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Summary

This thesis begins with a brief introduction to glia maturation faet@&MF), a
brain-specific proteinfollowed by a discussion of thghysiological function®f GMF.
Next, the relation between GMF and chronic kidndigease (CKD) is introduced,
which will be referenced throughout this work. Briefly, GMF is ectopically induced in
renal tubules by CKD associated with proteinuria. GMF overexpression Hbraon
cells causes apoptosisvitro via cellular vulnerabilityto oxidative stressfter that,the
pathological role of GMF in the neurodegenerative diseasge introducedIn the
present studywe constructed transgenic mice overexpressing GMF (GM)-and

investigatedhe roles of GMF in notbraintissuesn vivo.

Results of the research conducted during this study are presented in Chajer 2
evaluated the GMA'G mice for 155 weeks and compared wifie wild-type mice. The
GMF-TG mice prematurelyexhibited agingassociatedymptoms including a lack of
hair glossness, hair graying, alopecia, skin atrophy, and ¢ureaof the spine as seen
in normal human aging.The GMFTG mice also demonstrated short lifespans and
reduced hair regrowth, suggesting an accelerated pgitgss

The analysis of gmature aging symdmesdevelops understanding tife molecular
basis ofthe physiologicalaging The production of an abnormal lamin A, a nuclear
envelope proteimas been identified as the causectelerated aging diseases, known
as laminopathiesand mightplay a caual role in normal agingSome phenotypes seen

in the GMF-TG mice, such as alopecia and skin atrophy were similar to those of



laminopathybased premature aginigere, we examined whether this accelerated aging
characteristics observed in the GMEB mice wold be associated with laminopathies.
We identifiedtheabnormal lamin A (prelamin A), accompanied by a deegulation of

a lamin A processing enzym@&mpste24)in the kidney of the GMHG mice. The
GMF-TG mice showed accelerated aging in the kidney, coedpwith the wild-type
mice, showing the increasedthe transforming growth factebl (TGFb/1) and
connective tissue growing fact¢CTGF gene expressionand the decline of renal
function (e.g. increasederum creatinine The mRNA expression of p21/wafl was
increased at an earlier stage of life, at 10 weeks, which was in turrréguiated at
later stage, at 60 weekin this chapterwe demonstrated the GMFG mice showed
very mild accelerated aging phenotygkee to the abnormal lamin, Accompanied by

Zmpste24 dowsregulation.

In chapter 3, wg@roposeda novelrole of GMF overexpressioim non-brain tissue
in vivo. This proposition suggestsatthe gene expression of Zmpste24hie GMF-TG
mice might respond sensitively to oxidative stress, which may be associated with a
vulnerability to oxidative stress caused by GMF overexpres3iom usefulnessf the

GMF-TG micewill be presented.



Chapter 1.

Introduction

1.1 Glia maturation factor-b

Glia maturation facteb (GMF) was first detectedn 1972 by Limet al as a
consequence afearch for growth or differentiaticfactors in the nenus systenijil-3].
GMF is a 17#kDa highly conservedl4l-amino acid potein, with 99% homology
betweenhumans and rodenfd]. It is localized inthe cytoplasm ofjlial cells mainly
astrocytesandsome neuronf4-6]. GMF has no leaelr seqence and is nadecreted by
the cells[5]. GMF mRNA is predominantly expressed in the brain and spouad,

although trace levels afeund in other organs, includirigstis and ovaryFigurel) [6].

It has been reported hym et al.that recombinant GMF can be phosphorylated
vitro at the serine residue byqgtein kinase C, protein kinase A, and casein kinase I,
and at the threonine residue by p90 ribosomal S6 kinase, indidasit@NMF possesses
several consensus phosphorylation sjeg]. Protein kinase Aohosphorylated GMF
inhibits the activiy of mitogeractivated protein kinasqgMAPK), ERK1 and ERK2
(extracellular signategulated kinasd and 2 respectively [8], while it promdes the
activity of p38&MAPK [9]. MAPK is an important signaling pattay regulatinga
variety of physiological processes suchca#l growth proliferation, differentiation,
migration, andapoptosig10]. The three major MAPK cascaddsRK cascade,-dun

amincterminal protein kinase/stresstivated protein kinase (JNK/SAPK) cascade and



p38&MAPK cascadeare weltknown [10]. Lim et al. [5] and Zaheeget al. [11] have
demonstrated that overexpression of GMF in brain cells stimulateMpB&X activity
and activates the tranggtion factor nuclear factekB (NF-kB). Activation of NFkB
plays a centralole in the regulation of derse cellular processes suchrdlammation,
immune response, differentiationyropferation and apoptosis[12]. GMF has been

currentlydescribed aan intracellular regulator of cell signal transduction

GMF hasalso been identified as a member of the acépolymerizing factor
homology (ADF-H) family [13] which regulats actin filament dynames at multiple
cellular locations[14]. Actin filament dynamics play important roles in fundamental
cellular processes, including cathotility, cell division, contol of cell shape and

endocytosig13,15].

1.2 Glia maturation factor-b and Chronic kidney disease

Previously Takenakat al.[16] and Nakajimaet al [17] have shown that proteinuria
induces the ectopic expression @GMF, a brain specific protein, in renal proximal
tubular cellsKaimori et al [18] showed that GMF overexpression in Aanain cells led
to vulnerability to oxidative injury through p34APK pathway and changes in
antioxidant enzyme activitieg vitro (Figure 2). This function was confirmed by
evidence showing that GMRull astrocyes increasgresistance to oxidative stregd$)].

Oxidative stress is broadly defined as an imbalance between reactive oxygen species
(ROS) production and the celar antioxidant defense systdifigure 3) [20,21]. ROS
are produced in all mammalian cells, as a conseguehaormal cellular metabolism

[20,22]. It is thought that oxidative stressause damage to biomoleculesuch as



proteins lipids and DNA resulting in cellular daage and agin@Figure3) [21,23,24].

Chronic kidney disease (CKD3 defined asbnormalities of kidney structussdbr
function, presentfor a period of three months or mordable ) [25. Chronic
proteinuria is not only a sign of CKD, it also ptagn important role in the progression
of CKD [26]. It is known thatoxidative stress is elevatéd patients with CKD[27,28].
Taken togetheiit suggest that the induction of GMF in renal proximal tubular cells by
proteinuria might play a key role in the pathogenesi€lKD by enhancing oxidative
injuries [18]. It is likely that GMF has the pathological functions as well as the

physiological functions.

1.3 Glia maturation factor-b and Neurodegenerative disease

Recent studieqad shown thatGMF was up-regulatedin the specific areas of
Alzheimer's disease bra[29-31]. It is considered thanflammatory response of glial
cells is closely intertwined with pathogenesisngurodegenerative diseasesuch as
Alzheimer'sdiseasg Parkinson's disease amdultiple sclerosis[32-36]. It has been
reported that GMF induces granulocytemacrophage colonystimulating factor
(GM-CSF) and nterleukin33 (IL-33) in astrocytes[4,34,3537]. GMF also was
associated withthe proinflammatory cytokine/chemokine productjancluding tumor
necrosis factea (TNF-a), interleukinlb (IL-1b), interleukin6 (IL-6), and nterferon
gammainduced protein 10(IP-10) in microglia [4,32-38]. It suggests thalGMF
overexpression in brain tissweets as aprominent mediator of inflammatory signal
transduction in the central nervous systdeading to the death of neurons in the

neurodegenerative diseagegured) [4,32-38].



1.4 Focusof this thesis

Several pevious studies have shown the physiological[1-8,11] and
pathophysiological[4,29-38] roles of the expression of GMF in the brain tissue.
However, a far as we knowthe roles of GMFn the non-brain tissueshave not been
fully clarified. Thus he aim ofthe present study was to investig#te roles ofGMF

overexpression in nehrain tissus.
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2.1 Introduction

The nuclear lamina is a filamentous protein meshwork underlying the inner nuclear
membrang39,40]. It plays important roles inmaintainingthe nuclear envelope and
providing anchorage sites for chromdit9,41]. It has been recognizetat the nuclear
lamina is also involved invarious functions at the cellular level, including DNA
replication, transcription, and apoptof#l-43]. The major components of the nuclear
lamina arantermediate filament proteins, tie and Btype laming40,42]. The Atype
lamins, such as lamin A and C, arise from siregle gengLMNA gene) byalternative
splicing of the transcript[40,41]. Lamin A is derived from its precursor prelamin A
through a multistep maturation proce489. Zinc-metalloproteaseZmpste24 isan
enzymerequired forthe correct processing and maturation of lamifi28]. The Btype
lamins, such as lamin B1 am®®, areencoded by separate geneM{NB1andLMNB2)
[41].

Mutations in the gene codinge nuclear laminaomponents causewide variety of
diseases known salaminopathies[42]. For example,HutchinsonGilford progeria
syndrome (HGPSJ}44] and restrictive dermopathy45] are rare genetic accelerated
aging diseasesaused bynutations ofthe LMNA or ZMPSTE24 gene These mutatio
produce mutant lamin A proteins, such as progerin or prelamin A, respedz]y
which can cause disassembly of the nuclear envelope protesudsequelty
accompanied by accelerateging due to laminopathigg2]. Laminopathies caused by
the alteration othe lamin A protein and their assemlon befurtherclassified into the
primary and secondary laminopathig$?]. The primary laminopathies are due to

mutdions inthe LMNA gene andhe secomlary laminopathies are caused by mutations



in the ZMPSTE24 gene [42]. Laminopathiesexhibit clinical features mimicking
physiological agingincluding sclerotic skin, joint contractures, bone abnormalitied,
alopecia but the clinical features of laminopathies are radi4ai4,45]. Interestingly,
the abnormalities associated with lamin A are normally observed in healthy human
aging, suggesting that the accumulation of abnotamin A protein is associated with
organismaphysiological aging46-49].

In the present study, the first step was to construct transgenic mice overexpressing
GMF (GMFTG) in order to examine the roles of GMF in Aomin tissus in vivo.
During the breeding period, we found that the GIME mice prematurely exhibited
phenotypes resembling human aging, such as alopecia and skin atrophy. These
phenotypes appeargd be similar to those of laminopathwased premature agingle

investigated the development of accelerated aging phenotypes in thd GMfice.



2.2 Materials and Methods

Ethics statement

All of the animal experiments employed in this study were conduntaccordance
with protocols approved by the Ethical
Animal Research (Permit Number: 154, 181, 209). All efforts possible were made to

minimize animal suffering.
Production of transgenic mice overexpressing GMF

First, we prepared a construct to create transgenic mvesgexpressingGMF
(GMF-TG). The transgene construct was prepared by cloning the coding region of GMF
(97-915 bp) to a pCAGGS vectof50]. The purified construct was used for
microinjection of fertilized oocytes from C57BL6/J micEhe transgenic mice were
established at Oriental BioService (Kyoto, Japan) and maintained on a C57BL6/J

genetic background:he GMF-TG mice were identified by PCR screening.
Animals and diets

C57BL6/J (wildtype) mice were purchased from Crea Japan Inc. (Tokyo, Japan).
The GMF-TG and wildtype male mice were used for the analyses. All of the mice
employed in the study were housed in staddcages with -3 mice per cage under
controlled temperature (21 £@) and humidity (58) conditions, with a 12 h light/dark
cycle. The mice were given free access to tapewand basal diets (CE Crealapan

Inc., Tokyo, Japan) throughout the experirsent

The mice were kept until natural deaihdmonitored twice a week for clinical signs

morbidity or mortalityduring the experimental period 65 weeks. The clinical signs



used to assess health and welfare were characterized by obvious symptoms, like the

moribund state, hypokinesia, fever, severe cachexia, loss of body weight, lack of

grooming or nesting, not eating or drinking, alopecia, skin atrophy and spinal curvature

[51,52]. Euthanasia was guformed by an inhaled anesthetic overdose, followed by

sevoflurane (Sevofrane, Maruishi Pharma., Osaka, Japan) in order to minimize animal

suffering from distress or pain.

Histological analyses, PCR analyses and Western blot analyssse samples were
obtained after the euthanasihich was performed bwn overdose b the inhaled

anesthetics sevoflurane.

PCR screeninghairgrowth assayand ceatinine leved: The experiments were

performed under anesthesia maintained by thalation of sevoflurane.
PCR screening

Genomic DNA was extracted from2Lmm sections of the tail tiftlhe DNA was
purified using the Wizard SV Genomic DNA Purification System (Promega, Madison,
WI), according to the manufactutes i n s tBrieflyc induse tag was incubated
overnight at55°C with digestion solution master miand then added Wizard SV Lysis
Buffer. Lysate wadransfered to the DNA binding column tubby centrifugationat
13,000xg for 3 min at 28C. For elution of the DNA, e DNA bindng filter column
was added a 25&| NucleaseFree Water.The DNA was elutedby centrifugation at
13,000 xg for 1 min at 28C. The PCR screening was carried out usthg T3
(5 AATTAACCCTCACTAAAGGG-3 0) and
( SGTAATACGACTCACTATAGGGGC3 06 ) pri meg ancg BafaRa nTage

(TakaRa, Shiga, Japanhder the following conditions: 8¢ 90 s (1 cycle); € 60 s,
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55°C 60 s, 72C 90 s (35 cycles) in the GeneAmp PCR System 9700 (Life technologies,
Carlsbad, CA).The PCR primersemployed wereobtained fromSigmaAldrich (St.
Louis, MO).
Histological analyses

Mice were sacrificed at 30 weeks fibie histological analyses. Tissue sections were
fixed in 10% neutrabuffered formalin solution, paraffin embedded, sectioned, and
stained with hematoxylieosin (HE), periodi acid schiff (PAS) and masson trichrome
(MT), all of which were performed at Applied Medical Research (Os#&n). The
sections were examined using an Olympus BX51 microscope & DP70 digital camera
system (Olympus, Tokyo, Japan).
Hair-growth assay

Employing agematched micedorsalhair wasremovedby depilatory creanifrom a
square gricdbf skin measurindg..5 cnx1.5 cm. Hair regrowth was scored 15 days later
from digital photographs and a sequantitative assessment was done ush®yhair
samples/animalA squaremeasuringd.5 cmx0.5 cmwas alsaused for the collection of

hair samples.
Creatinine levels

When the mice were 680 weeks oldthe wholeblood samplswere collectedrom
the fasting miceby venipuncture from the caudal vein into syringes witho
anicoagulant and the serum samples were acquirech thewhole blood sampke The
serum samplesvere incubated for 30 min at RT aséparatedy centrifugation at
3,000 rpm for 15 min at°€ after cooling with iceSerum creatinine levels were

measued employing the CREEN kit (Kainos, Tokyo, Japan)
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RNA extraction and reverse transcription for PCR analyses

Total mouse tissue RNA was extracted with TRIzol reagent (Life technologies),
according to the manufactutes i nstruct i ons ,atmendtb élimnaged by
contaminating genomic DNABriefly, mouse tissuavas homogenized in 1 mL of
TRIzol reagent The homogenized sample was added a €0€hloroform, and then
centrifuged afl2,000xg for 15 min at AC. Theaqueous phaseas tansfered toa new
tube The RNA pellet wagluted bycentrifugation at 2,000 xg for D min at4°C after
addinga 500¢l 100% isopropanol to thaqueous phas@otal mouse tisSURNA was
prepard by resuspesion ofthe RNA pellet in RNasé&ree wate, and then eliminated

contaminating genomic DNAsingRecombinant DNase(TaKaRa)

Singlestranckd DNA was generated from the RN&ith random hexamers primers
using theTranscriptor First Strand cDNA synthesis kit (Roche, Mannheim, Germany)
under the following condition65°C 10 min; 25°C 10 min; 55°C 30 min; 85°C 5 minin
theProgram Temp Control System F08 (ASTEC Fukuoka, Japan
Confirmation of gene expression @éMF

Quantitative PCR analyses of the GMF genes were performed TaigfMan
Universal PCR Master MixL{fe technologies) and TagMan probe of GMF and mouse
GAPDH under the following condition$60°C 2 min (1 cycle); $°C 10 min (1 cycle);
95°C 15 s, 60°C 1 min (40 cycles)in the 7500 Fast Redime PCR SystemL{fe
technologies The TagMan probdor each GMFand mouse GAPDHemployedwas
obtained from Life technologiesThe expression levels of the GMF mRNA were

normalized to those of the GAPDH mRNA.
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Gene expession of Zmpste24, TG¥1, CTGF, and p21/wafl

Realtime PCR analyses were performed with SYBR Premix Reagent (TaKaRa)
under the following conditions95°C 10 s (1 cycle); 95C 5 s, 60C 34 s (40 cycles);
95°C 15 s, 66C 1 min, 95°C 15 s(1 cycle) in the 7500 Fast Realime PCR System
(Life technologies). The following primer pairs were used for-tiea¢ PCR analyses:
The GAPDH for war d-APATGGHEBAAGETEGATETG8 6, 5and it
reverse pr i AT&EAAGCGEETOGE NMGAEGGCH @, The Zmpste24
pri mer s-€QTMTECAGCTECT&EGTCAGGACTCTA3 6 , and its reve
S e gue nCTeGTECAAAGCCAGCAGAAG3 6, T h-ed farvak primer
seguen@GT&ETCGGAGCAACATGTGGAACTCTA3 6 , and i ts rever

sequedECGESTTEAGCCACTGCCGTA3 0 , The CTGF forward p

5 - ACCCGAGTTACCAATGACAATACC-3 6 , and i ts reverse p
5 &€CGCAGAACTTAGCCCTGTATG3 0 , T hwafl fpr&atd/ primer sequence
5 &TGTCTTGCACTCTGGTGTCTCA3 6 , and i ts reverse p

5 &€CAATCTGCGCTTGGAGTGA3 6 The PCR primersemployed wereobtained
from TaKaRa The expression level of each mRNA was normalized to that of the

corresponding GAPDKHhRNA.

Western Blot Analyses

The total protein obtained from each mouse kidney was extracted with RIPA buffer
[53,and protease inhibitor (Roche). A tot al
5-20% polyacrylamide gel and transferred to a nylon membrane (HyBonGE
Healthcare, Buckinghamshire, UK). Blots were blocked withE5@4 Blocking Agent

(GE Healthcare)n TBS (25 mM Tris, B7 mM NaCl, 27 mM KCI, pH 7.4)plus 0.26

12



Tween20 (SigmaAldrich), and incubated overnight atGtwith 1/400 antiLamin A/C
polyclonal antibody rabbit(Bio Vision, Milpitas, CA) 1/1,000 p21 monoclonal
antibody mouse (#6021%Ig, Protentech, Chicagq IL), or 1/4000 alpha actin
polyclonal antibody rabbit (#2366D-AP, Proteintech)Finally, the blots were incubated
with 1/10,000 HRHinked antirabbit 1gG or antimouse IgG (GE Healthcare).
Antibody binding was detected with the ECLirRe chemiluminescence system (GE
Healthcare), with subsequent exposure to 13980 chemiluminescence (GE
Healthcare).The protein expression of p2l/waflas assayeémploying thewestern

blot method and quantified using Image J densitometry software

Statistical Analyses

The data analyses were performed using the Kaleida Graph software package
(Synergy Software, Tokyo, Japan). Values were expressed as means + S.E. Statistical
anal yses for the comparison of two tgroups
test. Forthe lifespan assessments, data were analyzed employing the Kdeian
method and log ank t est using StatMateb63d3 soft wa

Japan)P values < 0.05 were considered to indicate statistical significance.
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2.3Results

Transgenic mice overexpressing GMF

It is consideredhat GMF is normally expressed in the brain in a tissuexific
manner[4-6]. However, GMFis alsoinduced ectopicé} in renal proximal tubules by
proteinuria [16,17]. In order to analyze thegreviously unknown roles of GMF
overexpression in nebrain tissus, we first createdhe GMF-TG mice, as described in
t h &atedals and Methods s e c t ureoSA). WeFconfirmed that the specific
sequence, which was incorporated in a genome, was expressed in the correct direction
in established transgenic linégata not shown)Next, we conducted quantitative PCR
analyses to confirm the expression of GMF in the GMB-mice.In this study we used
kidney tissue because it has been shown that GWHtexpressiorwas ectopically
inducedin kidney tissue by proteinuripl6,17]. The results of the quantitative PCR
analyses, employing mRNA obtaid from the kidneys ahe wild-type and GMFTG
mice, showed that GMF mRNA from the GMF mice increased significantly

(approximately #old), compared wh the wild-type mice (Figur&B).

Phenotypes of GMFTG mice

We bredthe GMF-TG mice withthe wild-type mice. During the breeding period,
only GMFTG mice began to show signs of aging in appearance, including hair graying
and lack of hair glossinesat about the age of 30 weeks (hereafter, 30 weeks, \&k.).

investigated whether the GMFG mice would deelop features of accelerated aging.

Prematurely aged mice exhibit early aglikg appearancghenotypes, including
increased hair losslordokyphosis of the spinea shortened lifesparand growth

retardation,compared towild-type mice [54-58]. We monitoredthe agingrelated
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phenotypes of the GMFG and wildtype mice diring an experimental period of 155
weeks.The GMFTG mice developedlapeciaearly, by about B weeks,while the
wild-type micestarted toshow alopeciafter about 100weeks(Figure6A-B and Table

II). Some GMF-TG mice also exhibited skin atrophyand spinal curvature. These
phenotypes were not detected in the wjlde mice (Figurés andTablell). We also
found that some dhe GMF-TG micediedwithin 60 weeksThe average lifespan of the
GMF-TG mice was about 119 weeks, and that of the-tyilee mice was about 126
weeks. KaplanMeier representations of the survival curves demonstrated that the
GMF-TG mice died significantly earlier than the wilgbe mice (Figurer). There was

no statistically significant difference in the body weighd sizein matureadut mice

(atabout 20 weekdqdata not shown).

Next, we examined agingelated changes in thgssue structure. Degenerative
changs in skintissue are readilyisible, so they can be detectedsily[57]. Decreased
hair regrowth has often been reportedoramaturely agednice [55-57]. Because hair
growth assays can be employed to monitor degenerative changes without adversely
affecting the mice, we employed them to estigate the influence of aging on skin
tissue When dorsal segments of skin were shaved omagehed mice, the GMFG
mice showed sparse hair regrowth afterdays. In contrast, at the same age, the
wild-type mice displayed robust hair regrowth (Fig8fe-C). The hair regrowth ratio
significantly declined in the GMFG mice at 10, 60 and 80 weeks, compared with the
wild-type mice at the same age (Fig8[). In the kidney, liverandabdominal aortat
30 weeksthere were no histologically detectablleanges between the GMIFKG and

wild-type mice as indicated in Figur®. These results suggested that the GNB-mice
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developed mild premature aging phenotypes.

HGPS is associated with premature alopeevhich is one of the welknown
prematureaging yndromesdue tolaminopathiesseen in humangi4]. Cells and tissue
from HGPS patients exhibiteah accumulation cdbnormal lamin Aprogerir) [46,47].
The phentypes characterized in the skin of the GWMIE mice, such as alopecia and
skin atrophyseemed to bsimilar tothat oflaminopathybased prematuraging(Figure
10). Therefore, we hypothesized trat accumulation chbnormal lamin A resulted in
the acceleated agingphenotypes shown in the GMFS mice.In order to analyze the
abnormalities of the lamin & the tissue othe GMF-TG mice we examined the lamin
A protein in thekidney by western blotting At 10 weeks of age, no lamin A
abnormalities were exhited in the kidney of either the GMHAG or wild-type mice
(Figure 11A). However, at 60 weeks of agan accumulation ofbnormal lamin A
(prelamin A) was detected in the kidneys of the GME mice, but not in thevild-type
mice (Figure 11B). Next, we evluated the expression levels of ttleaving enzyme of
prelamin A Zmpste23tgene in the kidneys by reaime PCR analyses to confirm the
mechanism of thaccumulationof prelamin A. At 10 weeks of age, the expression of
Zmpste24 mRNA tended to decreas¢h@ GMFTG mice (Figire11C). At 60 weeks of
age, a significant decrease was demonstrated iexpession oZmpste24 mRNA in
the GMFTG mice, compared with theild-type mice at the same age (Eig 11D).
These results demonstrated thathe GMFTG mice exhibited an accumulation of
prelamin A, accompanied by a reductionZsipste24geneexpressionn the kidney

tissue On the basis of treeresuls, we investigatedhe degree of aging ithe kidney

16



tissueof the GMRTG mice In the kidney,agingassociatd changeare characterized
by structural changes, including glomerulosclerosis and interstitial fibf63i80], as
well asthe decline of renal functiof60]. It has beensuggested thahe transforming
growth factofbl (TGF61) gene is one of the factotisat promote theprocess ofenal
interstitial fibrosis associated with agif§9]. The connective tissue growing factor
(CTGH geneis known as a downstream mediator of F&E In order toinvestigate
ageassociatedchangs in the kidney, we evaluated the expression levels of the
TGFb1 and CTGF genes by redime PCR analyses. In the kidney tissue of the
GMF-TG mice at 10 weeks of age, the expression of -BEGFMRNA increase
significantly, compared with theild-type mice (Figure 12A). However, there was no
statistically significant difference between #agression o€TGF mRNA of the kidney
of the GMFTG andwild-typemice at 10 weeks of age (kiige 12B). Importantly, in he
GMF-TG mice at 60 weeks of age, the expression of both-BG&hd CTGF mRNA in
the kidney increased significantly, compared with that ofwiild-type mice (Figire
12C and D. It has been reported thaerum creatinine was increased in old mice
comparedvith young mice, suggesting the decline of renal funotwth advancing age
[60Q]. Figure 13 showed that serum creatinine was increased in the oldTGMRice
(Average age 72.8 weeks of age) compared with the wittl-type mice (Average age
84.8 weeks of age). These results demonstrated that the-T&Jmice showed
prematureaging phenotypes in the kidney tisspeobably throughan accumulation of
prelamin A Thesefindings suggested that the GMKs mice mightshow a tendency

for laminopathybased premature aging
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The mechanisms of laminopathlgased premature aging ithe GMF-TG
mice

We attempted tdemonstrat¢he mechanismsf laminopahy-basedoremature aging
in the GMFTG mice.It has been suggested that premature agitgnmopathy model
mice is linked to p53 pathway activatiof6l]. The activated p53 pathway induces
cell/tissue senescence and eventually leads to accelerated2824. We examined
whether the expression p2l/waflgene, a p3 downstream target gene, would increase
in the kidneys ofthe GMF-TG mice at 10 and 60 weeks of age, and found tthat
expression of p2l/wafl mRNAnd protein at 10 weekscreased significantly,
compared withthe wild-type mice (Figre 14A and G. However, at 60 weeks, a
significant decrease in thexpression ofp21/wafl mRNA was demonstrated tine
GMF-TG mice, compared with the wiype mice at the same age (kg 14B). There
was no statistically significant difference betwegxeotein expression op21/waflin the
kidney of the GMFTG and wildtype mice at60 weeks(Figure 14C).These results
suggested that the p53 pathway was activated ondy aarlier age in the GMHEG
mice, or that some compensative responses might be actiuaied d later stage in

these mice.
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2.4 Discussion

In order toexamine the roles of GMF overexpression in-bogn tissusin vivo, a
novel line of mice GMF-TG mice was established in thstudy (Figure 5).We first
found that the GMF-TG mice exhibiteda premature onset of aghagsociated
symptomsseen in physiological human aging, including a lack of hair glossiness, hair
graying, alopecia, skin atrophy, and curvature of the spine (F&yarelTablell). We
hypothesized thaGEMF overexpression in neprain tissus in vivo might playrole in
aging Our findingsdemonstrate that the GMFTG mice had short lifespans (Figufe
andshowed premature degenerative changes in skin tissue (e.g., reduced hair regrowth)
(Figure8). However here wereno visible gerelated histological changes in the kidney,

liver, andabdominal aorta (Figur@).

Mutations or altered postanslational lamin A processing leadaiwaccumulation of
lamin A abnormalitiessuch asprogerin orprelamin A[42]. Because these nuclear
intermediate filaments, such as lamin A/C, function as a mesh to protect the nucleus
from mechanical stresghe alteration of lamin A protein causes a lossno€lear
stability and integrity, manifesting premattaging syndromes (e.g., HGPB)0-43].
The GMRTG mice were characterized by changes in appearance, satbpacia and
skin atrophy from an eagr stage of life(Figure 6 andlablell). In appearance, these
phenotypes were similar todbe seen ilaminopatly-based premature aging (Figure
10). In this studywe investigated whether or not the acceleratgdg phenotypeshat
were observed irthe GMF-TG mice were associated with laminopathies. First, we
found thatthe GMF-TG mice accumulated an abnormal laminpfefamin A with age

in the kidney tissue (Figure 11A and B). Second demonstrate that the GNF-TG

19



mice showed a reduced expressioihef cleaving enzyme of prelamin A (Zmpsteit#)

the kidney tissue, from an ear stage of life (Figurd1C and D), suggesting thathe
GMF-TG mice would probably be affected kgcondary laminopayh[42] due toan
accumulation of prelamin A, accompanied by a reduction in the expression of Zmpste24.
Finally, we confirmedheincreased GF 561 andCTGFgene expression and the decline

of renal function (e.g. increased serum creatin(fgure 1213). The GMF-TG mice
exhibited premature@ging phenotypes irthe kidney tissue The results of the present
studysuggesthatthe GMF-TG micemight develop acceleratedging phenotypedue

to secondary laminopathy.

As animal models employed in studies osecondary laminopathies,
Zmpste24knockout mice (Zmpste24 mice) are weltknown [62]. Zmpste24/- mice
exclusively produce prelamin A as a consequence of Zmpste24 defi¢g&fjcyhese
mice exhibit severephenotypes consistent wittumanlaminopathieqe.g. HGPS ad
restrictive dermopathy including growth retardationjaw and boneabnormalities,
alopecia and shorter lifespfB2]. Intriguingly, theGMF-TG mice exhibited phenotypes
without the severe ones, such gowth retardatioror extremely short lifespan during
the study (Figuré-7 andTablell). Comparing tosecomlary laminopathiescaused by
genetic mutation, the severity of the phenotypes observed in the T&@ViRice was
very mild. In regard to the contribution of prelamin A accumulation to the pathological
aging phenotypes, several studies were conducted usingst&@2dp mice and
Zmpste24/- Lmna+t mice [61,63]. The accumulation levels gbrelamin A of the

Zmpste24/- Lmna+/- miceweresignificantlyreduced, compared to that of Zmpsté24
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mice [61,63]. In response to this prelamireduction, the phenotypes observed in the
Zmpste24/- mice were largely rescued in the Zmpsté24.mna+f mice [61,63].
Moreover, there were no differences shown in the body size, weight or lifespan between
the Zmpste24- Lmna+t mice and the wildype miceduring thestudies[61]. These
results suggest thatthe levels of accumulation of prelaminmight at least partially
contribute tothe phenotypes seen in the Zmpsté2dice, but that is not only the
critical determinant for the aging phenotype and the precise undgenbathogenic
mechanismstill need to be explorej®1,63]. We detected amccumulation of prelamin

A only in the dd GMF-TG mice (Figurel1lA andB). The young GMFTG mice tended

to show a reduceexpression of th&mpste24yene(Figure 11C). It is conceivable that

the amount oprelamin Ain the GMFTG mice might be lesthan that found irthe
mouse modelsemployed fo secondarylaminopathes. Here, we propose thathe
characteristic of the mild phenotypes shown in the GNE-micemight bebecausef

the slowlyincreased pattern of expression time course and/or the expression amount of

prelaminA.

Several studies shaal that the presence of lamin A abnormaljtesch agprogerin
or prelamin A, was detected in normal human agifg6-49]. Furthermore, an
accumulation of prelam A in healthy agingvas associated witthe down-regulation
of Zmpste24/48,49]. However, at present, thmolecular mechanisms that regulate the
expression of Zmpste24 have not been fully clarified. Recent studies showed that the
gene expression of Zmpste24 was reduced in response to oxidativ¢43pds Here,

we can speculate that theduction of GMF in norbrain tissuesmight cause an
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oxidative stresselated reduction oEZmpste24 presumablydue toits vulnerability to
oxidative stresg18]. We believe that GMF overexpressiorin local tissuemight
contribute to the promotion of the local aging process by causing cedary
laminopathy.GMF is ectopically induced by proteinuria in renal tuby§17]. CKD
associated witlproteinuria mightaccelerateéhe regular aging process in kidney tissue

and also enhance the progression of CKD, which consgumight have an impact on
systemic pathological changes, including organismal aging, cardiovascular damage and

inflammatory clanges

Severalin vivo studies have demonstrated that senescent cells accumulate with age

[23]. Senescence is considered to be related to organismal aging, ttivedgrupion

of tissuefunctions[23,24,64,65]. Senescends regulated byhep53 or p1éRb pathway,
both of which are activated in the presence of oxidative sf&324]. Some studies
havedemonstrated than accumulation of prelamin Aduces a significant increase in
senescencassociated biomarkers, such asl&8al staining[48,61]. This suggests that
the reduction of Zmpste24 levetmdthe accumulation of prelamin iight be linked to
the activation ofthe p53 pathway[61], leading to senescen@nd premature aging
[23,24]. On the other han&udlow et al.[66] reported that the expressionp3 target
geneswas not highly upregulated inlaminopathy cased/arelaet al.[61] examined
whether or not the absence of p53 could result in a recovery of éngafpureaging
phenotypes that were observedha laminopathy model mic&mpste24/- p53-/- mice
exhibit a gain in weight and an increased lifespan, compared with Zmgstefide

[61]. The expression of p53 target genes, suchthagp2l/wafl gene decreased in
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Zmpste24/- p53/- mice, compared with agmatched Zmpste24 mice [61]. In
Zmpste24/- p53/- mice, the phenotypes seenthre Zmpste24- mice were partially
improved by the absence dfie p53 gene [61]. These findings indicate that the
activation of the p53 pathwaymight play a role in the progression of agimg

laminopathy cases.

In the present studhe expression of p21/wafl mRNa#kd proteinncreased irthe
GMF-TG mice at 10 weeks of age (big 14A and G, suggestig that premature aging
in theyoung GMFTG mice might be associated witie p53 pathwaylTo our surprise,
the GMF-TG mice showed a reduced expression of p21/wafl mRNA at 60 weeks of age
(Figure 14B). There was no change in the expression of theéws#1 protein (Figure
14C).Becauseahep2l/wafl is a key mediator tie p53-dependent cell cycle arrest and
senescence processhe expression ofp2l/wafl is exquisitely regulated by
transcriptional, postranscriptional and postanslational mechanismig7]. We can
speculate thathe regulatoryfactors of the p2l/wafl mighbe influential in the old
GMF-TG mice in order to modulate p&i2pendent senescené®r examplethe p400
E1A-associated protejnwhich inhibits p53-dependent p2vafl transcription [68],
modulate cell fate decisions (cell cycle progression, apoptosisepescence) by the
ROS homeostasift9]. It is conceivablethat the up-regulation of p400 might be
induced in the later age of GMFG micein order to modulate increased oxidative
stresscausedby the overexpressed GMkh nonbrain cells[18]. Further studies are

required to elucidatthesessues.

In summarywe demonstrated thdhe GMF-TG miceshowed very mild accelerated
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agingphenotypes, due teeconday laminopathy.In regard to thenechanisms involved
in this process, weroposethat the ectopic GMF overexpressimluces an oxidative
stressrelatedreduction ofZmpste24. This might bassociated witlthe activation of the

p53signalingpathway, leadig to senescence inlteand tissug
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Chapter 3.

Concluding remarks

Lamin A, a component of the nuclear lamjma spliced products of theMNA gene
that is synthesized as a precurs@relamin A [3942]. Zmpste24 a zinc
metalloproteinases involved in the maturation of lamin [89,42]. Mutations in the
LMNA or Zmpste24eneproducemutant lamin A proteins, such as progerin or prelamin
A, respectively[42]. The abnormal lamin Ahas been identified as theause of
laminopathies which are characterized by premature agl@h Interestingly the
Zmpste24gene expression has been shown to be decreased in response to oxidative
stresq48,49]. It suggests thahe prelamin A accumulation might be not only caused by

genetic mutation, but also by stress signals, such as oxidative stress

In this study, we identified an accumulation of prelaminiithe GMFTG mice It
suggess that accelerated aging phenotypes in the GME mice might be associated
with secondary laminopathy, caused by Zmpste24 dmguolation.\We proposethat
GMF overexpression in neorain tissuescould cause dowsregulationof Zmpste24
MRNA by through enhancingxidative injuries due to its vulnerability to oxidative
stress(Figure 15)[18]. It is generally recognized that oxidative stress is one of the
major factors thigpromote the aging process in organig2i$24]. The novel premature
aging model mice, the GMFG mice, may beuseful to understandingnolecular

mechanisms adging and therapplicable to artaging study
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Figure 1. The expression of GMF mRNA in rat organs at 3 months of agé).

The expression ofllia maturation facteb (GMF) is predominantly expressed in the

nervous system. Low levels of GMF mRNA-40 fold less than that in the brain.
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H,0, non-brain cell
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(Modified from Kaimori et al., J Bio Chem, 2003, Figure9 )

Figure 2. Schematic representation of the effect ofGMF overexpression on

non-brain cells [18].

GMF overexpressionin nonbrain cells causesan increase in the activity of the
H.O,-producingenzyme copper/zinesuperoxide dismutaCuzZnSOD, a decreas

the activities of the bD,-reducingenzymescatalas€CAT) and glutathione peroxidase
(GPx), and a depletion of the contenft the cellular glutathione peroxidase substrate
glutathione (GSH) through the p3®1APK. It promotes a sstained increase in

intracellularH,0O,, leading to Factin re@ganization and apoptosis.
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Oxidative stress
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Reactive oxygen species
(ROS)

|

Oxidative damage
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(Modified from Poljsak et al., Oxid Med Cell Longev, 2013, Figure2 and Scheme2)

Figure 3. The illustration of relationship between ROS production andhe cellular

antioxidant defense systemand the effectsof oxidative stresq21].

Reactive oxygen species (ROBicluding singlet oxygen '0,), hydrogen peroxide
(H20,), superoxideanion radicalO2-") and hydroxyl radical-OH) are a byproduct of
the normalmetabolism of oxygef20,22]. Oxidative stressresults from a imbalance
between ROS production anthe cellular antioxidant defiee system such as
superoxide dismutase (SODJAT, GPx and GH [20,21]. Oxidative stress induces
oxidative damage toproteirs, lipids and DNA resulting in poptosis cellular

senescencand @ing[21,23,24].
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brain tissue
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Pro inflammatory cytokine induction = Microglia
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v
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(Modified from Zaherr et al., J. Neurochem., 2007, Figure10 )

Figure 4. Hypothetical sequence of events following GMBverexpressionin brain
tissue by Zaheer et al[4].

GMF overepression in brain tissue leads to induction gpdnulocytemacrophage
colonystimulating factor (GM-CSF) through p38/APK and NFk Bmediated
pathway. GMFdependent induction of GMSF actvates microglia to produce TNk,

IL-1B, IL-6, and IR10andthat finallyresulsin the death of neuronal cells
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Figure 5. Preparation of transgenic mice overexpressing GMF (GMHG).

(A) This figure shovs the construct used to prepare the transgenic mice. The construct
was prepared by cloning the coding region of GMF~42% bp) in a pCAGGS vector.

(B) This figure show that thegeneexpression of GMF in the kidney of the GMIG

mice was sigriicantly higher (about -fold) than that of257BL6/J YWT) mice. The data

is shown as means + S.E. (WT; n=3, GME; n=3)."; P < 0.05 vs WT mice.
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Figure 6. Photograph of WT and GMFTG mice.

(A-B) These photographs show the representative appearanites 9T (A) and
GMF-TG (B) mice at 80 weeks, respectively. The GME mice showed alopecia and
skin atrophy. These phenotypes were not deterrt the agednatchedNVT mice. (GD)
Indicators of aging phenotypes, such as spinal curvature, were detectedaNIETG

(D) mice, but not in the WT (C) mice at 110 weeks.
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Figure 7. Kaplan-Meier graph of WT and GMF-TG mice.

This figure shows a KaplaMeier representation of the survival curves, which revealed
that the GMFTG mice died significantly earlier thatme WT mice.The GMFTG
mouseand the twoNT micewere alive when the data analysis was perforrivethe of

the mice exhibited any signs of distress or pain due to the clinical symptoms used to
assess health and welfare. (WTA40=GMFTG; n=97). *P < 0.05GMF-TG micevs.

WT mice.
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Figure 8. Hair regrowth phenotypes in WT and GMF-TG mice.

(A-C) Thesephotograpk show the representative appearance of the AFC Left)
and GMFTG (A-C; Right) mice at 10(A), 60 (B) and 80(C) weeks, 15 days after
shaving. Amost no hair regrowth was observed in the GME mice, whereas the WT
mice displayed robust hair regrowt(D) The figure show the results for the hair
regrowth ratio in the WT and GMFG mice at 10 60 and 80 weeks, 15 days after
shaving. The hair regveth ratio for the GMFTG mice declined significantly, compared
with the WT mice at the same agéne mean of the hair regrowth results floe 10w
WT mice is shown as 1. The data is shown as means = S,B0(18W WT; n=3, 10w
GMF-TG; n=6, 60, 80n GMF-TG; n=5). *; P <.0005GMF-TG micevs. WT mice.**;

P < .0001GMF-TG micevs.WT mice
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Figure 9. Histological appearance of the kidneyliver and abdominal aorta in WT

and GMF-TG mice.
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(A-F) These photographs sham overview of the hematoxylkeosin (HE)(A and D)
periodic acidschiff (PAS) (B and E), andMasson trichroméMTC) (C and F) stained
kidney sections inhe WT (A-C) and GMFTG (D-F) mice at 30 weeks. (G) These
photographs shoanoverview of the HHG and J), PAS (H and K), and MTC (I and L)
stained liver sections ithe WT (G-1) and GMFTG (JL) mice at 30 weeks. (NR)
These photographs shaam overview of the HEM and P), PAS (N and Q), and MTC
(O and R) stained abdominal aorta sectiornth&éWT (M-O) and GMFTG (P-R) mice
at 30 weeks. Tésefindings revealedno histological differencebetweenthe WT and

GMF-TG mice.Magnifications: 100,Scale Ba=200 €& m.
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(Mounkes et al., Nature, 2003, Figure 1a)  (Bergo et al., PNAS, 2002, Figure 4)

Figure 10. Photograph of mouse models of laminopathie$54,70] and GMF-TG
mice.

(A) This photograph shows the representative appearance wofouse models of
laminopathiesLmna “>3%7->3%" mijce (Right) and wildtype mice (Left)[54]. (B) This
photographshows the representative appearance mbuse models of laminopathies,
Zmpste24/- mice[70]. (C) This photograplrshows the representative appearancetiod
GMF-TG mice at 8Qveeks Theappearancef the GMFTG mice, such as alopecia and

skin atrophyseemed to bsimilar tothat ofmouse models daminopattes.
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Figure 11. Western blot of lamin A/C and the expression of Zmpste24n WT and

GMF-TG mice.

(A-B) Thesefigures show the results from western blot analyses of the lami@ A
proteinin the kidney of the WT and GMIFG miceat 10 and 60 weeks. Prelamin A was
absent in the WT mice at 10 and 60 weeksB( Left) and the GMFTG mice at 10
weeks A; Right), but it was deteable in the GMFTG mice at 60 weeksE; Right).

There were no significant differences between the lamin C protein levels in the WT and
GMF-TG mice, confirming equal loadindC) The expression of Zmpste24 mRNA
tended to decrease in the kidneys of the GMB-mice at 10 weeks, compared with the

WT mice The data is shown as means + S.E. (10w WT; n=3, 10w-G@fn=3).P <
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