamyemacrolide antibiotiovas able talecrease
the formation of insoluble pregin aggregates arglimulate progerin degradation by
an autophagic mechanism in HGPS celts.vitro study revealed thdteatment with
rapamycin was able to rescue HGPS nuclear morphotielsy cellular senescence

and improve cell proliferatio(Cao et al., 2011b)
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1.4 Connections between HGPS and normal aging

Whether progeriod disease such as HGPS resembles an accelerated form of
normalaging is under debate for decad®ecent progresses on HGPS have identified
phenotypical and mechanistic similarities between HGPS and normal aging process.
For example,HGPS patients and conventional geriatric individuals share many
common aspects in terms of cardiovascular pathol¢Qlive et al., 2010)
Immunohistochemistry study on the artery of two HGPS patients who died from
myocardial infarction identified a series of classical features that observed in normal
aging atheroscleros{®live et al, 2010) In addition, gveral normal aging associated
cellular phenotypes have been observed in HGPS including: cellular senescence,
altered heterochromatin structure, defective DNA damage repair, disrupted
mitochondrial function and etcsuggesting thathere are common mechanisms
sharedbetween normal aging and HGERurtner and Kennedy, 2010)

The connection between HGPS and normal aging is strengthenddeby
discovery that progerin accumulates in normal senior individigdsaffidi et al.
reported that primary cells from normal senior individuals displayed a sporadic use of
the classic HGPS cryptic splice donor site, resulting in accumulation of progerin
(Scaffidi and Misteli, 2006)Moreover, Olive et al. observed an age associated (1
month to 97 years) progerideposit that accumulates atade of 3.34% per year in
the coronary arteries of normal individuagsiggesting that progerin maarticipate
in normal cardiovascular patholog@live et al., 201Q) Together, these evidences

emphasize the simarities between HGPS and normal aging aswbgest that
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elucidating molecular mechanisimderlying HGPSwill benefit our understanding of

normal aging processes.

1.5DNA damage responsg (DDRs)

1.5.1 DNA damage response, senescenead aging

Nuclear DNA isunder constant attaslby endogenous or exogenodamaging
inducing agentsuch as ROS, UV light, irradiation, chemical drugs @bang et al.,
2014) These agents create multiple types of DNA damages inclgingye strand
DNA break (SSB), double strand DNA break (DSB), DNA irgrand crosslinks
(ICLs) etc. Among them, DSB is the most sevdggpe of DNA damage, causing
chromatin rearrangement, genome instability, cell death or craxsk®n, 2002) To
properly hante DSBs, eukaryotic cells developed sophisticated mechansisense
and response to DSBBailure to properly fix DSBwill result in sustained DDR and
form observable DDR foci, where DDR proteins are recruited to form adgsegad
transduce DDR signalsl'Adda di Fagagna, 20Q8)itial DDR signals at DNA break
lesionsarepassed on to distant nuclear regions by diffusible checkpoint proteins such
as CHK1 and CHK2p53, then is activated and mediates cell cycle arrest by
transcriptionally activating p21, a CDK inhibitgd'Adda di Fagagna, 20Q8Jhis
arrest is transient if DSBs are properly fixed. However, if DNA damage is severe,
sustained DDR may induce aatts of permanent cell cycle arrest termed cellular

senescencg@'Adda di Fagagna, 2008)
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At the organism levekenescentells are observed to accumulate within tissues
For examplesenescence associatbegalactosidase analysis revealed an increased
percentage of senescent skin cells in aged healthy indivi(iDiahsi et al., 1995)A
potential mechanism driving cellular senesceinceivo is through DDR activatio.
Indeed, DDR positive cells were observemre in the skin of baboons with age.
These DDR foc{gH2AX and 53BP1)were located at telomeric regions, suggesting
telomere deprotection and replicative exhaustion during &berbig et al., 2006;
Jeyapalan et al., 20Q7he presence of senescent cells within tissues is considered to
disrupt normal tissue homeostasis and contribute to physiological &Qargpisi,
2001) Removal of p16 positiveenescent cells from mice was shown to delay aging
associated disorde(Baker et al., 2011)

Given the role of DDR in cellular senescence,isi widely accepted that
defective DNA damage repair causes accunuiatf DSBs in HGPS cells and is
responsible for their premature senescence phenofifpstinan et al., 2011; Liu et

al., 2005; Liu et al., 2013a; Liu et al., 2013b; Liu et al., 2008)

1.5.2 Initiation and amplif ication of DDR signals upon DSBs

DSBs can be diectly recognized by proteins amsequence independent manner
(Polo am Jackson, 2011)For example poly-(ADP-ribose) polymerase 1 and 2
(PARP1 and PARP2re among the most efficiently recruited proteansl severe as
the sensor of DNA break@olo and Jackson, 2011)heywere shown to directly
bind to DNA through theiN terminal Zinc finger domain and basic N terminal

domain respectivel(Ame et al., 1999; Menissiaile Murcia et al., 1989)This
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binding will trigger their catalytic activity and mediate poly AlbPBosylation at
DNA breaks initiating downstream repair signal®olo and Jackson, 201Xther
DNA break sensor proteinsdilude Ku70Ku80 complex and MretRad50Nbs1
(MRN) complex.Ku70-Ku80 complex binds to DSB break ends with high affinity
andthen recruits a variety of dowstream factors through protegmotein interaction
(Polo and Jackson, 2011Recognimg similar structures, KuZ8u80 complexand
PAPR1competeat DNA break ends tmediatedifferent DNA repair program@olo
and Jackson, 2011; Wang et al., 2006)

After break detection, dowstreamsignaling progins and repair factors are
subsequently recruited to DSBwough proteirprotein interaction with sensorsor
example DNA dependent protein kinase, catalysigbunit(DNA-PKcs)binds to the
C terminus of Ku80 ands recruited to DSBs to mediate NHEXésnext section)
(Polo and Jackson, 2011Another critical DDR signal protein is ataxia telangiectasia
mutated (ATM) Through interacting with th&RN complex ATM is recruited to
DSBs, where it undergoes attbosphorylation and seéictivation (d'’Adda di
Fagagna, 2008Activated ATM, then phosphorylate histone variant H2AX at serine
139 yielding gH2AX, a modificationwidely viewedasa markerof DSBs(Bouquet et
al., 206; Burma et al., 2001; d'Adda di Fagagna, 20@82AX can be recognized
by MDC1, whose join triggerghe additional accumulation of MRN complex and
ATM (d'Adda di Fagagna, 20Q8Newly recruited ATM is able to phosphorylate
adjacent H2AX and thereby create a positive feedback loop to amplify DDR signals
(Bouquet et al.,, 2006; d'Adda di Fagagna, 2008; Polo and Jackson, 2911)

mammals, this spreading gH2AX signals occupieseveral megabasdégyondthe
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original broken DNA lesior{Polo and Jackson, 201{RRogakou et al., 1999)his
process concentrates MDC1, which serves as a platform for the loading of various
signal and regir factors such as 53BP1, RNF8, Nbsl, Rad51ctalda di Fagagna,

2008; Polo and Jackson, 2011)

15.3The error-prone NHEJ DSB repair pathway

There are two majoDSB repair pathwaysnonhomologous end joining
(NHEJ) and homologous recombination (HRMHEJ is the prevalent DSB repair
pathway and is active throughout the cell cycle, although favored in G1 phase
(Chapman et al., 2012)nlike HR, which relay on the presencef sister chromatid
as DNA templateNHEJoperates in a temgkindependennanner NHEJ mediates
the direct ligation of twawandom DNAbreak ends at proximity and therefore is often
error prone, resulting in small insertions or deletions of chronf@impman et al.,
2012; P®lo and Jackson, 2011At the beginning of NHEJ, Ku70 and Ku80 form a
ring-shaped heterodimer complex and encircles the duplex DNA ends with a strong
equilibrium dissociation constant (<1®) (Lieber, 2010; Poland Jackson, 2011)
Ku70-Ku80 complex serves as @ak to load additionakinase, nucleaseand
polymerass (Lieber, 2010)

Ore of these factors is DNRKGcs, a knase that specifically binds to blunt end
double strand DNALieber, 2010) Once recruited, DNA’Kcs undergoes an initial
autophosphorylation and acquires serimnd threonine kinase activitfLieber,

2010) DNA-PKcs interacts, phosphorylates and activates withreety of proteins,

one of which is the endonuclease Awmis. The ArtemiDNA-PKcs complex
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possesseS 0 e x 0 nSu@dioeualsagand3 6 endonuc | adisableact i vit
to mediatebreakend resectiomn a wide range of DNA end configuratiotescreate
micro-homology (Lieber, 2010; Ma et al., 2002However, this process is largely

restricted, with a nucleolytic resection amount ranging from O to 14 nucleotides in

most caseflieber, 2010)

Polymerase m (Pol ) and| (Pol |') are directly recruitedo Ku at DSBs
through their BRCT domai(Lieber, 2010; Ma et al., 20040oth PolmandPoll are
much more flexible thamost other polymerases during polgucleotide synthesis
(Lieber, 2010) Pol mis particularly important foNHEJ asit mediate both template
dependent and independent DNA $\adis(Gu et al., 2007; Lieber, 2010Yloreover,

Pol mis able to incorporate rNTP into DNA strands which is important for NHEJ

during G1 phase, when dNTP level is lawd rNTP level is higliGu et al., 2007;

Lieber, 2010) Pol mis able to add random nucleotides to DNA blunt ends in a
template independent fashion and create a
significantly enhance ligation efficiencyLieber, 2010) However, due to this
randomness, Paohactivity introduces heterogeneity during NHEJ even with a pair of

relatively homogenous DNA ends to start w(itieber, 2010)

The final step of NHEJ is DNA ligatio@NA-PKcs is able activate the ligation
activity of XRCC4Ligase IV complex, which mediates the rejoining of two break
ends (Lieber, 2010) Unlike other ligases, XRCGUigase IV complexhas very high
enzymatic flexibility. It is capable of ligatingcomplex DSB ends such as
incompatitbe ends and nicking endén summary, enzymes (nuclease, polymerases

and ligase) involved in NHEJ are efficient, yet flexible and are able to process
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different DNA conformations. These flexibility creates high mutation probability and

therefore renders NHEas an error prone DSB repair pathway.

15.4 The error-free HR DSB repair pathway

As discussed above, NHEJ is favored in G1 phase although active during the
entire cell cycle. In contrast, HR is mostpservedin S/G2 phase, when sister
chromatid is acessible(Chapman et al., 2012; Mao et al., 2008; San Filippo et al.,
2008) Unlike NHEJ, which is erreprone, HR is mutation free and can accurately fix
DSBs that arise from various sources including ionizedliateon, interstrand cross
linking, replication fork collapséSan Filippo et al., 2008Particularly, HRbut not
NHEJis capable of fixingeplication fork collapse induced DSBSan Filippo et al.,
2008) The necessityof HR in genome integrity maintenangehighlightedin two
levels. At the cellular level, mutations in HRassociated genesould result in
hypersensitivity to DSB inducing agents such as muhizrradiation (Game and
Mortimer, 1974; San Filippo et al., 2008\t organism level, heritable mutations
associatedvith HR deficiencyoften lead tacancer orcancer prone diseases such as
breast and ovarian cagrs orFanconi anemiandB|l o o mdé s gKemmedy andnhe
D'Andrea, 2006; Mathew, 2006; San Filippo et al., 2008; Sung and Klein,.2006)

The substrate of HR machinery is single strand DiSAng and Klein, 2006)
To achievethis, DSB ends (if blunthave to beaucleolyticallycatalyzedo generatea
306 overhang in a pr oc eGhapmanetane@2)bikekA end r e
NHEJ, whose end resection is tightly restricted, the tesem HR tends to be more

excessive, with up to 3.5kb from the DNA lesiGfhou et al., 2014) To initiate
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resectionthe3® 6 endonuc!l eas dganembden of MRNyompléx) iMr e 1 1
required to create a nick on the DNA duplex at up to 300 nucleotides away from the

break lesion(Chapman et al., 201ZJigure 1-5). MRN complexthen, proceeslto

degradeDNA t owar d t hand dsSocidies Kuafrkm RSB é@hapman

et al., 2012)Figure 1-5). Me a nwh i3l6e ,e ntdlmenu®td ease Exo0l i s

mediate DNA degradation in the opposite direction as M(€hbhpman et al., 2012)

(Figurel-5).
A Mre11 endonuclease nicking activity initiates resection
at a distance from dsDNA ends
Ku Ku MRN
37 cup A 5
MRN
B
Exo1/Mre11 exonuclease-dependent bi-directional resection
%
5 C___p pc—A @==3
3= | f—— 5

C 3.5 strand degradation facilitates Ku-release

=A =3

Chapman et al. Mol. Cell 2012

'

w o

Figure 1-5: Model of MRN and CtIP dependent initiah of resection. (A). The Mrell endonuclease
within the MRN complex cleaves the 586 strand at a
(B) . DNA resection by MRE11 (36 to 508) and endonu

counteracts Ku comek, releases Ku complex from DSB end and inhibits NHEJ.

The resulting 36 single strand DNA overh

protein A (RPA)with high affinity (Chapman et al., 2012; Li and Heyer, 2008toP
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and Jackson, 2011ln vertebratesRPA is th& substituted by Rad51, a eukaryotic
Rec A homolog, witithe helpof other mediator proteins including, Rad51 paralogs
(Rad51B, Rad51C, Rad51D, Xrcc2 and Xrcc3) and BR@A2and Heyer, 2008;
Polo and Jackson, 2011The single strand DNA coated by Rad51 forms a structure
termed nucleofilament. Rad51ogether with otherHR factors then mediate
nucleofilament homology searcand strand invadinga processwhen reseted
nucleofilamentearches foand invades into the correspondimgmologous template
in the sister chromatifLi and Heyer, 2008; Polo and Jackson, 20The invading
strand anneals with its homologous templatel drives off the originahntisense
strand forming a structure termed D loypand Heyer, 2008)This antisense strand
then forms duplex DN with the second DNA break erather through annealing or
a second invading event. Twaelak ends, together with sister chromatid forms a
intermediatestructure termed holiday junction (HDi and Heyer, 2008)HJ is then
cleaved and resolved by enzymes to generate an intacfreeatouble strand DNA

(Li and Heyer, 2008; Polo and Jackson, 2011)

15.5NHEJ vs. HR: a cellcycledependent regulation

NHEJ and HR are two antagonizing mechanisms that compete to repair DSBs.
The key event that determines the choice between thesgathways is DSB end
resection, which is restricted in NHEJ whitereexcessive in HEPolo and Jackson,
2011) DSB end resection is largely regulated by the interplay between two proteins:
53BP1 and BRCAL, both of which are recruited to D®3sDDR signals(seein

1.5.2 andnext section)53BP1 play an inhibitory role on DSB end resection and thus
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inhibit HR andpromde NHEJ, while BRCA1 does the oppos({tehapman et al.,
2012; Zimmermann et al., 2013)oss of 53BP1 has been shown to extensively
increase DSB end resecti@@othmer et al 2011; Bunting et al., 2010l addition,
dominant negative 53BP1 mutant expression was reported to increase HR efficiency,
confirming the negative role of 53BP1 on HRIie et al., 2007a)Mechanistically,
53BP1 undergoes an ATM mediated phosphorylation and then recruits two additional
effectors: RAP interacting factor 1 (RIF1) and PAX transactivation activation
domaininteraction protein 1 (PTIP)Panier and Boulton, 2014Then 53BPiRIF1
complex binds tdocal H4 dimethylated on lysine 20 (H4K20me2) around DSBs to
form a chromatin barrier and block resection machin@gthmer et al., 2010;
Chapman et al., 2012)n addition to inhibilng DSB end resection, 53BP1 also
promote NHEJ through its ability to increase DSB end mobility and tether distinct
DSB ends to proximity for ligatio(Chapman et al., 2012; Dimitrova et al., 2008)

In a way to compete with NHEJ, HR adopts BRCA1 to promote DSB end
resection. The exact mechanismderlying this BRCA1 mediated HR prootion
remains unclear. Howevemultiple studieshave revealed that depletion of 53BP1 is
able to alleviate the detrimental phenotypes associated with BRCAL deficiency in
mouse modelssuggesting that BRCAL likely to promo#R by antagonizing with
53BP1(Bouwmanet al., 2010; Bunting et al., 2012; Bunting et al., 2010; Cao et al.,
2009)

As | mentioned before, HR is mostly active in S/G2 phase. Therefore, cells are
likely to maintain a mechanism to reinstate HR and inhibit NHEJ during that period.

To begin with,the expression of BRCAL and its-factors is much more prevalent
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during S/G2 phaséChen et al., 2008)n addition, when cells enter S phasgglin
dependenkinase (CDK) phosphorylates the CtBP interactinggyno(CtIP), which in

turn binds to BRCAland MRN complex to reinforc®SB end resection and
antagonize&s3BPXIRIF1 complex(Chapman et al., 2012; EscribabB@az et al., 2013;
Panier and Boulton, 2014Meanwhile, lys acetyltransferase 5 (KAT5) carries out
local histone acetylation evenand generatehistone H4 acetylated on lysine 16
(H4K16ac), a marker that has been shown to reduce the binding between 53BP1 and
H4K20me2(Panier and Boulton, 2014; Tang et al., 2013)

Proper regulation of NHEJ and HR pathway choice is critical for cells to
maintain homeostasis. Disruption of this process croeddlt in chromatin relocation,
genome instability and cell death. For exampg®MRP1 inhibitors are lethal on
BRCAZ1 deficient cells by introducing excessive DSBs and inappropriately activating
the errorprone NHEJ, leading to chromatin aberrations and cell d8aihting et al.,
2010; Patel etal., 2011) Deletion of 53BP1 inhibits NHEJ, restores HR and
completely removes the toxicity of PARP inhibitors, suggestngxic effect of

NHEJ on genome integrifBunting et al., 2010)

1.5.6 Impact of gH2AX signalson NHEJ and HR

As discussed in 1.4.ATM mediatedH2AX phosphoylation plays a central
role coordinatingDDR signal amplification (Chapman et al., 2012; Kinner et al.,
2008) The majorsignificanceof gH2AX is its ability to attract dowsstream DNA
repair factorghrough direcor indirect mechanism&hapman et al., 2012; Kinner et

al., 2008) For exampleMDC1 directly recognize and binds tahe phosphorylzd
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tail on gH2AX throughits BRCT domain repeat3.he enrichment of MDC1 recruits
MRN complex and ATM at DSBs. ATM phosphorylates MDGHitiating further
recruitment of RNF8and RNF168two E3 ubiquitin ligases (Kinner et al., 2008;
Kolas et al.,, 2007) With the hep from E2 conjugating enzyme URG,
RNF&RNF168 medite the poly-ubiquitination of histone H2A and H2AX, which
reinforce the efficient and stable recruitment of 53BP1 and BRE#ddetTurcotte

et al., 2013; Kolas et al., 2007; Mailand et al., 200Herefore,gH2AX serves as
upstream signals to promote NHEJ and HN®tably, the association equilibrium
between MDC1 andH2AX are relatively low (~18 M). Therefore, a widespread of
gH2AX signals is likely to help stabilize the DDR machinery at DIBspletion of
H2AX has been shown to disrupt 53BP1 recruitn{@viard et al., 2003)To this end,

it is proposed thagH2AX dependenb3BP1 recruitment functions to block DSB end
resection during classwitch recombination in immune cell€hapman et al., 2012;
ReinaSanMartin et al., 2004)Besides 53BP1, depletion of H2AX waks@ shown
to impede BRCA1 and RAD51 recruitmeriBassing et al., 2002; Paull et al., 2000)
Mouse embryonic stem cells lacking H2AX displayed elevated genome instability

and sensitivity to ionized irradiatiqBassing et al., 2002)

1.6 Significance ofthis dissertation

As discussed in 1.3, vascular smooth muscle cell loss is a drastic phenotype
observed in HGPS patient and mouse models. Moreover, this phenotype has been
implied to be associated with cardiovascular disorders, the driving force of HGPS

patient lethality.In this dissertationmy primary goal is to elucidate the mecular
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mechanism underlying thighenotype oEMC loss in HGPSIn chapter 1) | begn by
establshing a differentiation protocol to generate HGPS SMCs via induced
pluripotent stem cells (iPSCs).fully characterie these cells and prowdthe first
evidence that HGPS SMCs underglevated basal level cell death. chapter I |

aim to illustrate he mechanism of HGPS SMC cell dead#ARP1is shown to be
significantly downregulated in the HR deficient HGPS SM@Gssulting in over
activation of NHEJ during S/G2 phase, leading ¢bromosome aberrations and
mitotic catastropheChapterlV characterizethe efficiencies oboth HR and NHEJ

at different cell gcle stages in HGPS fibroblasts. Microscopy analysigalsthat
both HR and NHEJ are abnormally regulaileds0/G1 phase or S/G2 phase HGPS
fibroblasts.This is the first celcycle dependent analis of NHEJandHR in HGPS
cells.ChapterV focuseson investigating the molecular mechanism underlying NHEJ
mis-regulation. | provide evidence showing thaATM activity and H2AX
phosphorylationare differentially regulated between GO/G1 phase and S/Geh
HGPS cells. The disruption of these upstream DDR sigeadssociated with mis
regulated NHEJMoreover,my data suggestthat loss of H3K9me3 itHGPS cells
plays a role in these defect3.ogether,my study demonstratean attenuated early
DDR signalof ATM activation and RAX phosphorylation and providesplausible
connection between the classic H3K9messl phenotype and misgulated NHEJn

HGPS.
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2.1 Introduction

HutchinsonGilford progeria syndrome (HGPS), the most drastic form of
premature aging diseases, is characterized by multiple-agjengd clinical features
including growth retardation, lipodysphy, alopecia, bone abnormalities and severe
cardiovascular defec{€apell and Collins, 2006; Merideth et al., 2Q03atients with
HGPS typically start to display premature onset of agélgted pathologies af124
month of age and die in their early teens of heart attacks or stfCGlgell and
Collins, 2006; Merideth et al., 2008pver 80% HGPS cases are caused by a de novo
mutation (1824 CYT) LMNAgene®his matationadtivatessh e h u ma
an alternative splice donor site, leading to a truncated lamin A mutant termed
Aprogerino, whi ch bear germiaus(Gapell anal Callies| et i on
2006) This internal deletion interferes with lamin A processing and causes a
permanent farnesylation of progerin. As a dominant megaprotein the
accumulation of ppgerin inside the nucleus causes various cell biological phenotypes
including a misshapen nuclear morphology, loss of peripheral heterochromatin,
global changes in gene transcription and disrupted mitotic prog@ssell and
Collins, 2006; Zhang et al., 2013)

Among all of the clinical features associated with HGPS, the cardiovascular
disease is the cause of death in almost all patients. Despite its great importance,
investigation of the HGPS arterial pathologgshbeen extremely limited mainly due
to the low incidence of HGPS. One postmortem study on an HGPS patient found a
severe loss of SMCs ithe aorta and carotid arterigstkins, 1954) Moreover, two

independenin vivo studies on HGPS transgenic mouse models (the BAC G608G and
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Lmna®%%°©models, respectively) confirmed the loss of SMCs in large ve&3stsio
et al., 2011; Varga et al., 200ignificantly, this SMC loss could be largely rescued
by treating the mice with farnesyltransferase inhibitors (FTIs) or progerin suppressing
morpholinos, indicating a causal connestletween the presence of progerin and the
SMC loss phenotypéCapell et al., 2008; Osorio et al., 20119ss of vascular SMCs
(aortic arch and carotid arteries) has been proposed to induce aortic dilation and
atherosclerosis plague ruptu(Bennett, 1999; Clarke et al., 2006hus elucidating
the molecular mechanism underlying HGPS SMC loss is of great importance to
understand the cardiovascular pathology and developtimenapeutic approaches in
HGPS.

To investigate how progerin induces cell death in HGPS ShhGatro culture
of primary SMG from HGPS patients is an ideal system. However, there are several
challengeshurdlingthis strategy. First of all, HGPS is an extrely are disease with
an incidence ate of one inevery four to eight million of populationCapell and
Collins, 2006; Zhang et al., 2013} is difficult to find the source of HGPS primary
SMCs. Secondly, dissgion of SMG from in vivo large vessels is impractical
compared with other cell types such as dermal fibrobl&steecent years, with the
emerge of induced pluripotent stem cells (iPSCs), there is an increasing interest in
using IPSCs as a new sourcestody specific diseases. With pluripotency, iPSCs are
able to differentiate into multiple lineages including SM@erefore, in this chapter,
| developed a lineage specific differentiation protocol and generated HGPS SMCs
from HGPS iPSCsPhysiologicalexaminationssuggested that HGPS SMC exhibit

muscle contractilityin response to vasoconstrictoMoreover, the cellular and
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molecular analysis suggested that HGPS SMCs faithfully recapitulated classic HGPS
cellular phenotypes such as premature smwe® ad proliferation defects.
Significantly, HGPS SMCs displayeddaasticallyelevated basal level of cell death,

strongly indicating a cellular mechanism underlying the SMC loss pheniotype.

2.2 Results

2.2.1 Normal and HGPS iPSC show comparable ddrentiation potency into

SMC lineage.

To study HGPS SMC defects, SMCs were generated from iPSCs derived from
HGPS and normal skin fibroblasts. Analysis of HGPS iPSCs revealed the expression
of Oct4, Nanog, SSEA4 and Tr&D, indicating that these HGPS iB$ contain
essential pluripotency factors, as well as normal chromosome number and size
(Figure2-1A-C). Alkaline phosphatase (AP) staining and EB formation assay further
demonstrated the undifferentiated state and the differentiation potential of iPSCs
(Figure 2-1A-E). In accordance with previous reports, the expression of lamin A/C

was repressed in bottormal and HGPS iPSCs (FigurdlR).
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Figure 2-1: Characterization of HGPS iPSCs. (Representative images of phase contrast, alkaline
phosphatse (AP) staining, and pluripotency marker immunofluorescestaaing of normal and
HGPS i PSC col oni m9gB). RT-FCR avithelenditeal plyripoBefc® gee primers in the
samples of normand HGPS iPSCs and the parent fibroblasts (Fibs). PG&upts of each indicated
gene in various samples were run together on a single gel. Represemtatiad and HGPS samples
were cropped and aligned together, separated by white lineaN¢@pal karyotypes of normal and
HGPS iPS colonies. (DRepresentate images of immunofluorescence staining with dathin A/C

and antilamin B antibodies on normal and HGPS iPSC colonies. DNA was stainddduphst 33342.
(Scal e bar ,Remaddntativenimapes 6f inymunofluorescence staining withbatutpulin,

Vi me nt i-fetopeoteinl (ARP) antibodiesn normal and HGPS EBs. Immunofluorescence signal
o f -tuulin, vimentin, and AFP confirmed theiffdrentiation of ectodermal, mesodermal, and

endoder mal | ayers, respectively. (Scale bar,
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Differentiation Process
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Figure 2-2: Schematic diagram of SMC differentiation timeline and representatiese contrast

images underneath each denoted stage. EB, embryoidpp&@lg. al e bar, 400 e&m.)

SMCs were differentiated from iPSCs using a previously established protocol
(Figure 2-2, see details in Methodg)Xie et al., 2007h) After 7 d in the SMC
differentiation medium, immunofluescence revealed the expression of SMC
specific markers SM&@-actin (SMA) and calponin in both normal and HGPS lines
(Figure 2-3A). In accordance with the immunofluorescence observatidestern
blotting analysis and Rguantitative PCR (R'GPCR) showed aignificant up
regulation of SMA, calponin and SM22in SMCs relative to iPSCs, fibroblasts and
preSMCs (Figure2-3B & C and 24A). Notably, the expression of smooth muscle
myosin heavy chain (smMHC), a marker for terminally differentiated SMCs, was not
up-regulated in normal and HGPS SMCs, suggesting that SM@g isystem were
not terminally differentiated (Figur23B). FACS analysis using fluorescerabeled
SMA or calponin revealed that, after 14 d in SMC differentiation medium, >80% of
the cells wee induced to gxress SMA and calponin (Figure4B). Western blotting
analysis suggested that the expression of these SMC markers was stable for at least

two weeks in SMC differentiation mediumfiom day 14 to day 28) (Figure3C).
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Next, | carried out caotractility analysis on normal and HGPS SMCs. Cells at day 14
and 21 were treated with a vasoconstrictor, angiotensin Il. More than 70% of the
SMCs displayed various levels of contractidnn after stimulation (Figure-2C &

D). Taken together, these vits indicated that both normal and HGPS iPSCs were

differentiated into SMCs with similar high efficiency.
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Figure 2-3: Expression of SMA and calponin in normal and HGPS SMCs.RApresentative images
of immunofluorescence staining with aiMA and anti-calponinantibodies on normal and HGPS
SMCs. (Scal e bRBTPCR5wth S . chlponinBSMMHC, and SM2Pspecific
primers on normal and HGRBSCs, préeSMCs, and SMCs. **P < 0.001. (C)Vestern blot with arti
SMA, calponin, and GAPDH antibodies on notraad HGPS SMCs at indicated time poidtging
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SMC differentiation. SMC samples at various time points were run separately and are denoted by

white lines.
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Figure 2-4: Normal and HGPS SMCs express SMC markéfg. Western blot with amtEMA,
calponin,and GAPDHantibodies on the cell samples at various differentiation stagef€rcentages
of SMA and calponin positive population in normal and HGPS SMCs at dayrégults were
generated from two biological replicatesC)( Representative phase coritinages showing the
contraction of normal and HGPS SMCs at daysail 21 upon angiotensin Il treatment. Cell

contraction at 30 min after stimulation was indicated by red arrows in the enlarged images. (Scale bar,
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4 00 eDn.Qiantification ofC, showirg the percentage of contracted SMCs upon stimulation.

Results were generated from three independent experiments.

To measure progerin amounts during SMC differentiation, western blotting
analysis and immunofluorescence were conducted and revealed a gradual
accumulation of progerin in HGPS cells during SMC differentiation (FigtsA-C).
Senesceneassociatedb-galactosidase (SA-gal) staining suggested that HGPS
SMCs were more senescent than normeICS at similar stages (Figure-Ga).
Interestingly, pl6ink4a, a senescence marker and egefpendent kinase inhibitor,
was found to be upegulated in HGPS SMQelative b the normal controls (Figure
2-6B & C) (Baker et al., 2011)Next, | examined whether the senescence in HGPS
SMCs was related to shortened telomeres in HGPS, as suggested preinusty
al.,, 2011) RT-PCR using a pair of human telomerase reverse transcriptase (WTERT)
specific primers revealed that hTERET was robustly expressed in iPSCs but
undetectable in botmormal and HGPS SMCs (Figure-6DP), indicating tlat
telomerase expression was significantly inhibited upon SMC differentiation. Using
guantitative telomere PNAISH, as described befoby Cao et a{Cao et al., 2011a)
| found no evidence of shortened telomeresHGPS SMCs as well as in primary
vascular SMCs isolated from G608G transgenic mice, in which the SMGvEss

first discovered (Figure-BE & F) (Varga et al., 2006)
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Figure 2-5: Expression of progen in HGPS SMCs. (A)Western blot with antiamin A/C and anti
GAPDH antibodies on normal and HGPS SMCs at indicated gimmgs during differentiation. Lamins

A and C were detected in all SMC samples, and progerin was only observed in HGPS SMCs. (B)
Quantification of A, showing gradual increases of progerin in HGPS SMCs with culturing time.
Results were generated from two independent experiments. RE€presentativeimages of
immunofluorescence staining with atdimin A/C and progerin antibodies on n@al and HGPS SMCs

at day 14. (Scale bar, 20 egm.)
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Figure 2-6: Premature senescence in HGPS SMCs. R&presentative images of B#&Gal staining

on normal and HGPS SMCs at indicated time points dutingf f er ent i ati on. .( Scal e ba
Western bt with antipl6ink4a and GAPDH antibodies on normal and HGPS SMCs at indicated time
points duringdifferentiation. (C) RT-gPCR with pl6ink4apecific primers on normal and HGPS
SMCs at indicated time points during differentiation. **P < 0.01, **P < @.0®). RT-PCR with
human TERT and GAPDidpecific primers on normal and HGPS iPSCs and SMCs. The expression of
TERT was undetectable by RACR in normabnd HGPS SMCs. SMC samples at various time points
were run separately and are denoted by white lil§sRepresentative images of telomere RNISH
staining. (F) Quantification of telomere PNA&ISH fluorescence intensity in the indicated cell types.
The HGPS (G608G) and control (nontransgenic, NT) maasaples were age, sex, and passage
matched. In bothdifferentiated human SMCs and primary mouse vascular SMCs, HGPS samples
showed slightly busignificantly stronger PNA-ISH signals (***P < 0.001)l found no evidence of

shortened telomeres in HGPS samples.
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2.2.2 HGPS SMCs exhibit proliferation defects ad elevated basal level of cell
death.
To evaluate cell proliferation potential, growth curves were plottedHfePS
and normal SMCs (Figure 2A & B). This experiment showed that, where as normal
SMC kept a constant proliferation rate, the cell numbeHGPS SMCs stopped
increasing after day 14.reasoned that this proliferative defect could be caused by
either premature senescence or progerin induced cell death. To distinguish these two
possibilities,| conducted a cell cycle analysis at day 14. If @eme senescence of
HGPS SMCs was the dominant cause, the majority of HGPS SMCs should be
arrested in the GO/G1 phase of the cell cycle.nfosurprise, cell cycle analysis
revealed that the percentagetbé GO/G1 population of HGPS SMCs showed no
significant changes compared with the contreY@% in botf), but there was an
obvious increasén the mitotic populatin (G2/M) in HGPS SMCs (Figure-ZC).
This result suggested that despite being more senescent than normal SMCs, HGPS
SMCs did not lose their pliferative alility. Thus, | speculated thahe proliferation
defect in HGPS SMCs was likely caused by cell death occurring during cell division.
To analyze cell death, nextcarried out propidium iodide (Rgnnexin V assay
in both normal and HGPS SMG@g¢ weekly time points during SMC differentiation.
Indeed, HGPSSMCs displayed 8to 10 fold increase in cell death compared with
normal controls tadays 14, 21 and 28 (Figure7D & E). Notably, at the early time
point day 7, when no obvious growthfelg was detected (Figure ZB), both normal
and HGPS SMCs showessimilar percentage of cell death, implying a reldgive

healthy state of HGPS SMCs at the beginnih§MC differentiation (Figure ZD &
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E). These results strongly supportey speculation tiat the proliferation defect in
HGPS SMCs was caused by cell death. Furthermore, these results provide a plausible

explanation for thén vivo SMC loss phenotype in HGPS.
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Figure 2-7: Increased cell death iIHHGPS SMCs. (A) Growth curve of normal and H&EBMCs
during differentiation. Results were generated from three biological replicates. *P < 0.050*R.<
Blue and green arrows referred to the imaagedays 7 and 21 in B, respectively. (B) Representative
phase contrast images of normal and HGPS Skt@ays 7 and 21 during SMC differentiation. (Scale
bar,2 00 em.) (C) Cell cycl SMCsatady {4s illustratiog the mistributian| and HG
of GO/G1, S, and G2/M phases. Results were geneftatedthree biological replicates. *P < 0.05. (D)
PlannexinV flow cytometry analysis on normal ahtiGPS $1Cs at various time points during SMC
differentiation.The gates were set according to gusitive and negative controls as suggested by the
manufacturer. The cells in the Lower Right quadnaste scored as the dying cell population. (E)
Quantificationof D, showing the percentage of dyipgpulation based on the -Bhnexin V assay.
Resultswere generated from three biological replicat®< 0.05, *P < 0.01. (F) RGPCR analysis
with Bax specific primers on normal and HGPS SMCs at differdéime points during SMC

differentiation.
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2.3 Discussion

2.3.1 iPSCs based SMC differentiation model

Children with progeria die almost exclusively from cardiovascular disease. In
2006, Varga et al. reported the first evidence of progressive vascular SMC loss in
large vessels of an HGPS transge mouse model (G608G BAQ)arga et al.,
2006) SMC loss might undermine vessel architecture and induce inflammation,
vessel calcification, ahexcessive atherosclero$iopezCandales et al., 1997)he
mechanisms underlying progetimduced SMC loss had not been explored, which
was at least partially due to the technical difficulties in obtaining sufficient amounts
of vascular SMCs from progarpatients oanimal models.

In this chapter the problem was overcome by the B$mediated
differentiation system that generated a large amount of patient SIM@Qgnd that
these differentiated cells were induced to expsesseestablished SMC markeand
exhibited functioal characteristics of SMCs (Figuge3 and Figure 24). However,
the expression of smMHC, a marker fally differentiated SMCswasundetectable
(Figure 23B), which suggested that the SMCaily experiments were not terminally
differentiated. Indeed, the proliferation assay (Fe&g27A & B) showed that the
normal SMCs could proliferate in SMC diffeteation medium for at least 28 days
vivo, SMC proliferation is a characteristic of synthetic SMCs, and contractile SMCs
do not proliferate (Rensen et al., 2007; Rzucidlo et al., 200@hder pathological
conditions, SMCs switch from the conttiée to the synthetic phenotyd®&ensen et

al., 2007; Racidlo et al., 2007)Thus,| speculate that by using these §%generated
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SMCs, | may be studying how progerin affects SMCs responses to pathological

conditionsin vivo.

2.3.2 The proliferative defect in HGPS SMCs is primarily caused by cell death,
not by premature senescence.

The HGPSSMCs expressed progerin, a hallmark of HGPS cElgufe 8, and
stopped proliferating afteéwo weeks in SMC culture (Figre 2-7A & B). Initially, |
had hypothesized that this severe growth def@st caused by premagusenescence,
as previously suggested kyu and colleaguesand supported byny senescence
analysiswith SAI b-Gal assay and p16 expressiéig(ure2-6A-C) (Liu et al., 2011)
However,to my surprise, cell cycle analysis indicated that the HG&RECs did not
rest at GO, but actively reentered the cell cyéligure 2-7C). Moreover,| found a
significant delay inG2/M phase in the HGPS SMC¢&igure 27C). Additional
experimentgevealed a timelependent increment of cell deathHIGPS SMCs in
culture (Figure Z/D & E). Based on these resulisconcluded thathe cel death

phenotypeaccounted for the proliferation phenotype$iGPS SMCs
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3.1 Introduction

DNA damage often arises as a result of normal cellular processes. Reactive
oxygen species (ROS), the byproducts of cellular metabolism, can damage DNA
bases and block the progression of replication, leading to replication fork collapse and
doublestrand breaks (BBs). DSBs can also be induced by environmental factors
including irradiation, chemical agents, or UV ligtRothkamm et al., 2003)A
gradual accumulation of DSBs and a decline in DNA repair capacity are suggested to
play a causative role in normal physiological ag{@en et al., 2007)Defects in
DNA damage repair result in at least three premature aging diseasederraa
pigmentosum, Cockayne syndrome, and trichothiodystrggingemer et al., 2007)

In addition, impaired DNA repair has also been implicated in the development-of age
related neurodegenerative diseasech asAl zhei mer 6s di sease,
and Huntington diseagkin and Beal, 2006)

At the cellular level, DSBs are potent inducer of cell death, if left unrepaired,
DSBs can trigger p5&ediated cell cycle arrest and programmed ceditioi on the
other hand, if repaired inaccurately, DSBs can cause small or large scale chromosome
alterations, which can lead to premature entry into mitosis and mitotic cell death
(mitotic catastrophefVakifahmetogli et al., 2008) Two separate pathways control
the repair of DSBs: homologous recombination (HR) and-hmmologous end
joining (NHEJ). HR repairs DSBs using the undamaged sister chromatid as a
template, during S/G2 phase and effectively protects genotegrity. In contrast,
NHEJ repairs DSBs by connecting two free chromosome ends together with litter

requirement for sequence homology, which leads to a high frequency of chromosome
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mis-arrangementéRothkamm et al., 2003Normally these two pathways antagonize
each other to fix DSBs and the choice between these two is under precise control by a
group of regulators including 53BP1, BRCAL1 and poly(Afildse) polymerase 1
(PARP1)(Bunting et al., 2010; Patel et al., 2011)

Among these regulators, PARP1 acts as an essential rawleswitch
controlling actvities of HR and NHEJ pathways. The classic function of PARPL1 is
involved in sensing initiating DNA singlstrand break (SSB) repa({Caldecott,

2008) A previous study demonstrated that treating anddfcient cell line with a

PARP1 inhibitor led to abnormal chromosome karyotypes and significantly reduced

cell survival, suggesting that PARP1 medsatke suppression of NHEJ upon DSBs

(Bunting et al., 2010)This sensitivity to a PARP1 inhibitor in the KHieficient cells

could be a combined effecib he PARP106s dual roles i n DNA
inhibition of PARP1 hinders SSB repair and the unrepaired SSBs develop into DSBs.

More importantly, inhibition of PARP1 removes the suppression of NHEJ which

results in chromosome aberrations and subsequent cell death in thetefidiht

cells(Bunting et al., 2010)

Depletion of smooth muscle cells from the major vessels is a frequently

observed phenotype in HGPS patients and animal mQaiiss, 1954; Osorio et al.,

2011; Var@ et al., 2006)It has been previously shown that vascular SMC loss plays

a positive role in the development of cardiovascular disorders such as aortic dilation
and atherosclerosis, making it an interesting target to understand the cardiovascular
patholgy in HGPS(Bennett, 1999; Clarke et al., 2006 model this phenotypé,

established amn vitro differentiation system to generate HGPS SMCs from iPSCs
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(seeChapterll). HGPS SMCs displayed classic HGPS cetlydhenotypes such as
proliferation defects and premature senescence. More importantly, HGPS SMCs bear
an elevated basal level of cell death, suggesting a plausible cellular mechanism to
explain thein vivo SMC loss. However, the molecular mechanism undeglyhis

HGPS SMC cell death phenotype remains largely unknown.

In this chapter] aim to investigate how progerin accumulation induces cell
death in HGPS SMCdnsightfully, deficiencies in DNA damage repair have been
reported in HGPS fibroblasts and \aus progeria animal models, suggesting a likely
involvement of genome instability in the manifestatadrthis drastic premature aging
diseasgKrishnan et al., 2011; Liu et al., 2005; Liu et al., 2013a; Liu et2@ll13b;
Osorio et al., 2011 More specifically, HRDSB repair pathwaias been shown toe
impairedin HGPS fibroblasts, allowing u® speculate a similar HR deficiency in
HGPS SMCdLiu et al., 2005)

Herel present data showing that HiRtivity wasalmostcompletely blocked in
HGPS SMCs during S/G2 phase. Moreovedemonstrate thahe accumulation of
progerin directly downregulates PARP1Consistent with previous reports that
PARP1 inhibition was lethal tBIR deficient cellgBunting et al., 2010; Patel et al.,
2011) downregulation of PARP1 by progerin in theHR deficient HGPS SMCs
stimulatad the errorprone NHEJ responses inG&2 phase. Consequently, HGPS
SMCs ewrounter chromosome aberrations amell division problems and die in

mitosis through a caspas®elependent mitotic catastrophe pathway.
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3.2 Results

3.2.1 HGPS SMCs underwent caspase 3 independent cell death

Previously,| have shown that HGPS SMCs bearelevated basal level of cell
death using Pannexin V assay, which has been frequently apgph apoptosis study
(Figure 27D & E). | next wondered whether HGPS SMCs death was caused by
classic apoptosis pathway. To test thismeasured the mRNA levedf Bcl2-
associated protein X (Bax), a major proapoptotic gene acting upstream of caspase
(Oltvai et al., 1993) Interestingly, no significant change in Bax expression was
observed in HGPS SMCs comparedhathe normal control (Figure-BA), implying
that caspase agnot activated in HGPSMCs. To further investigate thischecked
the activity of caspase 3. Activity assay revealed that caspase 3 was not activated but
slightly sippressed in HGPS SMCs (FigurelB). Consistently] did not detect any
cleaved PARP1 protein, a wédhown subfrate of caspees, in either sample (Figure
3-1C). Moreover,| did not find any obvious su@1 population in HGPS SMCs,
indicating that there waso DNA fragmentation (Figure-3D). Taken together, these
data suggested that cell death in HGPS SMCs mayxbeuted in a caspase
independent manner.

It has been shown that treatment with high dosages (micro molar) camptothecin
(CPT), a topoisomerase | inhibitor, can induce casgapendent apoptosis in normal
cells(Ulukan and Swaan, 2002)hus, as a positive control to the above experiments,
| treated both normal and HGPS SMCs with 20mM CPT. In control SMd&tected

an upregulation of Bax mMRNA by four folds and caspase 3 activitynearly ten
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folds after72h in CPT treatment (FigurelE & F). Consistently, cleaved PARP1
was clearly detected by westernotting in these cells (Figure-B3). However,
HGPS SMCs appeared quite unresponsive to CPT induction, which failed to activate
Bax expression and exhibited a delay over 48h in caspase 3 amtivatd PARP1
cleavage (Figure -3E-G). Plannexin V assay further confirmed no significant
increase in cell death in HGPS SKlG@fter CPT treatment (FigurelBl). These
results suggest that, the presence of progerin, caspase become less responsive to
apoptotic stimuli like CPT. Collectively, concluded that progerin accumulation in

SMCs led to increased cell death, likely via caspadependent pathways.
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Figure 3-1: HGPS SMC cell death isaspase 3 independe(®). RT-gPCR analysis with Bagpecific

primers on normal and HGPS SMCs at different time points during SMC differentiation. (B) Basal

caspase 3 activity of normal and HGPS SMCs at day 14. Results were generated from two independent

biological replicates. (CWestern blot with artPARP1 and GAPDH antibodies on normal and HGPS

SMCs at indicated time points during differentiation. .(Bercentage of the subl population in

normal and HGPS SMCs at days 14, 21, and 28.RE)gJPCR wih Baxspecific primers on normal

and HGPS SMCs after treatment with 20 eM CPT for t
*»**pP < 0001l.(F)Caspase 3 activity assay on nor mal and HGP.
CPT for the indicated periodespectively. (G)Western blot with altPARP1 and GAPDH antibodies

on nor mal and HGPS SMCs after treatment wiith 20 &g MC
Representative plot of RInnexin V FACS analysis on normal and HGPS SMCs aftdr 2ddament

with 20 €M CPT.

3.2.2 Progerin accumulation dowrregulates PARP1 in HGPS SMCs

When probing PARP1 cleavage in the caspase studibserved that the levels
of PARP1 protein wre always lower in HGPS SMCs compared to the normal
controlsat days 1421 and 28 (Figure-3C & G), whereas no obvious changesre/
detected at day 7 (FigureZ3). To confirm this observation, measured PARP1
levels in two different HGPS SMC lines at day 14 and found that the PARP1 levels in
both were decreased by at lea&% rdative to the control (Figure -2B).
Immunofluorescence showed a significant decrease in PARP1 nuclear staining in
HGPS SMCs at day 14 comparedtiwihe normal control (Figure-3C & D).
Moreover, in primary skin fibroblasts from HGPS patients arichiasgenic animal
model G608G(Varga et al.,, 2006)similar PARP1 reduction was found in late
passage cell§={gure 15 A & B. Resembling the cell cycknalysis in HGPS SMCs
(Figure 27C), a significant increasenithe G2/M population was detected in late
passage HGPS fibroblastidure 33C-F). Notably, there was no significant change

in PARP1 protein or cell cycle distribution in early passage HGPS fibroblasts, similar
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to the day 7 HGPS SMCs (FiguBe2A). This suggests that the PARP1 reduction
phenotype is not exclusive for SMCs, but a consequence of progerin accumulation in
each cell typeAs an initial executor of SSB repair and a key mediator of DNA DSB
repair, PARP1 plays a crucial role in maintaining genatability. Thus,| next
examined whether PARP1 reduction was relative to increased cell death in progerin

expressing SMCs.
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Figure 3-2: PARP1 is dowrregulated in HGPS SMCgA). Western blot with antPARP1 and
GAPDH antibodies on normal and HGPS SM&sday 7 during SMC differentiation. (B, Upper)
Western blot with artPARP1 and GAPDH antibodies on two HGPS SMC lines (HGADFN167 and
HGADFN164) and a normal control SMC line at day 14. (Lower) Quantification of PARP1 in each
sample. The intensity of PARPwas first normalized tdhe corresponding GAPDH and then
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Figure 3-3: PARPL1 is dowrregulated in HGPS fibroblasts and BACG608G MERg. Western blot

with ant-rPARP1 and GAPDH antibodies on normal and HGPS fibroblasts at early (passages 14 and
12) and late (passage 19) cellular stages. (B). Quantification of AwRatiirst normalized to loading
control GAPDH, then to the early pag® normal fibroblast. Results were generated from three
independent experiments. **P < 0.001. (C) Western blot with-matise PARP1, lamin A/C, and
HDJ2 antibodies on nontransgenic (NT) or G608G transgenic mouse fibroblast samples. Two mice
were includd for each genotype. (D) Quantification of D. Data were first normalized to loading
control GAPDH, then to WT mouse 1. Results were generated from at least three independent
experiments. (E) Cell cycle analysis on normal and HGPS fibroblasts at earlyatandaksages,
respectively. (F) Quantification of cell cycle analysis in E from two independent experiments. *P <
0.05.

To determine the effect of progerin on PARP1, normal SMCs were transfected
with EGFRprogerin (EGFFHG) or EGFP lamin A (EGFRA) and subsequently
stained with an anfPARP1 antibody. As shown irigure 34A, the PAPRL1 staining
intensities were similar in the ndaransfected cells (white arrows) as those in the cells
expressing EGFRA or low amounts of EGHMG (green arrows). In contrash
high expressers of EGHRG, PARPL1 signals were signifidéy reduced (Figure -3
4A). Quantification of fluorescence intensity further indicated that, as the amounts of
EGFRHG increased, PARP1 decreased at a significantly faster rate than when EGFP
LA amounts increased (FiguredB), supporting the belief that PARP1 reduction is
associated with the amount of progerin.

Next, to directly investigate the causative relationship between progerin
accumulation and PARP1 dowagulation, increasing amounts BGFRHG were
transfected and expressed in normal SMCdound that the levels of PARP1
gradually decreased as the amoumis EGFRHG increased (Figure -&C).

Quantification confirmed a negative linear relationship between the amounts of
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PARP1 and EGFPG (R? = 0.9818, Figure -3D). Notably, when progerin was
ectopically expressed, a corresponding decrease of endogenous lamin A and C was
observedFigure 34C), implying a potential feedback loop in SMCs to control the
total amount of A type lamins. Takengether, these results show that progerin
resulted in PARP1 reduction in SMCs. In an attempt to address the functional
importance of PARPL1 in progergxpressing celld,applied a PARP1 inhibitor to the

early passage HGPS fibroblasts, which expressedasimihounts of PARPas the

control cells (Figure -3A). As shown in Figure 16 HGPS fibroblasts showed much
higher sensitivity to PARP1 inhibitor than normal control fibroblasts, suggesting an

indispensable role of PARP1 in progeria cell survival.
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Figure 3-4: Progerin dowrregulates PARP1(A). Representative images of immunofluorescence

staining with antPARP1 in normal SMCs transfected with pEGERLA or pEGFRCI1-HG

plasmids. The transfected and untransfected cells are indicated by greernitaratnotvs, respectively.

The nuclei were outlined by white dashed | ines. ( S«
the correlation between EGHRG or EGFPLA fluorescence intensity (x axis) and PARP1 fluorescent

intensity (y axis). More thanQD cells were randomly picked for each group. (C). Western blot with

antrPARP1 and GAPDH antibodies on normal SMCs transfected with different amounts of pPEGFP

C1-HG plasmid. (D). Quantification of F, showing a negalinear relationship between PARP1 (y

axis) and progerin (x axis) protein amounts. Signals were normalized to the untransfected control. (E).

Survival curve of early passage normal and HGPS fibroblasts upon a PARP1 inhibitor (Olaparib)

treatment. Results were generated from two independpetiments. *P < 0.05.

3.2.3 PARP1 midlocalization is associated with disrupted Ran gradient in HGPS

SMCs.

To investigate how progerin dowegulated PARP1] compared PARP1
MRNA levels in normal and HGPS SMCs using -§ACR. Furthermore)
overexpressed rpgerin in normal SMCs and examined its effect BARP1
transcription (Figure3-5A & B). These data revealed no major changes in mRNA
levels of PARPL1 in those proger@ixpressing SMCs, suggesting the observed down
regulation of PARP1 might result from coromised protein maintenance.

To examine how progerin may affect PARP1 protein stabilipyerexpressed
PARPXGFP as described previouglaince et al., 2008ogether with DsRed A
or DsRedHG in normal SMCsAs expected, PARRGFP was localized inside the
nucleus when cexpressed with the vector dool or DsRedLA (Figure 36A). In
addition, consistent with a previous stu(Boamah et al., 2012) observed that
PARPL-GFP became concentrated in the nucledien over expressed (Figure 3
6A), reflecting its roles in ribosome biogenesis. However, in DdR@dtransfected

with SMCs, more than 30% of the cells showed cytoplasmidization of PARP1
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GFP (Figure A & B). These results implied that accumulated progerin excluded a
fraction of PARP1 from the nucleus, and this fraction might be subjected to

protease/proteasome mediated degradation.

A PARP1 B PARP1

o o

c 200 m Normal m HGPS s 1

= =

Q Q

T 1.5 °

L L

C C

S 1.0 i)

a a

L L

% 0.51 %

Qo Qo

<C <C

5 0.0 E

d =l el
£ 0 0 o £ o
Ne o o® 2
S pEGFP-C1-HG
{\\\
3

Figure 3-5: PARP1 mRNA level was not significantly affected by progeriw). (RT-gPCR with
PARPXspecific primers on normal and HGPS SMCs at days 14, 21, and 28. No significant changes of
PARP mRNA levels were detected. (B3T-gPCR with PARP3specific primers on normal SMC
samples transfected with indicated amounts of pEGEPG plasmids. No significant changes of
PARP1 mRNA levels were detected.

Next,It est ed whether Dblocking farnesyl ati on
normal localization. To study this possibilityused HGSSIM, a norfarnesylatable
mutant of progerithat carries a cysteine to serine mutation on the CSIM motif at the
C terminus(Capell et al., 2005)and ceexpressed it with PARRPGFP in normal
SMCs. As reported previoi€apell et al., 2005DsRedHG-SSIM no longer located

at the inner nuclear membrane but was sequestered in giardgatgy inthe
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nucleoplasm (Figure-8A). Importantly, in the majority of the DsR&dG-SSIM-
transfected celld, observed that the normauclear localization of RRP1-GFP was
restored (Figure -BA). Quantification revealed that the percentage of PARP1
mislocalized cells was significantly decreased to 10% in the DsRe8SIM-
expressing cells, compared with roughly 30% in DsR&ilexpessng cells (Figure

3-6B). To further confirm this result, a FTI was used to treat DsR@eexpressing

cells. As expected, the Fiileament also rescued the mcxalization phenotype of
PARP1XGFP and significantly reduced the rhdgalized population (lGure 3-6A &

B). These data suggested that the abnormal anchorage of progerin to the nuclear

envelope was the main cause of the PARP lloaalization.

A DsRed- DsRed- DsRed-HG  DsRed- B
DsRed LA HG 2uM FTI HG-SSIM
© - 45
2 z
< 5@
° S
& &
& & $8 .
< © o O .
a e o 10 T
§ €
9]
[ a
o
9 > O O
Q") Q\Q, Qg, \e\@ 6’
0‘1 ) y 6’\2\
e
P&

Figure 3-6: Progerin induces PARP1 miscalization. (A) Representative images showing normal

SMCs coexpessing PARPIGFP with DsRed, DsRedA, DsRedHG ( wi t h or wi thout 2 ¢
DsRedHG-SSIM. Nucleivereout | i ned by white dashed | ines. (Scal e
of A, showing the percentage of PARBER mislocalized cells under indicate@rditions. More

than 100 cells were counted for each group. Results were generated from three independent
experiments. *P < 0.05, **P < 0.01.
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| speculated that the PARP1 rhigalization in HGPS SMCs might be caused
by a compromised nuclear import systenediated by a disrupted Ran gradient,
which has been reportaéad HGPS fibroblast¢Kelley et al., 2011; Snow et al., 2013)
To test this ided, first examined the Ran gradient in normal and HGPS SMCs at days
7, 14 and21 usingimmunofluorescence. As shown kigure. 37A, HGPS SMCs
displayed significantly decreased Ran signals in the nucleus, compared with the
control cells, indicating that the Ran gradient [nuclear/cytoplasmic (N/C) ratio,
(Figure 37B)] was disupted in HGPS SMCd/4oreover, HGPS SMCs at days 14 and
21 exhibited even lower N/C ratios than the same cells at daguré 37B), which
is in agreement with the observation of a gradual reductfoRARP1 levels over
time in HGPS SMCs. To further tette correlation between Ran gradient disruption
and PARP1 midocalization,HGPS SMCs at day 14 were transfected with PARP1
GFP and subsequently stained with Ran antibody. About 30%eotransfected
HGPS SMCs displayed the PARP1 rusalization phenotye (Figure. 3-8A).
Importantly, these cells also shows&dnificantly lower N/C ratios compared with the
cells with normalnuclear PARPAGFP {Figure 38B). Similar to Figure 18A |
examined the Ran gradient in norn&MCs transfected with DsR&diG or DsRed
LA. Unlike LA, which did not interfee with the Ran gradient (Fig. 2JAHG
expression significantly weaked mclear signals of Ran (Figure -93).
Quantification revealed that the N/C ratios of Ran negativetyelated with progerin
amounts figure 3-9B). Furthermoreinhibition of progerin farnesylation through FTI
or HG-SSIM mutant rescued the Ran gradient disruptiGigure 39A & B).

Collectively, these data suggested that abnormal anchorggeg#rin to the nuclear
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envelope disrupted Ran gradierttserebyaffectingthe nuclear import of PARP1 in

HGPS SMCs.
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Figure 3-72 HGPS SMC display disrupted Ran gradient. (A) Representative images of
immurofluorescent staining witananti-Ran antibody on normal and HGPS SMCs at days 7, 14, and
21. Ran gradignwas denoted as Ran (N/C). N and C refer to the nucleus and cytoplasm, respectively.

(Scale bar, 50 e€m.) (B) Quantification of Ran gradi
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Figure 3-8: PARP1 mislocalization is associated with Ran gradient disruption in HGPS SKAGs.
Representative images of immunofluorescence staining with Rath antibody on HGPS SMCs

transfected with PARRIGFP. Cells with both normally or mislocalized PARRAFP were shown.
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Figure 3-9: Progerin disrupts Ran gradient. (A). Representative images of immunofluorescence
staining with antd Ran antibody in normal SMCs traested with DsRed, DsRddA, DsRedHG
(with or wi t hout -HG-SSINW THe Transfectedr andDustRresiécted cells were
indicated by green and white arrows, respectively. The nuclei were outlined by white dashed lines.
(Scale bar, 2 ificatiennof [, shpovidng .the €uredation between DsRed fluorescent
intensity and Ran gradient (Ran N/C) in N and C refer to the nucleus and cytoplasm, respectively.

More than 50 cells were randomly picked for each group.
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3.2.4 Compromised HR and activated NEJ in S/G2 phase HGPS SMCs.
Previous studies reported that inhibition or silencing of PARP1 could lead to
cell death in HRdeficient cells, due to NHEJ activation and consequent chromosome
mis-arranggments(Bunting et al., 2010) Gi ven PARP10s essenti al
deficient cells,| next examined the repair efficiencies of HR and NHEJ in HGPS
SMCs.
Because HR is the major mechanism for replicatissociatedSB repair in
S/G2 phase) induced DNA damage with T again to mimic replication fork
collapse (Rothkamm et al., 2003)Different from theCPT e&periment shown in
Figure 31, here, CPT was used at a very loancentration (100 nM), thus only S/G2
phase cells were affectethd no global apoptosis was indu¢géy Chaudhuri et al.,
2012) At 10 min, 30 min 120 min, and 720 min after CPTte at ment , OH2 AX ¢
Rad51 signalswvere examined using immunofluorescence. After 10 min of CPT
treat ment , H2AX foci wer e CcHP&S&SMCy, 1 dent i
indicating that CPT had induced DSBs in bdtigure 310A). Rad51 plays an
essential sle in HRmediated DSB repaitn normal SMCs, the formation of Rad51
foci started to appeaat the 3@min time point, and at 720 min, most of these foci
becamecd o c al i zZHRAK fowi (Figlre3<10A). Conversely, ndlistinct Rad51
foci were observechiHGPS SMCs throughout tehole time course (Figur&10A).
To elucidate this phenomenon, ovEdO cells were randomly picked at each time
point,and eachcellas pl otted according t-locaizede numbe
Rad51 foci (as x and y). In noeh SMCs, Rad51 foci became increasingly

| ocali zed with 09H2AX f othe slopesof tekehtrendiineb y an
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during the time course. However, HGPS SMCs, the slope of the trend line
remained around O at alery point (Figre 3-10B), revaling a completely defective
HR in theseHGPS S MCs. Notabl vy, t -positivepnacteicie nt a g e
Figure 3-10C is reduced in HGPS SMCs compared with normal conwolder
100nM CPT treatment, probably due to the reduSgohaseell population in HGB
SMCs(Figure 27C).

With decreased PARP1 and a completely defective HR, D&@Bde fixed
through the erreprone mechanism NHEJ. Indeed, HGPS SMCs, the percentile of
0 H2 Apisitive nucleiandthever age number of O0H2AX foci
gradually reduced after CPT treatment (Figu8elOB & C), suggesting thé&NHEJ
pathway was active in repairing these DSBs causedml. 53BP1 can promote an
NHEJ response to DNA damagBothmer et al., 2010)To assg the activity of
NHEJ in S/G2 phase HGPS SMdschecked the fonation of 53BP1 foci after
100nM CPT treatmentl found that, whereas no apparent 53BP1 foci formed in
normal SMCs, distinct 53BP1 foci startedtelcom c al i ze wi th terH2AX at
treatment in HGPS SMCs (Figu811A & B), suggesting that normal SMCs used

HR to fix DSBs at S phase, whereas HGPS SMCs repair DSBs through NHEJ.
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Figure 3-10. HGPS SMCs show impaired HR and activated NHEJ.. (Rdpresentative image
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3.2.5 Mitotic catastrophe in HGPS SMCs

Based on the observations of increased caspdspendent cell death, down
regulated PARP1, defective HR, and activated NHEBYypothesized that DSBs were
repaired incorrectly by NHEJwyhich resulted in problems during mitotic division,
leading toa mitotic catastrophe of HGPS SMCs. To test this hypothesis, cell cycle
analysis was performed at days 14, 21, and 28 in SMC differentiation medium.
Consistent with the data shown in Figgig at each time point] observed a
significant increase in the G2/M population and a corresponding reduction in S phase
population in HGPS SMCs comparedth the normal control (Figure-B82). This
observation further supported the notion that mitosis fectige in HGPS. Taken
together, this result indicated prolonged mitosis in HGPS SMCs, reflecting mitotic

defects.
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Figure 3-12: HGPS SMCs arrest at G2/M pha&ell cycle analysis of the normal and HGPS SMCs at

denoted time points. Results were generétam two biological replicates.

Next, to directly visualize the M phase of HGPS SMIGserformed differential
interference contrast (DIC) live cell imaging. Whereas all normal SMCs prateede
through mitosis smoothly (Figure-IBA, top), HGPS SMCs eithedied and were
destroyed during cell division (mitotic catastrophe) or exited mitosis withigiding
but survived (Figure -33A, middle and bottom, respectively). Statistical analysis
confirmed that about 50% of the HGPS SMCs displayed mitotic catastrapt the
rest failed to divid€Figure 313B). In support of this observation, metaphase spectral
karyotyping revealed)6.7% aneuploidy and 20% polyploidy dividing HGPS
SMCs (Figure 3Ll4A & B). Next, a BrdU pulsehase experiment was conducted to
follow the fate of S phase SMCs48 and 96 h after the BrdU pulse,
immunofluorescence staining of BrdU was carried out. Immab SMCs, the
percentage of the BrdU positive nuclei gradually increased from 20% to 80%,
reflecting normal cell division. In contrast, the Brgdsitive nuclei in HGPS SMCs

gradually decreased from 6% at time O h to less than 2% at 96 hthedtpulse
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(Figure 3-15). This result indicated that over 60% of the S phase HGPS SMCs were

not able to proceed through the cell division and died during cell division.
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Figure 3-13: Mitotic catastrophe in HGPS SMC®). DIC live cell imaging of normal and HGPS
SMCs at day 21. (Top) Normal mitotic division of a normal SMC; (Middle) mitotic catastrophe of an
HGPS SMC; and (Bottom) failed mitosis of an HGPS SMC. (b). Percentage of normal and defective
mitosis in normal and HGPS SMCs. n = 4 and 7 for normal and HGRS Sidspectively.
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Figure 3-14: HGPS SMCs bear abnormal karyotype. .(Representative spectral karyotypes of
normal and HGPS SMCs at day 14. Red arrows refer to chromosean@amngements and aneuploidy

in HGPS SMCs. (B)Quantification of A, showinghe percentage of aneuploidy and polyploidy in
normal and HGPS SMC3he asterisk indicated 0% of aneuploidy or polyploidy in normal SMCs. A

total of 20 metaphase cells were analyzed for each sample.
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Figure 3-15: HGPS SMC:s fails to proceed throughlldivision. Quantification of the percentages of
BrdU-positive nuclei at 48 h and 96 h after BrdU pulse in normal and HGPS SMCs at day 14. Results

were generated from two independent experiments. *P < 0.05 and **P < 0.01.

3.3 Discussion

3.3.1 PARP1 isa key regulator of SMC survival in Progeria

Efforts to test the role of caspase 3 in HGPS SMC cellular death led to negative
results, suggesting that this phenotype was carried out through caspdspéhdent
mechanisms (Figure-B). However, during tls process] found that PARP1, an
important protein involved in DNA damage repair and cellular homeostasis, was

significantly reduced in HGPS SMCs (Figurel®) (Luo and Kraus, 2012)Given

e



this important role of PARP1,wonderedwvhether its dowsregulation contributed to
the cell death phenotype in HGPS SMCs.

In addition to its weHlrecognized role in DNA SSB repair, several studies
revealed a new role of PARP1 in protecting HR and suppreli$iiig) (Hochegger et
al., 2006; Patel et al., 2011Mere, | found that the PARP1 protein levels were
reduced in HGPS SMCs after day 14 in SMC culture as well as in late passage HGPS
fibroblasts (Figre 31C & G and Figure 2A & B). Importantly, he pogerin
overexpression (Figure-8A-D) revealed a direct inverse relationship between the
amounts of PARP1 and progerin, indicating that progerin is a powerful suppressor of
PARP1. The PARP1 inhibitor experiment in HGPS fibroblasts further revealed an
essatial roleof PARP1 in cell survival (Figure-3E). | speculate that the sensitivity
of PARPL1 to progerin may vary in different cell types. In fibroblasts, PARP1 may be
less influenced by progerin accumulation than in SMserefore PARP1 down
regulationwas not obvious until late passage fibroblast cells. These data also suggest
that PARPL1 is indispensable in all progeexpressing cell types, and the levels of
PARP1 reduction may be positively correlated with the severity of phenotypes in
HGPS patients.

My next question was how does progerin inhibit PARP? Quantitative GH
analysis showed a slight, insignificant reduction in PARP1 mRNA in the presence of
progerin, suggesting that progerin likely affects PARP1-passlationally Figure 3
5). Micros®mpy analysis further revealed that a fraction of PARP1 wadauoadized
to the cytosol in the presence of large amounts of progerimur@-ig2), and this

progerinrmediated PARP1 micalization was likely due to the abnormal anchorage
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of progerin to thenuclear envelope (Fige 32). Previous studies demonstrated
abnormal nuclear pore clustering and a disrupted Ran gradient across the nuclear
membrane in HGPS fibroblasiKelley et al., 2011; Snow et al., 2018)speculated

that this midlocalization of PARPlwas a novel effect of the disrupted RanGTP
gradient. Indeeda weakened Ran gradierfigure 37) and a strong correlation
between these two (Figured3 were found in HGPS SMCs.

It has been shown that NHES) active in all cell cycle phaseshereas HR is
paticularly important in S/G2 Moreover, DSBs produced by replication fork
inhibitors are primarilyepaired by HR. Using #bpoisomeraseinhibitor (CPT) ata
nanomolar concentration that only affect&3 phase cellany analysis revealed a
completely deficient HR and an elevat’¢HEJ response in S phase HGPS GM
(Figure 310 and Figure -41). When theerrorprone NHEJ pathway is used in DNA
repair, irreversiblechromosome aberrations can occur, rasgltin complicated
consequeres (Bunting et al., 2010; Patel et al., 2018 ost commonly, cells will
spend more timen M phase, attemptg to resolve the problen{¥itale et al., 2011)

If entangledchromosomes are unresolvable, celld dig¢ through mitotic catastrophe
(Vitale et al., 2011)Indeedmy cell cycle analysis revealed a palpaBi2M delay in
HGPS SMCs (Figure-32) and late passage fibroblagisgure 33E & F), suggesting
that these cells were encounteripigpblems during cell division. Live celinaging

and spectral karyotypingxperiments further demonstrated that HGPS SMCs either
died in mitosis or failed to divide, forming-bucleated cellgFigure 313 andFigure
3-14). An additional line of supportivevidence arose from a BrdU puiskase

assay, which indicatedhat most of the labeled S phase HGPS SMCs could not
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proceedhrough the M phasd-{gure 315). Previous studies also have shawitotic

delay and bnucleation iHGPS fibroblast cell§Cao etal., 2007) Again, the mitotic

delay and cell death in HGPS SMCs were more prominent than those observed in
HGPS fibroblasts, possibly due to a greater PARP1 reduction in HGPS SMCs.

DNA damage has long been implicated in HGPS pathogenesis. In 2005, the
Zhou group published a study elucidating a deficient HR, an overactive NHEJ, and
defective DNA damage repair in primary HGPS fibroblasts and mouse embryonic
fibroblasts MEFs) from a progeria modéLiu et al., 2005) In 2011, Zhang and
colleagues generated the first iPS cell model for HGPS and reported increased DNA
damagein differentiated HGPS SMCg&hang et al., 2011)In addition, Liu et al.
reported a decrease of DNA EK in differentiated HGPS SMCs, an enzyme with an
establishd role in the NHEJ respongkiu et al., 2011) In line with these previous
reports,| reported a previously unidentified and essential role of PARP kedhating
DNA damage repair and SMC survival in HGR\By data can be summarizén a
model the accumulation of progerin causes PARP1 dosgulation, which results in
the activation of the NHEJ pathway in the HR deficient HGPS SMCs. The error
prone NHEJ fuher leads to chromosome aberrations and mitotic catastrophe in

HGPS SMCs

3.3.2 Insights into future therapeutics of HGPS and normal vascular aging.
Based ormy model, to rescue the SMC loss in HGPS, one solution is to restore
normal HR function. Whereabe precise pathway for progerin to interfere with HR

remains to be understood, previous studies have provided some valuable insights.
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One emerging hypothesis is that progerin disrupts chromatin remodeling after DSBs,
hence blocking the access of DNA dajeaepair factors to damaged regions. This
idea is supported by a number of studies demonstrating global changes in genome
organization and thepigenome in HGPS cel{cCord et al., 2013; Shumaker et al.,
2006) Importantly, recent studies have suggested that changes in H3K9me3 levels in
HGPS cells can affect genome maintenance and the compromisedm&tited
phosphorylation of KAPL impairs DNA repair irzmpste24deficient MEFs(Liu et

al., 2013a; Liu et al., 2013pbproviding a possible molecular connection between
chromatin modifications and the DNA repair machinery. Other lines of studies have
suggested a role of Xeroderma pigmentosum group A (XPA) protein in excluding
normal access of DNA repair machipgo DSBs in HGPS cellMusich and Zou,

2009, 2011) Whereas the detailed mechanisms underlying HR deficiency in HGPS
are still being elucidated, predict that specific treatemts that promote targeting of

HR repair proteins to DSB termini are expected to reduce or diminish the SMC loss
phenotype associated with progerin accumulation.

Increasing evidence suggests the involvement of progerin inaimeah aging
process(Cao et al., 2011a; McClintock et al., 2007; Scaffidi and Misteli, 2006)
Significantly, overlapping cardiovascular pathology was identified in HGPS and
geriatric patients (Olive et al., 2010) Additional studies demonstrated an
accumulation of unprocessed farnesylated prelamin A (a longer versioogsrin)
in thevasculaturdLiu et al., 2013c; Ragnauth et al., 201@)will be of greatinterest
to determine whether HR becomes partially impairedhmmaged vasculature and

whether a similar PARRfhediated mitotic cell death mechanism also contributes to
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normal vascular aging. In summary, the present study uncoverd walve is the
first study to elucidate the DNA damage response pathway underlying the vascular

disease in HGPS.
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4.1 Introduction

Non-homologous end joininNHEJ) and homologous recombinati¢HR) are
the two major pathwayssed by eukaryotic cell® repair DSBgBranzei and Foiani,
2008) The choice between these two pathways is largelgided by thepecific cell
cycle phasé€Branzei and Foiani, 2008for exampleNHEJ is the predominant DSB
repair pathway duringhe GO/G1 phase, due to the nature of more condensed
chromatin and the absence of sister chromatid as repairing ten(ptarezei and
Foiani, 2008; Chapman et al.,, 201®n the other hand, HRctivity is mosly
observedn S/G2 phase cells, where chratim structure is less compaand sister
chromatids are availabl@Branzei and Foiani, 2008; Chapman et al., 20I&)ring
S/G2 phase, the Ku7#u80 heterodimer complex can still bind to DSB emdth
extremely high affinity, which isn favor of NHEJ upon DSBg(Branzei and Foiani,
2008) Interestingly, HR marges to compete with NHEJ during S/G2 phase with the
help from additional factors including BRCAL, CtIP, PARP1 and C(B¢anzei and
Foiani, 2008)

Proper activation of NHEJ or HR at the correct cell cycle phaseusal for
eukaryotic cells to eéfend aginst genotoxic stres®isruption of these processes
could result in chromatin relocation, genome instability and cell death. For example,
mutants that are defective in either NHEJ or HR express higher sensitivity to ionized
radiation (IR) during GO/G1 @se or S/G2 phase respectiv@Branzei and Foiani,
2008) In chicken DT40 cells,a Ku70 knockout mutant (NHEJ defective) is
extremely sensitive to IR during GO/G1 phase, suggesting a protecting role of NHEJ

at this cell cycle phas@ranzei and Foiani, 2008; Takata et al., 1998)contrast, a
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Rad54 knockout mutant (HR defective) exhibit higher IR sensitivity exclusively
during S/G2 phas@ranzei and Foiani, 2008; Takathat., 1998) Similarly, NHEJ
defective mouse cells also showed elevated IR sensitivity during GO/G1 phase but not
in S/G2 phase cellBranzei and Foiani, 2008; Singh et al., 2008)yeast, haploid

cells duringGO/G1 phase reply on NHEJ to repair DSBs, whereas diploid cells
upregulate HR and suppress NH@strom et al., 1999; Branzei and Foiani, 2008;
Lee et al., 1999)These reportdlustrateda cell cycledependengctivation of NHEJ

or HR upon DSBs.

Besides repair deficiencies, inappriepe activation of NHEJ may also lead to
problemsIn contrast to HR, which is directed by homology based DNA repair, NHEJ
simply religates two random DNA break ends at proximifyieber, 2010)
Therefore, it is error prone and likely to introduce DNA mutations, insertions or
deletions (Lieber, 2010) It has been previous shown that PARP1 deletion or
inhibition leads to massive cell death in HR deficient cells, due to increased DSBs
and overactivation of NHEJ(Bunting et al., 2010; Patel et al., 201Moreover,
abrogation of NHEJ by 53BP1 knockout has been shown to restore HR and promote
cell survival upon PAPR1 inhibition, suggesting a toxic role of NHEJ in genome
instability (Bunting et al., 2010)

In the previous chaptet, characterized HR and NHEeKficienciesin S/G2
phase HGPS SMCsdn this chapter] aim to establish a complete cell dependent
activation profile of HR and NHEJ in HGPS celidere | present d&a showing that

the cell cycle dependent activation of NHEJ or HR is completely disrupted in HGPS

85



fibroblasts. HR is defective in both GO/G1 and S/G2 phase HGPS fibrgblasts

whereas NHEJ is defective duri®/G1 phase but active in S/G2 phase.

4.2 Resuts

4.2.1 Homologous recombinationis deficient during GO0/G1 and S/G2 phase

HGPS fibroblasts.

To assay HGPS HR activity at different cell cycle stagescubatednormal
and HGPS fibroblastwith BrdU for 30min GO/G1 phase and S/G2 phase cells were
indicated by BrdU negative and positive staining respectividter BrdU labeling,
cells were then treated withml doxorubicin (Dox), a topoisomerase Il inhibitor, for
DSB induction. To specifically examine HR efficiency, tested the recruitment
dynamics of BRCAL1 and Rad51 (two important HR factatsBOmin, 120min and
360min after Doxtreatment. As shown in Figair41 A, normal cells displayed a
gradual increase of BRCAL foci count during GO/G1 phase (BrdU negative), while
HGPS fibroblasts failed to show any BRCA1l formatidpuantification of foci
numbershowed a significant reduction of BRCAL foci formation in P&sfibrdolasts
(Figure 41B). Similar activation pattern was alsobservedon Rad51 recruitment
(Figure 42). These data indicate that HR is inactive @0/G1 phaseHGPS

fibroblasts upon DSBs.
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Figure 4-1: HR is deficient in GO/G1 phase HGPS fibroltéagA). Representative image showing
immunofluorescence staining with afdU and BRCA1 antibodies on normal and HGPS fibroblasts
recovered for various amounts of time afteML. Do x t r eat me nt.(B). Q&uotifichten bar , 5 ¢

of (A) showing the omber of BRCAL foci per nuclei in normal and HGPS fibroblasts.
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Figure 4-2: HR is deficient in GO/G1 phase HGPS fibroblagss). Representative image showing
immunofluorescence staining with aBrdU andRad51antibodies on normal and HGPS fibrobtast
recovered for various amounts of time afteML Do x t r eat me nt.(B). Q&ntifichtien bar , 5 ¢

of (A) showing the number of Rad51 foci per nuclei in normal and HGPS fibroblasts.

88



A

Normal Fibroblasts HGPS Fibroblasts

Dox release 30min

BrdU BRCA1

Merge/DAPI

# of BRCA1 foci per cell

30min 2h 6h

Recovery after damage

Figure 4-3: HR is deficient in S/IGPhase HGPS fibroblast¢A). Representative image showing
immunofluorescece staining with antBrdU andBRCAL antibodies on normal and HGPS fibroblasts
recovered for various amounts of time afteML. Do x t r eat me nt.(B). Q&uotifichten bar , 5 ¢

of (A) showing the number of BRCAL foci per nuclei in normal and HGP 8lfibsts.
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Figure 4-4: HR is deficient in S/IGPhase HGPS fibroblast¢A). Representative image showing
immunofluorescence staining with aBfdU andRad51antibodies on normal and HGPS fibroblasts
recovered for various amounts of time afteMLDox tre at ment . ( Sc(B).IQuantieation 5 & m.

of (A) showing the number of Rad51 foci per nuclei in normal and HGPS fibroblasts.
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I next examined HRactivitiesin S/G2 phaseells As shown in Figure 8,
normal fibroblastsat S/G2 phase (BrdU positivetaining stared to showa robust
BRCAL foci formation as early as early 2h after Dox treatment, whereasesganh
did not start in corresponding HGPS fibroblastgil four hours latersuggesting a
delayed HR in HGPS during S/G2 phaSemilar activaibn pattern was also observed
on Rad51 recruitment (Figure4). Notably, both normal and HGPS cells exhibit
significantly stronger BRCAland Rad51recruitmens during S/G2 phase in
comparison to GO/G1 phase, supporting a predominant rél®afuring S/G2phase
(Figure 41171 4-4) (Branzei and Foiani, 2008)

To elucidate the molecular mechanism underlying HGPS HR deficidncy,
performed western blotting analysis to meastime protein level of BRCA1 and
Rad51 in HGPS fibroblast. Interestingly, boBRCA1 ard Rad51 displayed a
significant reductio in HGPS fibroblasts (Figure-3A). Moreover, RTqQPCR
revealed that the mRNA level of these two HR factors were also significantly reduced
in HGPS fibroblasts, suggesting that progerin might impact the expres#iCAL
and Rad51Protein level reductionf HR factors could at least partially explai#iR

deficiency in HGPS.
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Figure 4-5: BRCA1 and Rad5lare downregulated in HGPS fibroblasts. (A). Western blotting
analysis withan antrtBRCA1 or Rad51 antibody on gsage matched normal and HGPS fibroblasts.
(B). RT-gPCR with BRCA1 and Rad51 specific primers on passage matched normal and HGPS
fibroblasts.

4.2.2 Norhomologous end joining is deficient in GO/G1 phase but functional in

S/G2 phase HGPS fibroblasts.

To dharacterizeHGPS NHEJ efficienciesat different cell cycle phasgl
examined the recruitment dynamics of RIFA,NHEJ specific promoting protein, at
10min, 30min2h and6h after Dox treatmentAs shown in Figure 6A & B, GO/G1
phase (BrdU negative stang) normal fibroblasts displayed robust recruitment of
RIF1 as early as 10min after Dox treatmérttis recruitment then further increased
over time and peaked at 2h after Dox treatment. On the other hand, a comparable
recruitment of RIF1 did not start IB0/G1 phase HGPS fibroblasts until two hours
later Figure 46), indicating a significant delay of NHEJ in HGPS fibroblasts during

the GO/G1 phase.
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In Chapterlll, | revealed an oveactivation of NHEJ in HGPS SMCs during
S/G2 phase, which resulted in shmosome relcation and cell death (Figurel3 1
3-14). To further explore this phenotypkgexamined the recruitment dynamics of
RIF1 during S/G2 phase after Dox treatmeAs shown in Figure 4, HGPS
fibroblasts displayed gradual formation of RIF1 focin S/G2 phase after Dox
treatment. These RIF1 recruitments were comparable to those in normal fibroblasts at
every tested time points, indicating an active NHEJ in HGPS fibroblasts during S/G2

phase.
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Figure 4-6: NHEJ is impaired in GO/Gphase HGPS lfiroblasts(A). Representative image showing
immunofluorescence staining with aidU andRIF1 antibodies on normal and HGPS fibroblasts
recovered for various amounts of time afteML. Do x t r eat me nt.(B). Q&ntifichten bar , 5 ¢

of (A) showing the number of RIF1 foci per nuclei in normal and HGPS fibroblasts.
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Figure 4-7: NHEJ is active in S/Gdhase HGPS fibroblast§A). Representative image showing
immunofluorescace staining with aniBrdU andRIF1 antibodies on normal and HGPS fibroblasts
recovered for various amounts of time afteML. Do x t r eat me nt.(B). Q&ntiichten bar , 5

of (A) showing the number of RIF1 foci per nuclei in normal and HGP SHibsts.
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4.3 Discussion

4.3.1 Misregulated NHEJ and HR throughout the cell cycle in HGPS.

A proper ell cycle dependenactivation of NHEJ and HR is a critical to
maintain genome integrity and cellular homeostg8gnzei and Foiani, 2008;
Chapman et al., 2012; EscribabD@az et al., 2013; Takata et al., 199Bkficiencies
in NHEJ or HR increase cellular IR sensitivity during GO/G1 or S/G2 phase
respectively(Branzei and Foiani, 2008Bignificantly, ms-reguation of the NHEJ
and HR pathway has been proposed to contribute to the premature aging and other
defective phenotypes in HGPS animal modKléshnan et al., 2011; Liu et al., 2005;

Liu et al., 2013a; Liu et al2013b) In agreement with these repqris the previous
chapter,| demonstrated thateficient HR and oveactivated NHEJ is responsible for

the cell death phenotype in iPSC driven HGPS SKEbang et al., 2014) o portrait

a comprehensive cell cycle dependent activation pattern of NHEJ and HR in HGPS,
introduced DSBs in BrdU labeled HGPS fibroblasts and measured NHEJ and HR
using RIF1 and BRCA1/Rad51 as indicators respectivBly. results demonstrated
that HRis completely inactive in GO/G1 phase and significantipairedin S/G2
phase HGPS fibroblasts. As for NHEJpund it to be drastically impaired in GO/G1
phase, but completely unaffectedS/G2 phas¢lGPS fibroblastsThese changes are

illustrated in kgure 48.
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Figure 48: Scheme of the cell cycle dependent activation of NHEJ and HR in normal and HGPS cells.
In normal cells, NHEJ is predominantly activated in GO/G1 phase with a slight activity in S/G2 phase
while HR is mostly active in S/G2 phade HGPS, NHEJ is significantly impaired in GO/G1 phase
and active in S/G2 phaselGPS HR is also significantly impaired in S/G2 phase and completely
undetectable in GO/Gphase The efficiencies of NHEJ in S/G2 phase HGPS cells are cell type
dependentHGPS SMCs display over activated NHEJ during S/G2 phase while S/G2 phase HGPS

fibroblasts display comparable NHEJ efficiency to that in normal.

4.3.2 Misregulated NHEJ and HR induce various cellular defects in HGPS.

HR deficiency during S/G2 phase is tpaularly toxic to cellular homeostasis
as it allows te error prone NHEJ to fix DSBs and increases ftleguency of
chromosome breakand relocatior{Bunting et al., 2010; Cao et al., 2009; Patel et al.,
2011) Consequently,aberrant chromosome structureay trigger a mechanism
termedmitotic catastrophe and result in mitotic cell de@hstedo et al., 2004; Imreh
et al.,, 2011; Vakifahmetoglu et al., 2008)his mechanisnprovides a plausible
explanation for the cell death phenotype in HGPS SNIwang et al., 2014)
Interestingly, the activity of NHEJ in S/G2 phase HGPS fibroblasts seems to be
weaker than that in HGPS SMCs, sitt®&PS SMCs displayed significantly stronger
NHEJ activity than corresponding normal SMCs whereas HGPS fibroblasts only

exhibiteda similar NHEJ activation to the normal contrdhis differential NHEJ
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activation during S/G2 phase might expldive differenial severity of cell death
between HGPS SMCs amtiGPSfibroblasts.DefectiveNHEJ during GO/G1 phase is
also problematic, as unfixed DSBs triggers sustained DNA damage regp@i’g
which results in either apoptosis or cellular senescé@ben et al., 2007; Jackson,
2002; Robles and Adami, 1998)

The molecular mechanism underlyirgsPS NHEJ and HR disruptioemains
unclear. My preliminary study revealed that both BRCA1 and Rad51 were
significantly downregulatel in HGPS fibroblasts, pointing out a potential mechanism
that could contribute to HGPS HR deficiency. However, whether this -down
regulation is the only cause and how progéngtuces such dowrregulation remains
to be uncoveredAs for NHEJ, previous repts proposedthat abnormal histone
modifications and compact chromatin conformation serves as a barrier preventing the
NHEJ regulator 53BP1 from loading to the damaged DNA le§foishnan et al.,
2011; Liu et al.,2012; Liu et al., 2005; Liu et al., 2013a; Liu et al., 201 Zhject

evidence that determines the role of progerin in NHEJ deficiency is still missing.
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5.1 Introduction

Defective DNA damageresponse (DDRhas been closely associated with
genome instability and premature agifi@mbard et al., 2005Abnormal DDR has
been observed in HGPS fibroblastvitro cultures and animal modglKrishnan et al.,
2011; Liu et al., 2005; Zhang et al., 2014§pecifically, in response to ionized
irradiation, the recruitments of 53BP1 and Rad51, were significantly delayed in those
cells, supporting compromisedHEJ and HRDSB repair pathwayéKrishnan et al.,
2011; Liu et al., 2005; Zhang et al., 2014 also observed a drastic delay in Rad51
recruitment to DSBs in HGPS iPStifferentiated mooth muscle cells, suggesting
that the defectiveHR is a universal phenotype associated with multiple HGPS
lineages(see Mapterlll). Moreover, ectopic expression of progerin in HeLa cells
also significantly impaired 53BP1 recruitment to DSBs and atdinbditory role of
progerinin DNA damage repaivas suggeste@anju et al., 2006)

In the previous chaptet, characterized the efficiencies of NHEAad HR at
different cell cycle phasesising RIF1 and BRCARad51as indicators respectively
Specifically,| revealed that NHEJ was impaired in GO/G1g&hebut still functional
in S/IG2phase HGPS fibroblast. This finding is in accordance with previous reports
that 53BP1 recruitment was delayed in unsynchroniz&P$ fibroblasts upon
ionized irradiation(Krishnan et al., 2011; Liu et al.,, 200%Ithough tremendous
efforts have been spent to understand this phenotype, the underlying molecular
mechanism remains largely unkmo.

In this chapter| aim to elucidatea molecular mechanism to explain the NHEJ

deficiency in HGPS cells. As discussed in 1.4l&gphorylation of the histone H2A
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variant H2AX at Serine 139J{12AX) is a crucial histone modification that occurs
very rapdly at DSBs(Kinner et al., 2008; Mah et al., 201®s an upstreanDDR
signal,gH2AX plays an essential role in initiatifgHEJ DSB repairpathways(Mah

et al., 2010) In a previous study, embryonic stem cells from H2AXficient

(H2AXD’D) mice displayed a delayed recruitment @NA damage repaiplayers,

elevated sensitivity to ionizing irradiation and compromised genome integrity
(Bassing et al., 2002)Mechanistically, H2AX phsphorylation was believed to
recruit several dowsstreamDNA damage repaiproteins including NBS1, MDC1,
53BP1 and BRCAL to the DSB site to fix DS@&assing et al., 2002; Chapman and
Jackson, 2008; Paull et alQ@). Three kinases, ATM, ATR or DNAPK have been
shown to carry out the phosphorylation of H2AX at DSBsirma et al., 2001;
Kinner et al., 2008; Stiff et al., 2004; Ward and Chen, 20@13ddition, ATM kinase
can mediate phosphorylation of adjacent H2AX, thereby amplifgih2AX signals
and creating a positive feedback lo@falck et al., 2005; Kinner et al., 2008; You et
al., 2005) gH2AX was also reported to facilita@SB end joining by anchoring DNA
break ends in close proximities and reducing chromosome ddBsihath et al.,
2004; Bassing and Alt, 2004; Bouquet et al., 2006; Kinner et al., 2008; Mah et al.,
2010; Xie et al.2004) Given suchimportanceof H2AX phosphorylationn DNA
damage repait, identify gH2AX signaling as a target to study NHEJ deficiency in
HGPS.

Herel report a reduction igH2AX signal strength in HGPS fibroblasts upon
treatment with Doxorubicin (Dox), a DSB inducing agent. Interestingly, this

phenotype is predominantly observed in GD/phase cells but not in S pha$&PS
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cells consistent wititheir NHEJ deficiency pattetnA similar reduction ingH2AX
response is also observed in GO/G1 phase HGPS cells upon treatment with
Camptothecin (CPT), a different DSB inducing agditte reducel amplification of
gH2AX signalsconsequentlyeads to a delay ilNHEJ player recruitment and DSB
repair. Furthermore, ATM activation is found to be impaired in HGPS fibroblasts
upon DSBs. Finallyl show evidence supporting that the observed ATM inadtinat

in HGPS is closely correlated with the loss of H3K9me3 in HGPS fibroblasts.
Restoration of H3K9me3 througtieatment with methylene blue (MB), an anti
oxidant known to rescue HGPS heterochromatin loas,restoreATM activation,
gH2AX signal strengthand NHEJ in HGPS fibroblastsMy dataidentified gH2AX
signal misregulation as an underlying molecular mechanism to explain NHEJ
deficiency in HGPS and also suggestadnovel connection between the two
prominent phenotypes (H3K9me3 loss amHEJ deficiercy) and provides

mechanistic insights underlying the complex phenotypes in HGPS cells.
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5.2 Results

5.2.1 HGPS fibroblasts show reducegH2AX responses upon Dox treatment.

To studygH2AX signals in HGPY,, first examined the basal numbergbf2AX
foci in primary HGPS and normal control fibroblasts by immunofluorescence staining.
As shown in Figre 5-1A & B, HGPS fibroblasts showed a slight but significant
increase in the number gH2AX foci than the normal control (normal: 2.5+0.3 vs.
HGPS: 4.6+0.7oci/cell), which is consistent with previous reports that HGPS cells
accumulated more DSR&iu et al., 2006; Liu et al., 2008; Musich and Zou, 2011)
To further studygH2AX responses upoDSBs | induced DSBs iHGPS and normal
control fibroblasts by treating cells with Dox, a DNA damaggucing agent that
causes DSBs by inhibiting topoisomeraséllirz et al., 2004)Immunofluorescence
staining and confocal microscopyalysis revealed that Dox treatment induced rapid
and robustgH2AX responses in normal fibroblasts (&ig 52A). Notably, HGPS
fibroblasts displayed significantly weakgti2AX signals compared with normal cells
(Figure 5-2A). Quantitative fluorescence analysis measuring the total fluorescence
intensity ofgH2AX further supported this reduction in HGPS (Kig5-2B). Western
blotting analysis showed thgti2AX responses were reduced in HGPS cellsuieig
5-2C & D), while total HAX was unchanged (Figure-J, suggesting that the
phenotype was due to a functional diefhcy in phosphorylation instead of overall

H2AX reduction.
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Figure 51: HGPS fibroblasts beaa slighly elevated basal level ofH2AX. Representative
fluorescence images of basgH2AX foci in normal and HGPS fibroblasts. Scale Banmb
Quantification of (A) showing the number @H2AX foci in each nucleus in normal and HGPS
fibroblasts atthe basal level. More than 100 cells were randomly picked for quantification. Results
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Figure 52: HGPS fibroblast bear reducegH2AX response upon Dox treatment. (A). Representative
fluorescence images gH2AX foci in normal and HGPS fibroblasts after Dox treatment. Scale Bar:
5mm. (B). Quantification of (A), showing relativgH2AX green fluorescence intensitiesrinrmal and

HGPS fibroblasts after Dox treatment. More than 100 cells were randomly picked for quantification.
Results were presented as mean + SEM. ***P < 0.00)L Western blotting analysis with argH2AX

and antiGAPDH antibodies on normal and HGHBrdblasts after Dox treatmenD). Quantification

of (C), showing the relativgH2AX band intensity in normal and HGPS fibroblasts after Dox
treatment (normalized to GAPDH). Three independent experiments were performed. Results were

presented as mean £8. **P < 0.01.
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Figure 5-3: Total H2AX level is comparable between normal and HGPS fibroblasts.

| speculated that the reductiongd2AX signals could potentially interfere with
downstream DNA damage repaiin HGPS. To test this, HGPS and control
fibroblasts were treated wittmi! Dox for an hour and allowed to recover for 10min,
30min, 2h, 6h, and 24h respectivelyhen quantified the number gH2AX foci per
nuclei at each time point. As shown in Figlsel A & B, in normal cells, the
numbers ofH2AX foci decreased gradually over time, indicating successful repair of
the DSBs induced by Dox treatment. In contrast, while HGPS cells displayed weaker
gH2AX signals at the beginning (10 min), these signals stayed largely unfixed even

after 24h. This obseation was in agreement with a number of previous reports
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describing defectiv®NA damage repain HGPS(Krishnan et al., 2011; Liu et al.,

2005; Liu et al., 2013a; Manju et al., 2006)

A Recovery after Dox treatment B
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Figure 5-4: ReducedgH2AX response delay DNA damage repair in HGPS fibroblasts. (A).
Representative fluorescence imagegH?AX foci in normal and HGPS fibroblasts that were allowed
to recover for indicated amounts of time after Dox treatment. Scale Ber: ). Quantificatbn of

(E), showing the number @H2AX foci in each nucleus at each time point. More than 100 cells were

randomly picked for quantification. Results were presented as mean = SEM. ***P < 0.001.

5.2.2gH2AX reduction is predominantly observed in GO/G1 phaséiGPS
fibroblasts.

In ChapterlV, | revealed that NHEJ was delayed in GO/G1 butino®/G2
phase HGPS fibroblastsnext wondered whethéhe HGPSJH2AX signalreduction
followed this patternTo investigate thgH2AX signal reduction phenotype in HGPS
during the cell cycle] labeled 852 phase cells with BrdU for 30min and then

examinedgH2AX signals in response to Dox treatment by immunofluorescence
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staining.l found that the Brdthegative, GO/G1 phase HGPS fibroblasts displayed a
significant reductionn gH2AX staining (Figire 55A & B left panel). Tomy surprise,

the BrdUpositive, $3G2 phase HGPS fibroblasts showed a similar levedH2AX
signals as normal control cellEigure 55A & B right panel). To further verify the
phenotype in GO/G1 phasé,synchronized normal and HGPS fibroblasts to the
GO0/G1 phase using serum starvation. Western blotting study revealegH#raX

was significantly weaker in these GO/G1 synchronized HGPS fibroblasts, compared
to that in the normal control cells (kige 55C). Taken together, these data suggest
that the reduction igH2AX responses mainly takes place during GO/G1 pbase

not S/G2 phasen HGPS cellsThis is in agreement with the NHEJ mnesgulation

pattern in HGPS.
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Figure 5-5: Reduction of gH2AX responseis cell cycle dependent in HGPS fibroblasts. (A).
Representative fluorescence imagegti2 AX foci and BrdU staining in normal and HGPS fibroblasts

after Dox treatment. GO/G1 and S phase were indicated by BrdU negative and positive staining
respectivelyScale Bar: Bm. (B). Quantification of (A), showing relatigH2AX green fluorescence
intensity. More than 40 cells were counted for each group. Results were presented as mean + SEM.
(CN). Western blotting analysis with aigfi2AX and antiGAPDH antibodieson serum starvation

synchronized normal and HGPS fibroblasts after Dox treatment.

5.2.3 The amplification ofgH2AX signal is reduced in GO/G1 phase HGPS
fibroblasts.

The reduction irgH2AX signaling could be caused by either fewer number of
gH2AX foci or reduced intensities of individual foci. To distinguish between these
two possibilities,] synchronized normal and HGPS fibroblasts to GO/G1 phase and
guantified the number and the fluorescence intensitygH#AX foci after Dox
treatment. My analysis showe that HGPS and normal control fibroblasts had
comparableggH2AX foci counts (normal: 40+1.6 vs. HGPS: 38+1.2), suggesting that
similar numbers of DSBs were induced by Dox treatment in HGPS and normal cells.
The result further implicated that the initialq#gphorylation of H2AX at DSBs was
unaffected in HGPS. On the other hand, t2AX signal amplification was
disturbed in HGPS as reflected by reduced size and fluorescetesssityy of
individual foci (Figure5-6A). Line-profile analysis and quantificatiarf the average
gH2AX foci intensity onfirmed this observation (Figure@®B & C). To rule out the
possibility that this phenotype was only specific to Baduced DSBs| treated
synchronized GO/G1 phase HGPS and normal control fibroblasts with Camptothec

(CPT), a distinct DSB inducing agent which created DSBs by inhibiting
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topoisomerase |. Upon CPT treatment, HGPS and normal cells showed comparable
gH2AX foci counts (normal: 18+0.6 vs. HGPS: 21+0.9). Consistent with Dox, CPT
treatment induced significdg weaker gH2AX foci in HGPS GOG1 phase
fibroblasts (Figure BD-F). These reductions upon either Dox or CPT treatment were
further validated by western Utmmg analysis (Figure -8G). Together, these
experiments suggested that it was not the initiatbert the amplification o§H2AX

signaling upon DSBs that was affected in GO/G1 phase HGPS cells.
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Figure 5-6: The amplification ofgH2AX signal is reduced in GO/G1 phase HGPS cells after Dox and
CPT treatment. (A). Representative fluorescence imagegH@AX foci in serum starvation
synchronized normal and HGPS fibroblasts after Dox treatment. Arrow points to the ghi2giX

foci in the enlarged square. Scale Bammb (B). Line profile analysis of (A), showing the reduced
gH2AX foci fluorescence strgth in HGPS fibroblasts after Dox treatment. Green fluorescence
intensity (y axis) was plotted against distance (x axis) along the yellow line in (A)gHZAX foci
intensity analysis of (A). Each dot represents the average fluorescence intensityidfia@dH2AX

foci in a single nucleus. More than 100 cells were randomly picked for quantification. Results were
presented as mean + SEM. **P < 0.001. (D). Representative fluorescence imaisAXf foci in

serum starvation synchronized normal and HGB®lhlasts after CPT treatment. Arrow points to the
singlegH2AX foci in the enlarged square. Scale Bamb (E). Line profile analysis of (D), showing

the reducedgH2AX foci fluorescence strength in HGPS fibroblasts after CPT treatment. Green
fluorescee intensity (y axis) was plotted against distance (x axis) along the yellow line in (D). (F).
gH2AX foci intensity analysis of (D). Each dot represents the average fluorescence intensity of
individual gH2AX foci in a single nucleus. More than 100 cellsreverandomly picked for
guantification. Results were presented as mean + SEM. **P < 0.001. (G). Western blotting analysis
with anttgH2AX and antiGAPDH antibodies on serum starvation synchronized normal and HGPS

fibroblasts after Dox or CPT treatment.

5.2.4 WeakenedH2AX leads to a delayed recruitment of norhomologous end
joining factors in GO/G1 HGPS cells.
Non-homologous end joining (NHEJ) is the predominant DSB repair pathway
in GO/G1 phas¢Bassing et al., ZI2; Chapman et al., 2012; Felgentreff et al., 2014;
Mao et al., 2008; Zhang et al., 20140 investigate the effect of the impaired
gH2AX signal amplification on NHEJ pathwalyexamined the recruitment of RIF1,
an NHEJ specific promoting protei@o-localization analysis indicated that in normal
cells, RIF1 was efficiently loaded onto DSBs andlaalized with stronggH2AX

foci (Figure5-7A). Line-profile analysis confirmed this docalization (Figire 5-7B).

Il n contrast, HGP S fapparent redruansent of RiF1 td DSBS, s how
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despite the presence of weg2AX foci (Figure 57A & B). Notably, RIF1 protein
level was unchanged in HGPS fibrobla@tsgure 58). Therefore, this delay was a

functional deficiency instead of a decrease in praeiount.
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Figure 5-7: WeakenedH2AX leads to a delayed recruitment of Aemmologous end joining (NHEJ)
factors in GO/G1 HGPS cells. (A). Representative fluorescence imagd2AK foci and RIF1 foci in
serum starvation synchronized normal and H@B®blasts after Dox treatment. Arrow points to the
singlegH2AX or RIF1 foci in the enlarged square. Scale Bam5(B). Line profile analysis of (A),
showing the reduced recruitment of RIFIg?AX foci in HGPS fibroblasts. GreegH2AX) and red
(RIF1) fluorescence intensities (y axis) were plotted against distance (x axis) along the yellow line in
(A). Stars indicated strong docalization of RIF1 andgH2AX. (C). Representative fluorescence
images ofgH2AX foci and 53BP1 foci in serum starvatiomsyronized normal and HGPS fibroblasts
after Doxorubicin treatment. Arrow points to the singh2AX or 53BP1 foci in the enlarged square.
Scale Bar: Bm. (D). Line profile analysis of (C), showing the reduced recruitment of 53BP1 to
gH2AX foci in HGPS fbroblasts. Greengd2AX) and red (53BP1) fluorescence intensities (y axis)
were plotted against distance (x axis) along the yellow line in (C). Stars indicated strong co
localization of 53BP1 angH2AX. (E). Quantification of (A), showing the number@i2AX (x axis)

foci and celocalized RIF1 (y axis) foci per nuclei in normal and HGPS fibroblasts after Dox treatment.
More than 100 cells were randomly picked for quantification. (F). Quantification of (C), showing the
number ofgH2AX (x axis) foci and cdocalized 53BP1 (y axis) foci per nuclei in normal and HGPS

fibroblasts after Dox treatment. More than 100 cells were randomly picked for quantification.

Normal HGPS

Figure 5-8: RIF1 protein level was comparable between normal and HGPS fibroblasts.

Similar to RIF1,53BP1, an important NHEJ player upstream of RiEapman
et al., 2013; EscribanDiaz et al., 2013; Zimmermann et al., 2018as also found to
be inefficiently recruited tgH2AX foci in HGPS G0/G1 phase cells (big5-7C &
D). This observation was in agreement with a previous report that 53BP1 recruitment

was disrupted in H2AXdeficient mouse embryonic stem celfgvard et al., 2003)
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Quantification indicated that at the sameeel of DNA damage, normal cells were
able to recruit more RIF1 and 53BP1 to DSB sites than HGPS fibroblastsgbig
7E & F). Collectively, these data suggest that compromised amplificatigd 24X
signals upon DSBs affexthe recruitment of NHEJ factors and de@NA damage

repairin GO/G1 phase HGPS fibroblasts.

5.25 gH2AX reduction is associated with defective ATM activation in HGPS.

Three types of kinases (ATM, ATR and DNAPK) have beeavipusly
reported to phosphorylate H2AX upon DS@&irma et al., 2001; Kinner et al., 2008;
Stiff et al., 2004; Ward and Chen, 200Tp determine which kinase mediates the
phosphorylation of H2AX upon Dox treatmtein GO/G1 cells, western blotting
analysis was performed to examine the activation of these three kinases in GO/G1
synchronized normal and HGPS fibroblasts. Upon Dox treatment, ATM was activated
in normal cells as shown by an increased amount of phogpted ATM (pATM,
S1981)(Figure 59A & B) (Bakkenist and Kastan, 20030 contrast, pATM was
significantly weaker in HGPS fibroblasts after Dox treatm@igure 59A & B).
Dosagedependent Dox treatment furtheonfirmed this difference betweearormal
and HGPS fibroblasts (Figure). These results were in agreement with a previous
report that Zmpste24 deficient mouse embryonic fibroblasts (a progeroid like MEF
that mimics HGPS) exhibited lower ATM activatiopan ionized irradiatiorfLiu et
al., 2013a) Interestingly, the level of total ATM seemed torbduced in HGPS cells
(Figure 59A & C). This downregulation of protein amount could potentially

contribute to the @uced pATM. However, the ratio between pATM and total ATM
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was still significantly lower in HGPS cells, implying additional mechanisms to
impede ATM activation upon Dox treatmerfigure 59B). In contrast to ATM
activation,I di dnot d e t e c &tionoob thecather aww lkirasea: ATR and
DNAPK, upon Dox treatmentFgure 59D & E) (Chan et al., 2002; Zhao and

PiwnicaWorms, 2001)
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