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FIGURE 3. Defective: homodimerization of mutant myotilin, (A} Yeast cells were cotransformed. with expression plasmids
containing Gal4 DNA-binding or activation domains alone (vector) or fused in frame to full-length human wild-type myotilin
(WtMYOT), mutant myotilin (mMYOT), or a-actinin (ACTNZ2). Double transformants were first selected on fow:stringency plates
(used as control) and then spotted onto medium- and high-stringency plates. There is a lack of growth of cells coexpressing
mMYOT and the corresponding constructs containing mMYOT and WtMYOT on medium: and high-stringency plates (0.5 mmol/L
3-amino-1,2,4-triazole [3-AT]). Cells cotransformed with mMYOT and ACTN2 did not grow on high-stringency plates (0.5 mmol/L
3-AT). (B} Myc-tagged myotilin-and FLAG-tagged myotilin were coexpressed in COS:7 cells. The cell lysates were subjected:to
immunoprecipitation with an anti-FLAG M2 affinity gel. The immunoprecipitates (IP). were detected with anti-Myc (upper) or anti-
FEAG (lower) antibodies. The mMYOT shows reduced interaction with both wild-type (W) and mutant (M) myotilin. =, empty
vector transfected as-a control.

and FLNC transformants grew on medium- and high- ~ mMYOT), FLAG- mMYOT and Myc-wtMYOT, and FLAG-
stringency plates (0.:2-2 mmol/L 3-AT). By contrast, mMYOT . mMYOT and Myc-mMYOT showed decreased inferaction
and: ACTNZ mansformants grew on medium-siringency  and (Fig. 3B). These results suggest that the p.R405K: mutation
high-stringency plates with 0.2 mmol/l. 3-AT but did not. " in the second immunoglobulin-like domain of myotilin can
grow on high-stringency plates with 0.5.1, or 2 mmiol/L. 3-AT . . affect the homodimerization abi lity of myotilin protein.
(Fig. 3A). This result indicates a decreased binding ability

of mutant myotilin to a-actinin. In addition, mMYOT and DISCUSSION

FLNC transformants did not grow on medium- or high- Limb girdle muscular dystrophy type 1A is an
stringency medium. but FLNC and mMYOT transformants  ,t00mal-dominant muscular dystrophy characterized by
grew on high-stringency medium when Gal4 DNA-binding progressive proximal muscle weakness and wasting. Distal
domain construct containing FLNC was used as the bait (data 1 < weakness may oceur later (12, 13). The MYOT muta-

not shown). tions are known to cause LGMDIA, but only a few gene-
Lo . tically confirmed LGMDIA patients have been reported to
Immunoprecipitation Analysis date. Here, we report the first MYOT mutation in the Japanese
of Homodimerization population. The patient had a clinical severity similar to that
We next used coimmunoprecipitation analysis to  in other reported LGMDIA patients, ‘and there was also
confirm the homodimerization defect of mutant myotilin.  disorganization of myofibrils and rimmed vacuoles in the

Myec-tagged wild-type myotilin (Myc-wtMYOT) coimmuno-  muscle biopsy tissue. Immunohistochemical analysis re-
precipitated with FLAG-tagged wild-type myotilin (FLAG: vealed accumulation of Z disk proteins (i.e. myotilin. oB-
witMYOT); this indicates that wild-type myotilin forms a- . crystallin, ZASP. desmin - and actin) as seen in MEM, thus
homodimer. On the other hand, other combinations of  highlighting the similarities in the pathelogy of LGMDT1A
FLAG-wtMYOT and Myec-tagged mutant myotilin (Myc- - and MFM (21).
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Myotilin has 2 immunoglobulin domains in the C
terminus of the molecule. Several cytoskeletal proteins have
been shown to contain immunoglobulin domains, and most
of these proteins are specifically expressed in striated muscle,
suggesting a special function for the Immunoglobulin do-
mains in this tissue (13, 22). Immunoglobulin domains are
known to mediate protein-protein interactions and to serve as
dimerization sites and regulators for molecular elasticity and
act as modular “spacers” that place an interacting module in
the correct position for performing its function (1, 7, 22, 23).
The functional importance of the immunoglobulin domains
in myotilin was demonstrated by introducing myotilin with
mutant immunoglobulin domains in yeast cells that do not
express endogenous myotilin (5);. these  immunoglobulin
domains are the site for homodimerization necessary for the
actin bundling (8). Our data indicate that the immunoglobulin
domains in the C terminus are responsible for the actin bind-
ing and bundling ability of myotilin (Fig: 3B).

All previously reported disease-related ‘mutations in
MYOT are located in the serine-rich amino-terminus.of myo-
tilin. The novel p.R405K mutation we identified is located in
the second immunoglobulin domain of myotilin, which is
important for homodimeric formation and interaction- with
other proteins (Fig. [A) (1, 5, 6); this region is highly con-
served in vertebrate species, including the mutated residue
(Fig. 1B). We found that the 110-kd myotilin dimer band was
faint in- the patient’s muscle sample by immunoblotting,
although, as in a previous report (24}, the amount of myotilin
in the patient’s muscle sample was: increased. Furthermore,
the decreased homodiimerization ability of mutant (p.R405K)
myotilin. was confirmed by the Y2H and immunoprecipi-
tation studies in*which interactions of mutant myotilin with
both wild-type and ‘mutant ‘myotilin werc greatly reduced
(Figs. 3A, B). These results suggest that the disturbance of
homodimerization caused by the mutated allele may affect
the actin-bundling. ability of myotilin. at the Z disks, re-
sulting in-decreased filament stability and gradual disrup-
tion in the Z disk in vivo.

Myotilin interacts with 2 important actin-bundling
(cross-linker) proteins (i.¢. c-actinin and FLNC), forming a
complex of 3 actin bundlers at the Z disk. Previous experi-
ments have shown that myotilin enhances the binding of o
actinin to actin (8). The decreased binding ability of mutated
myotilin to a-actinin we observed suggests that this altered
interaction may loosen the complex formed by these actin
bundler proteins leading to a decrease in strength and ability
of the Z disk fo resist mechanical stress during muscle con-
traction. On the other hand, mutant myotilin showed no
apparent defect in interaction with actin but questionable
defective interaction with FLNC by Y2H assay; this issue
requires further analysis.

Several hypotheses have been proposed regarding the
pathogenesis of the previously reported MYOT mutations in
Exon 2, including the fact that the serine-rich domain con-
tains a hydrophobic stretch that mediates the localization of
small amounts of myotilin to the sarcolemmal membrane:
MYOT mutations may elongate this hydrophobic stretch,
possibly. disturbing its interactions with - the satcolemmal
membrane (12). It has also been suggested that these mu-
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tations may disrupt the binding of myotilin with a-actinin,
FLNC, or a novel protein-binding partner (12). None of these
hypotheses have been proven. Disease-associated substitu-
tions in myotilin did not affect the localization or actin-
bundling ability of myotilin, suggesting that the pathogenic
mechanism of the myotilin mutations examined may be inde-
pendent of its actin-modulating effects (5). In contrast to the
previously reported mutations (5, 13), ours is the first report
to. demonstrate a functional abnormality caused by mutat-
ed myotilin. Our data suggest that the p.R405K missense
mutation disrupts myotilin homodimerization and decreases
the interaction between myotilin and «-actimin, which sub-
sequently may: affect its actin-bundling ability. .
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Autophagic degradation of nuclear components
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Autophagy is an evolutionarily conserved intracellular mecha-
nism for the degradation of organelles and proteins. Here
we demonstrate the presence of perinuclear autophagosomes/
autolysosomes containing nuclear components in nuclear envel-
opathies caused by mutations in the genes encoding A-type
lamins | LMNA' and emerin (EMD). These autophagosomes/
The
autophagic nature is further supported by upregulation of
LC3-IT in Lmma’' 2777222P fibroblasts. In addition. inhibition
of autophagy led w0 the accumulation of nuclear abnormalities
and reduced cell viability. strongly suggesting a beneficial role of

autolysosomes were sometimes bigger than a nucleus.

autophagy, at least in these cells. Similar giant autophagosomes/
autolysosomes were seen even in wild-tvpe cells. albeit rarely,
implying that this “nucleophagy” is not confined to the diseased
condition, but may be seen even in physiologic conditions to
clean up nuclear wastes produced by nuclear dainage.

Introduction

Nuclear nvelopathies refer o disorders caused by mutation:
in the genes encoding nuclear envelope proteins, such us A-type

lamins (LMNA) UMD). LMNA

koown to cause a hererogencous group of diserders collectively

«U"ld emerin mutiuons are

called o fanoinopuathic which enconpass aurosomal domunant
ind recessive forms of Emerv-Dreitus: muscular dysirophy (AL
and AR-EDMD). limb girdle muscular dyswophy
LGMDI1B), cardiomyopathy with conduciion defeces, parrial

lipodyvstrophy Charcor-Marie- Tooch disease type ? and premaruare
pody ph) Yp P

tvpe 1B

aging syndrome.  EAMI) mutations are iusarive for emerinopa-
thies, a group of disorders that mclude X-linked EDMD. LGMD,
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=22 but nerther .
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SErUctuTe:
claritied. As most of these vacuolar structure: contained amorphous
and electron-dense materals resembling uyelinared naterials, we
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Vlacroautophagy s a well-conserved molecular mechaniim
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compouents; for instunce. pexophagy works to
decrease the number of peroxisome adapring to
environmental changes in yeast. while mitophagy
and ER-phagy have been suggested o degrade
damaged mirochondria and overstressed endo-
plasmic reticulum. respectively.??-3!

In rhis study, we show that the perinuclear
vacuolar struciures are actually giant autophago-
somes/aatolysosomes involved i rhe degradauon
of damaged nuclear componenns extending the

concept of macroautophagy 11 vanous cellular
organelles o 0 lude e nudleus.
Results

Perinuciear vacuolar structures observed in
skeletal and cardiac muscles of human and
mouse nuclear envelopathy. Lleciron micro-
scopic observation of skeletal muscles from
patienrs with laminoparhy revealed perinuclear
vacuolar structares 0 ~10% ol myunudei.“
Most of chese structures were consistently found
in close proximity o rhe irregularly-shaped
nuclei which also ontained disorganized hro
matin structures  Fhese vacuolar tuctare
varied in size irom 1.5 t0 5 tm in diamerer, and
were observed o ontain cither diffuse granular,
honeveomb-lik o1 dens amorphous muterial:
within multiple layered and folded mcmhranes
(Fig. 1A and B). Sunilar stuciures were also
observed near the nucler of nonmuscle cellt from
muscle specimen (Fig, 1C
siructures  were  aiso

Perinuclear vacuola

detected m skeleral and cardiac muscle  from
ditferent mouse models of nueclear envelopailh

including emerin lacking Bmd’™ (89 weeks of

figure |

age). o A-gype lamim-deticient / mna (10 wecl ),
and homozygous knock in Linnat 2PH (04
weeks) mouse niodels "Fig. S1), and also 10 skin
fibroblasts from '0-weck-old /g 77220112
mousc (Fig. 1D).

Electron microscopic observation of Lmna
For further characterization of nuclear changes. we used mouse
embryonic fibroblasts (MEF) obrained from  Lmngti2220H2240
mice In these cells, nuclei had markedly rregular shape and

H222P/H222P MEE

addition small pardcles with similar elecuon density to nucleus
were seen (Fig. 2A. arrow). In some areas, chere was blurring of the
nuclear membrane, probably suggesting the disruption of nuclear
membrane, where small circular structures were accumulated (Fig.
2A, arrawheads). Vacuolar scrucrures from 3 ro 7 im in diameter
were frequendy found in the cyroplasm. especially near the blurred
nuclear membrane ind appeared w fuse ith onc another (Fig,
2B) These vacuolar strucrures were mostly single- o double-
membraned although in some cases 10 was difficult 1o recognize
dear membranous strucrures (Fig. 2B and ) Smaller elecuron-
dense vesicles were also much increased over the cyroplasm bui

796 Autophagy

lov stocture . of variabl - diameier usually conta
matenals (01 owhead)
(C) ¢ patients with \D-EDMD/LGMD ' B. (D} In the skii obtained from ' O-week-old nn1af22277
H222F mouse, similor perinuclear sacuolar structures e observed Bars, 0. um

Eleclion microscopic observation of perinucleat vocuolar struciures n skeletal
nuscles from patients (A-C1 and skin. from .mna"222P/H2220 1645 D) (A=C) Perinoclear vac

myclinated {arrows) ond dense 1orphot
muscle {A und B) and nonmu e cells in skeleiar mu cle specinen:

2C an

D). The content: of vacuolar suructures were carable from gran

more highlighied around large vacuolar wuriceores Ty

ular substances to picces of amorphous materials. but a few were

mapry (Fig. 2E-H).
Nuclear shape of cultured Linnat12220M222P W B R

acterize perinuclear vacuolar structures by in virro analysis we

fo char-

pertormed immunocytochenmistry on Linna 72 P22 \ TR using
anubodies aganst nuclear envelope proteins (e.g. lamins A, C and
B. ‘merin and LAP2).
and, in addition, single or muluple blebs and nuclear herntaton
were seen in 21 £ | 8% of Lmnal (222PH222P o)) (Fig. §2). similar

he nuclei had mirkedly irregular chape

to previous reports on fibroblusts from patients with LZMNA mura-
s '

tons. =77 Nuclear envelope proteins were intensely stained ar bleb

sites (Fig, S2, arrowheads  Moreover various-sized 1APT positve

particles were ofren identified in the cytoplasm around nuder

2009; Vol. 5 Issue 6



Autophagic degradation of nuclear componenis

Figure 2 Electron microscopic findings of perinuclear vacuclar siructures in Lmnat?227/H222F MEF (A] A
particle with similar electron density io the nucleus is detected near the nucleus (arrow). A part of nuclear
membrane is blurred suggesting the disruption of nuclear membrane, where small circular structures are
present (arrowheads) Vocuolar struciures are identified near the nucleus, especially around the ruptured
[B-D) Some cells contained multiple double- o1 single-membraned vacuolar struclures

nuclear membian

together with slecror dense smaller vesicles. {E-H} The conients of vacuolar structure
showing gronular ubstances thai fills the whole vacucle, or pieces of omorphous particles. A few are

empty. Bars 0.5 um

(Fig. S. arrows). On the other hand, most ot the wild-type cell:
displayed learly round shape of nucler small biebs were idendfied
only in less than 1% of the cells. and DAPT-positive pariicles were
carely seen outside nuclei.

Round-shaped LC3-positive signals close to the nuclei in
Linnat222PIH2220 \MEE As we have insinuated that the vacuolar
structures near the nucler observed under celecoron microscope
could be aurophagic in nature, we performed immunocytochem-
ical analysis of microtubule-associated protein 1/light chain 3
(LC3) i Limna!7?2P22P fibroblasts. 1O is a homologue of
yeast Atg8 and is comimonly used as a marker of antophagy because
it decorares inuer and outer membrunes of autophagosome.
In about 10% of Lmnali22 172220
LC3-positive signals were detecred near or anached to the nucleus.

cells. characreristically round

he parc nuclear membran: ntefacny  vith LC3-stamning
mu: - and emenn (Fig. 3.\
arrow). Stmitar findings were also obser ed Lmne™ 1ibroblasts
Large-sized, round-shaped GFP stining close to nuclei in
Linna?1?2PH220/0Ep 103 MEE T fuvher hanwoize h

produced

was sometimes strongh stamed wol

nwophagic nawie of these perinuclens ructures,
Linnat- " GFP-LC 3
procein-tagged-LC3 (GEP-1.C3
developed for i vivo analysis of iuiophagy.?® On mmiunoc
i /G FP-LC3 mice showed

3 2

Cireen fluorescent

LEANSgCiiic mice

ransgent mouse modcel has been

: X .
tochemistry, MEF from L™
of abnormally shaped nuclei

similar frequen L™
H2228 cells. In addition . perinuclenr round GEP-posiv e staining,
sometimes bigger than the nudlei, were detected 10 about 10% of
observed cells whereas it was rarehv seen in wild-type/ GFP-1.C3
cefls under sumilar standard culture condition. In addition. thest
GEP-positive perinuclear signals were almost completely colocal-
ized with LC3 in Lona 232 PH222F[G1EP-LLC3 cells (Fig. 3B). being

difhusely disuibwed over or outhning GFP signal

www.landeshioscience.com

As the acuivauon of aurophagy is
induced by the upregulation of cerram
molecules, we examined the expres-
sion of other known autophagy-related
proteins in Lmna' 7?2220 IGEP. L3
fibroblasts w0 know wherther similas
macroautophagy  is

working in these cells. To 2 consider

machinery o
able number of cells he persuclea
GFP-positive signal colocalized  with
AtgS and Argl6L (1ig. 4A

&

which 0
lknown to participate i che unriauon
of phagophare (vi preavcopl ago-ot
formation o ganiaah |
Along the border o he o
GEFP-posuive signalt we observed pos:
Agd F

P!‘.?\gi*

(B rmnunoreacitan

4Bj, which is assoctaied wii

phore cepansion ” Th GFP sionals
are variable 1 calocalized wvich Rab7 (Fig. 40
which known as will GTPase

WOLCIN .iS\D('i.l[(f‘\i wiih auo 7}']115’(45(‘“3
el

maturation.’® We .o checked  ch
mvolvement of lysosomes and found hat TAMI2 .0S01
raembrane protein. was dendified round and | s po
staining (Fig. 4D); this finding was confimed » Hociliza

tion of GFP signals with Lyso-Tracker® which mar - Jysosiac
(kig. 4E). With these findings, we can consider rhat the large pe
nuclear GFP signals are giant autopbagosomes/autolvsosome:
Tatriguigly, GFP-positive  autophagosomes/utolysosom:
contained extranuclear DAPL with variable staining itensity from
intense to bluried or faine (Figs. 3-5). These DAPT Lignals wer
colocalized with histone H1 (Fig. 5A). but were narelv co-waime
with nuclea envelope proteins such as lamun A and B (Fig. I}

and C}, indicating that these are aciually e arand imay

indicate damaged DNA. We dherelore rmmunoseamn ith m
yH 2.\X. a marker of DNA double strand breake  sed by various

sl whicl mown ¢ have cortamn rolcs m the recognino

nd repaic of damaged DMNA ' Some of the exu nudear DA
agnal was colocalized with YH2AX and contiined n: GIFP-positive
H2AX was

s (dari i

autopliagosomes/autolysosomes (Fig. SD. arrowhead
«dalso o mrranuclear portion. manh i bleb
shown). These result uggest thar exuranuclear damaged DN
iestined lor autophagic degradacion. On the oiher hand we coiid
ot find any overlap staning of LC3 and DAPL in rarely obser ed
markedly fragmented nucler with YH2AX Laining dthough 1.
posiiive signals can be seen in the eytoplasm (Fig. SE
Notably, in wild-type/ GFP-1.C3

autolysosome coutuning exiranuclear DAP agnals were fikewn

ells, similar ancophagosomes/

observed. but with rare frequency of less than 0.1%

Both LC3-1I protein amount and transcriptional level of
> . 222P/H222P S g .

Maplc3b were increased in Lmna™?22P/H222P MEBE On imimu
noblotting analysis. the protein amount of LC3-I1. which 1s
lipidated form of LC5 aud a marker of aurophagosome forma-
g iade) il PERT Y .
ompared

i

tor. was sgnificantly increased 1o

Autophagy 797



Autophagic degradation of nuclear components

Lyso-Tracker

Figure 3. Perinuclear LC3 staining in Lmna™2?7P/H222F and (mngM222P/H222F/GFP.IC3 MEFs. (A} In Lmngl?22P/H222F ppEs
shaped LC3-positize vacuolar shu jure 1s seen with sironger marginal doklike staining. DAPlpositive matetials are ncluded within Fmerin

largessizec ond round

neore

sirongly stained in the part of nuclear membrane inferfacing with the LC3-positive siructures (arrow) (B) In Lmna1222P/H2228 /GEPICS MEF Lo ignal

is delected with the GFF.
with wild-type cells (Fig. 6A). Becavse an imcreased amount of
LC3-IT could be mterprered en as incroised anrophagy mfhn o

blocked autophagosome mataravon. ' w

quantified the amount

of LC3-TT with or withow lysosomal protease inhibitors (pepstatin
ey s

A and F64d). LC3-11in Lo’ 5 7H2

with Ivsosomal mhibitors  Fig. 6A

cells was much increased
mphving that the mereased
LC:3-1 amount is due te enhanced wiophagy influx and not duc
to impedance of autophagosome maruricion

This increase in 1 C3-IT protein might be also duc wo transcrip-
uonal upregulation ot Maple 36 ncoding |+ major form of T.C3.
By quantcanve real-rime PCR of Maple3h, we observed that the
rranscriprional level of LC3 was signific mely higher in Lmna™ 27

L2220

compared with wild-type MEF (Fig. 6B, p = 0.0141)

798 Aufophagy

relative copy number ot LC3 0 RNA i /o o PN
W 36 umes when cndardizad by GAPDI ipton
I(A\'(.I.

Inhibition of autophagy increased the frequency of nuclea
abnormalities and decreased cell viability in Limng/72220/H222P
MEE To clucidare the role of autophagy in L =2PHE2220 )
we inhibired autophagy by using 3-methvladenime (3-MAj and

wortgmannin ’D\,Ul".)f)l]ilg\ was [‘Fﬁl'lf.‘ﬂ!l\v’ THHhh‘L’d as (’hf‘ MO ()f’

LC 11 was norably decreased bath w wild-type and Linna @40

220 colls (Fig, A
Fhe number of LC3-posityve aurophagosomes w s sipnificantly

H222PIH2 D

decrcased 1y the veated Lmna’ clls ompared with rhe

untreated cells (Fig. 7B, » < 1.0001). Morcover. LC 3 statning was

2009; Vol. 5 Issve 6



Autophagic degradation of nuclear components

Histone H1

Lamin A

Lamin B

Figure 4. Involvement of autophagy-related profein: and | AMP2, and lyso-Tracker ¥ probe sicining in Lmna™27 “H2220 JGFPIC . MET Algh (A] Aig9

B}, Rab7 (C) and LAMP2 (D) sre all remarkably stained in/around the GFP-positive struciures {E] Lyso-i-acker® s ghlighic  ant locali: =0 with the
: x y p (€] Ly ghlig

GFP-positive structures near nucleus.

virrually absent in the treared cell . evin nucler with markedh antreated Lmna!™2220H220 @7y il vreated L ngtt222IH2220

irregular shape and wich xcranuclear DAL Signals. whereas 1 wa. 0.72) cells Fig 7T When autophagy w. inhibited rhe surviv. |

often presenred i uniurced cells Fig. 7C, upper). In addition rte of Lignalies TR0 o o signibican reased

the mumber of cells with matkedly rregular nuclei and/or exua 1.0029) as compared ro wild-type ol This re vl mplies char

auciear DAPT as (cpresenred in Figure 7C was much inereasd  aucophagy could have « beididal et ceedl ova

when autophagy was mhibired: the percentage ol cells widh nuclear .

deformation was 6./ = | 2 and 9.8 = 1.6 mean = SD). nd coi Discussion

with single o1 mulniple extranuclear DAP was 83 £ 0.9 and 14,9 Here we provide eviderce thar a par of e wucten 1s degrade

+ 1.5 i unweared and veated cell: respecindy Fe TD) The g aurtophagy when nufer e damaged and/or parialh extruded

Jifterence between the vo groups was i tab hicati p = iro the cytoplasm as frequeatl bserved i nuclear enveloparhy:

0.0008) afcer 1catnent in Lmna 2252210 Ep 03 MV E Gl Popoin ignals
We also hecked mean surival rate by coming viable and  were presented ncar nnclo wnich oo o be dcniieal

dead cells in anueared f-tvpe (0.88 reated o odd-iype (0.83 o LOC3-positive autop hososomes T ditter @iy

www.landeshioscience.com Autophagy 799



Autophagic degradation of nuclear components

Figure 5. Characterization of nuclear components
contained in the GFP-positive autophagosomes on
immunocyfochemisiry. [A~C) GFP-positive autophago-
somes with variable sized are seen close to the nuclei,
and most of which are partially colocalized with DAPI
signals outside of nucleus. Exiranuclear DAPI signals
in the GFP-positive autophagosomes are positive for
histone H1 (A}, but not for nuclear envelope proteins
such as lamin A and B (B and C). (D) Exironuclear
DAPI signals with GFP staining are positive for yH2AX
{arrowhead). (E] Nuclear fragmenis with scatfered
4H2AX stoining are negative for (C3.

pactert between: GFP and 1.C4 despite the
essential identity 11 probably due ro the accu-
mularion of GITP that is resistant o lysosomal
hydrolase. Further immunostaming of orher
autophagy-related proteins (ie.. Atg5, 16L, 9
and Rab7) and LAMP2 confirmed char the
GFP-positive gnals are ultimarely autophago-
somes and wolysosome.. Our ﬁndiugx mndicate
that rhe aurophagosomes appear ro degrade the
cxtruded nudlear components sinee most of thew
contained exvanuclear DAPT and major histone
protein H1 within, Irregularly blurred or fnt
DAPI or H' signals inside the autophagosomes/
autolysosonses substanuate that nuclear compo-
nents are being degraded by autophagic process
The targer of ophagy is probably the damaged
portions of nuclei as demonstrated by YH2AX
ITNUNOSCUTIN.

Elecoron  microscopic  observanion:  of
Lopna™™ 2P colls demonsurated  that
autophagosomes were clustered and lysosomies
fused 1o form cnint autophagosomes. which were
somcrimes bigger than nuclei. Giant autophago-
somes are guite unusual and are rarely scen in
starvanon-mduced nophagy. where the size s
abour | pwm. 3 Similar large-sized (5 to 10 pmy
autophagosomes has been reported 0 encirel
bacieria i Hela cells under roup A suepio-
coccus infecrion although the mcchanism o
form such giant aurophagosome was not clir
fied.* Froio our ndings it can be wiggested
the formation of giant autophagosomes may be
required for the degradarion of large molecules,
such as . part of nucleus.

We propose rhat L3 M2

nucled,
havingincomplere laminastructureand frequently
subjected to wechanical stress subsequently

become damaged ind would apparendy require
giang) autophagosome lor degradarion by lvso-

somal enzvmes Thus, 1t seems thar this nudew

autophagy s consisient with macroautophagy
in rerms of its morphology and machinery
used. On the athar hand, piccemeal microau-
wophagy of nudeus (PMN) has been rocent!

800 Hhutophagy 2009; Vol. 5 Issve &
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Figure 6. Immunoblotting analysis of .C3 and quantitative
realtime PCR of Maplc3b. (A} The amount of L3 is high
ly increased ir lmnat222P/H222F cells and which gets more
increased with the treatment of lysosomal proteose inhibi-
tors (pepstalin A and E64d), uggesting ihat autophagy s
markedly activated 11 the diseosed cells. (B} 8y quantitaiive
realtime PCR of Maplc3b, the transcriptional level of LC3
is represented to be significantly increaccd in Lmnat2228/
H222P MEF compared with wilddype [p 0.0141, WI-U!
untreated wildtype, WT-T, treated wild-type; HUT, unireat
ad LmnaH;?Q?P"H'ZZ?P. treated Imnati??2P/H222P cells.

reported in S cerewisize. vhich s induced by

rional doj ol T mialanon | arine

viid celcro-iike pawn formea by e mtetic-

i herween iolar merbrane oui i nudies

wmboon ar nopeso o ni et

PMIN s norphologically  ategorized 2w microaw

phagt bec e nudl compone irect|
igulied by acuotes withour Cmnwon of 0 la
nu cnedioes, e, atophagos This cou

A WI-UT HUT WI-T HT

LC3-j| WS - v -

ACHng e . —— ——

wi turcher upporeed by THOIRVCSTgaon Tha
\.'JI|‘ l d the  on dactinery
: PMN Because detatl o ade
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&
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wclude ch
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o nof
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chbnoimdlities  and el

‘e atter top! gy nhit o

iA) Immoobloting alysic
shows that 34l is aa: atte
autophag, inhibii ilettype and
Lmng 2220752228 olc 1B In eat:
~H222P/1122: Jl o) ag:
vocuole  are ignlicantly dec ed
conpo ith unreo’ | cell p
0.00¢ Onimmi socyfochem Gy
ot .3 fred] lami C jreen) un

bluej, th e mng!1222/
cells raicly how
as untreuled

‘119 where-
alls frequently  lispla
periucleor autorlagosomes irow:

of Cells

|

2t Tots calls

Wanle

Cell viability

upperl  With autoph gy mhibition
cells present severe deformation of
weler 1 multiple exiranuclea:r DAPI

B flower) (1) the omber of alls wit
e markedly regular shoped nuclei ind
exfranuclear DAPI weh nereased
by aulophagy mhibition (p = 1 0008;
[FI Cell viability osscy represents

the decreased cell survival rafe
SEERHE! mnatt222P/H cells by utophagy

RS whibition :ompared with wild-ype
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Autophagic degradation of nuclear components

The acuvation of autophagy mn LmnaT222PH222P ey s
supported by the finding of increased amount of LC3-1l on
immunoblotting analysis. and the transcriptional upregulation of
LC3 expression. LC3 has been previously reported to be increased
in progeroid mice lacking zinc mewlloproteinase STE24 or
ZMPSTE24 (Zmpste;’«’i"" 1,5 an enzyroe required for the matura-
tion of lamin A. ZMPSTE24 deficiency causes accumulation of
the premature form of lamin A (prelamin A) in ouclear enve-
lope and leads (o profound nuclear archirecture abnormalities.*
Increased LC3 was thought ro be secondary ¢ enhanced basal
autophagy in skelewal and cardiac musces due (0 a metabolic
derangement in progeroid mice. Considering sumlar moleculai
defects of nudear lamina 1m0 rwo mouse madels of Zunpste24” ana
Lomna!P222PH2220 e cannor totally exclude the possibitic  of
increased basal autophagy in Lmna!™22P1222P o ce although chey
did not show comparable alterations in glucose and lipid metabo-
Jism. " Tu chis seudy, che finding chat GFP-LC3-positive vacuoles

cytoplasimic muclear components
2 FER22]
H2 P 221 cells

were consistenth related to
could indicawe that acrivated avrophagy e
may ar least in part be induced by rhe nucliar damag

H222PH222P e|s after aurophag)

Reduced el viability in Lmna
inhibition probabh resulted from ncrcased frequenc
abnormalities as showa 10 Figure 7 This osub ulciniarely mdicares

i nuclea

that autophagy + working for the mainten o of - ellular homeo-
stasis by cleanung up nuclear wasies in Linna’ M2 G Wich
autophagic degradation of nuclear corponents, however. a pariial
loss of genetic informavon may be incvirable, leading (o a varying
degrec of molecular defects on - clls Cells with bulle loss of genetic
marenals can be thought to ventually undergo apoprosis, bui
clarification of this issue is beyond the scope of this paper.

In conclusion. we bave demonstrated the presence of pert-
nuclear autophagosomesfautolysosomes in Lmna"2*%! GEHEG
Notably. in the area of ouclear membrane interfucing wich
aurophagosomes/autalysosomes, we could se¢ accumulation of
nuclear cnvelope protemns. Uhis may sugpest that autopbagy could
contribute to the rapid repair of the nuclear membranc as chere is
a need to rescue the cells from overdegradation or (o minimize the
foss of nuctear components after nuelear membranc njury. This
would be worth exploriog 1o future experunents

It 1s also nowable that similar autophagosomes/autolysosomes
ontaining nuclear components were found even 1n wild-type cells
although ro a much Jower frequency. This implies chat autoplagic
degradation of nuclear is not conlined w nudea
envelopathy, and _an occur under other condition that cause
nuclear damage Like other organelle-specilic autophagy reporied
LPIFH2EP AR can be proposed

“omponent

to darte. the autophagy in Linna'
o be called as nucleophagy. Nevertheless, the precise role of
‘nucleophagy  1in lammopathies, and possibly in - physiologic
conditions, rematns perplexing and a potcatial interest that needs
to be clucidared.

Miaterials and Methods

Mouse models for nuclear envelopathy and generation of
LinnatT222MH222PJGEP_[ (3 transgenic mouse. We used H222P

< RS Ui2E) = 0.
homozyzous knock-in Lmng!? 22, T knockour
PR =]

802 Autophagy

Lmma™ B and emerin knockout (Emd”) miwce™® as mouse

models for nuclear envelopathy in this study. The micadon of
p.H2220 1 LMNA is one of the mutations causing muscular
dystrophy mn human, and the homozygous mouse model carmving
) ) Y&

H2:2200H . 22P

the mutation, Lmna’ reproduced the phenotype of

V' Lana™

hwoan muscular dystrophy due to LMNA murations
mice have shown postatal lethality n addinion o muscular
dystrophy and cardiomyopathy although they were normal ac
birth.*8 Emd” mice demonstrated altered moior coordination ind
delayed atrioventricular conduction time i lectrocardiogram, b
overl they showed normal growth e and woere - ichour obvious

‘eakness.
H222P/H22

wiscl

~L

i

lmna mice were crossed with CEFP-1 S transgenn
mice®® (kindh provided by Dr. Mizushina i Loky - Medical and
Deuoral University) to generate Lmna®2M2T/C1 15 €5 rrans
genie mice

Electron microscopic observation. Soleus muscles and sk
of abdomen obuuned fron Tnma' 22" mice wd wild: rype
litiermares were obtuned for cleciron microscopic observauon
n 00 M cacdyla
shakig with o auxtire of 4% oveiame cetroxid

lissue wen fixed with "% glutaraldehvd:
buffer v

5% lanthanum nurate and 0.2 M -colliding for 2 hour samples
|
were embedd o m cpoxy cesin.
1] DL NI g e g i
Linng'?? AP NS e won Labfel !

chambered coverglass Nune, Tokyo Japan) They weie tixed wit
1.2% gluriraldehyde in 0.1 M phosphan buffer (pl 7.4) 1"
0.1 M
phosphate bufter at 4°C, they were embedded in cpoxy resim

for one hour. Atier nsmification of cells wich 1% Os0)4
Ulerathin sections (50 i chickne s) were staineo with vrany
acetate and lead citrate and chen exanuned under H-600 ranauis
ston electron microscope (Hitachi. Japan) w70 kV.
Cell culture and immunocytochemistry. Mous. embryonic

fibroblasts (MEF) were obtained from 1 mma!™ 7717 F
H222PH222P )0 1op 1 (5

Lmna

Lnina tran ic mice ind - wild- wype

littermates. Lhey were harested in 00-min collagen - oared
dishes with Dulbeccos modified Eagle medinm (DMEM. Wak,
Osaka, Japan) containing 10% fetal bovine serum  FBS) and 1%
of antibiotics, and mcubate ! at 37°C n humidified chamber with
5% CO),.

Cultured cells were plated on collagen (-coated glass coverdlips
and fixed with 4% paratormaldehydc o PBS for 15 mn a1,
pdrmeabilized on e cach 0.25% Trcon X 100/PE for 20 mun.
blocked with 2% cas 1a/PBS for 15 mue ar 37°C  and oh

nostaned wich provary nnbodies diluted in 2% casein PBS for 2

mimu

this study e follows:

anin B (oania

hrs ar 37°C. Primar.  mubodics used
anu-lamin A (Abcany Tokyn, Japan), lamin ¢
Cruz Biotechnology lic  CCA). 'mern "Novocastra Laboratoues,
Newecastle upon 1yne, UK) Janin-assocared protein 20 (LAP20)
¢ (Abcam, lokyo, Japan). 1.3 provided by 1D
Leno, Juntendo universiey' Atgh (Sigma-Aldrich. Takyo, Japan).
Atgd (Biosensis Thebarron. Sourth Auswalia Argi6l Kah?
(Sigima-Aldrich). LAMP2 (De dopmenial Studics Hvbridon,
Bank). histone H1  Santa Cruz Biorechnology Tne.,j. H2AX
(Abcam). Cells were then incubated with Huorescendy Tab -led

nesprin

secondary antibodies (Alexa488 or Ale w568, 1 roon reuperatuie

2009; Vol. 5 Issve 6



Autophagic degradation of nuclear componenis

for 45 mun. Covershp were mounted 1ogecher with 4',6-diamidine
2-phemvlindole  DAPL Liwvitrogen, CA) for nuclear localizavon
and then visualized under epifluorescence using Axiophoto 1T (Carl
Zeiss).

To detecr lysosornal localization. cells wer incubated with PBS
containing 100 nM of Lyso-Tracker® (Invitrogen) at 37°C for |
hour. After rinsing with PBS. cells were fived with 4% paraformal-
dehyde at 37°C for 20 min.

Immunocblotting analysis of LC3. Linatl- 220222
rype MEF were grown on 100 mm-collagen Teoared dishes. At 80%

; .
and wild-

confluent swte. cells were treaied with lysosamal protease inhihi
tors consisting of pepstatn A (20 wg/mL, Pepride Tnstrure, Osaka
Japan) and E64d 120 pg/ml. Pepride Instiue). or wich dimeth-
visulfoxide ([ DMSQ) as a negative conirol for 4 hours. Whole cell
lysares was exuvacted with lysis buffer (1% NP-40 cell lysic butfer
supplemented with protease inhibitor)  immunobtotting analysu
of LC3 was pertormed according to the standard method Rvenn

micrograms of prowin of each sample were tvaded on 12.9%

sodium dodecyl sullate-polyacrylamide el Afte: elec rophores:
the gel was rransferred o polyvinylidene (PVDFE; membran and
tumunostained with ant-LC3 ncibody. Dara wa- analyzed by
using LAS-1000 chemituminescence tmaging systent (ugtfilm.
Tokyo, Japan).
Quanritative real-time PCR. loal RNA w
HL22P/H. 221 wild-type MLEF w

racred fron
[ mia Bt g Rizol v iirogeny
LINA

sing SuperScnpt MO TIT o verse

following manuracia + prowcol
RINA

vof LO3B war quanuficd Jan

agle stoonde

was synthesized tiol

wranscriptase Gene xpre
tative teal-tim PCR in Rotor -Gene ™ 6000 systern (Corberr 1ile
Sctence. NSW. Auseralia), using the following primers: TC3b-
CCG AGA AGA CCL TCA AGC AC 1nd TO3b-R: CCA 1 IC
ACC AGG AGG AAG AA. All the 1 subi
respect to G3PDH expression.
Autophagy inhibition. MEF from Lmmna’

were normalized with

20220 P

mtc and
wild-type lilermares were rreated with mi 3-MA
Aldrich) and 200 niM wortmannmn (Sigina-Aidrich), which 0 also

known as phosphatidvlinositol-3 Iiinase inhibteor and autophagy

HgIma-

inhibitors. or negative control at 80% contluen: stare for 2 hour:
as previously described. ¥ After the treatment. the amount of LC
was measured by immunoblotting apalyst Linmunocytochemisom
of LC3 and a nuclear nwvelope proemn Jamin € was also
performed check the changes i udear abnormaliv. - wiil
aurophagy inhibition. For the calculation of cell survival rare the
stiined by aceroxymethyl cster of - e ‘Caleein-AM,
13) and propidium wdine (PT. Dopndoj tor 15 min
the manufact or's st ucuon. This ainimg

cells wer
Dojindo, !
at 37°C according

method can differentiat green-colored viable and red olor |

dead cells. respectively. Cell viabilinn was deteriiied s ne ratio of

number of viable cells per toral number of el o four groups

1 2.t 13
id lyhe, treated '-.V;ld%}"pz ifreated i,/rzn(zk*‘ 2%

1222PIHZ2P |
CCHS.

of unereated
H2P and treared Lowea”
Statistical analyses. To g quanunari e da. rhrec 1o fow
replicates of measurement were done for each condition. All the
dara were presented as mean and standard de  uon. Comparisons

moug groups vere done by using student + test and  nalvsis of

www.landesbioscience.com

varance (ANOVA) s appropriate. Swatistcal significance was
considered when p value was less than 0.05.
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Human PTRF mutations cause secondary
deficiency of caveolins resulting in muscular
dystrophy with generalized lipodystrophy

Yukiko K. Hayashi,' Chie Matsuda,” Megumu Ogawa,’ Kanako Goto,' Kayo Tominaga,?
Satomi Mitsuhashi,’ Young-Eun Park,! Ikuya Nonaka,! Naomi Hino-Fukuyo,® Kazuhiro Haginoya,®4
Hisashi Sugano,® and ichizo Nishino!
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Tohoku University Schoof of Medicine, Sendai, Miyagi, Japan. "Department of Pediatric Neurology, Takuto Rehabilitation Center for Children, Sendai,
Miyagi; Japan. *Department of Metabolic and Endocrine Medicine, Kochi Health Science Genter, Kochi, Kochi, Japan.

Caveolae are invaginations of the plasma membrane involved in many cellular processes, including clathrin-
independent endocytosis, cholesterol transport, and signal transduction. They are characterized by the pres-
ence of caveolin proteins. Mutations that cause deficiency in caveolin-3, which is expressed exclusively in skel-
etal and cardiac muscle, have been linked to muscular dystrophy. Polymerase I and transcript release factor
(PTRF; also known as cavin) is a caveolar-associated protein suggested to play an essential role in the formation
of caveolae and the stabilization of caveolins. Here, we identified PTRF mutations in 5 nonconsanguineous
patients who presented with both generalized lipodystrophy and muscular dystrophy. Muscle hypertrophy,
miuscle mounding, mild metabolic complications, and elevated serum creatinie kinase levels were observed in-
these patients. Skeletal muscle biopsies revealed chronic dystrophic changes, deficiency and mislocalization
of all 3 caveolin family members, and reduction of caveolae structure. We generated expression constructs
recapitulating the human mutations; upon overexpression in myoblasts, these mutations resulted in PTRF
mislocalization and disrupted physical interaction with caveolins, Gur data confirm that PTRF is essential for
formation of caveolae and proper localization of caveolins in human cells and suggest that clinical features

observed in the patients with PTRF mutations are associated with a secondary deficiency of caveolins.

Introduction
Caveolae are specific invaginations of the plasma membrane char-
acterized by the presence of the protein caveolin. To date, 3 caveolin
family members have been identified. Caveolin-1 and -2 are coex-
pressed in many cell types, such as endothelial cells, smooth muscle
cells, fibroblasts, and adipocyres; and form a hetero-oligometic com:
plex(1). In contrast, caveolin-3 is expressed exclusively in'skeletal and
cardiacmiuscles (2). Caveolaeare involved iy several important cellus
lar processes; iicluding clathrin-independent endocytosis, regulation
and transpore of cellular cholesterol, and signal transduction (3, 4).
Polymerase I'and transcript release facror (PITRF; also known as
cavin} is a highly abundant caveolae component and is suggested
to have an essential role in caveolar formation. In both mamma-
lian cells and zebrafish; knockdown of PTRE leads to'a reduction
in caveolae density (5). Mice lacking PTRE do not have morpho-
logically detectable caveolae; in addition to a markedly diminished
protein expression of all 3 caveolin isoforms (6): Interestingly,
PTRE-knockout mice mimic lipodystrophy in hunians, demon-
strating considerably reduced adipose tissue mass; high circulating
triglyceride levels, glucose intolerance, and hyperinsulinemia (6.
Here we report that mutations i PTRF (GenBank accession nio.
284119) caused a disorder presenting as generalized lipodystro-
phyand muscular dystrophy: We demonstrate that this condition
was associated with deficiency and mislocalization of all 3 caveolin
family:members and reduction of caveolae structure.
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dentification of PTRF mutations. Deficiency of caveolin-3 as a resule
of CAV3 gene mutations is known to cause muscular dystrophy (7).
We found 5 nonconsanguineous Japarnese patients whose muscle
showed caveolin=3 deficiency but withour CAV32 mutation among
2,745 muscular dystrophy speciniens kept in the muscle repository
of the National Center of Nearology and Psychiatry: Importantly,
all 5 patients also had congenital generalized lipodystrophy (CGL:
also known as Berardinelli-Seip syndrome). From the findings
observed in Tacking cells and animal models lacking PTRF (S, 6),
we screened for PTRE murtations.

We identified 2 different frameshift mutations in all'5 patients
examined: patients 1-4 (P1=P4) had the same homozygous
¢.696._697insC (p.K233fs) mutation in exon 2, and P5 harbored
acompound heterozygous mutation of the same ¢.696.697insC
and ¢.525delG (p.E176fs) in exon 2 (Figure 1A). The ¢.525delG
mutation changes the last 275 amino acids ro an unrelated
98-amino acid sequence, whereas ¢.696.697insC substitutes che
last 158 amino acids with an unrelated 191-amino acid'sequence
{Figure 1B). Both mutations were not identified in the chromo-
somes of 200 Japanese control subjects.

1n order to determine whether the common ¢696 697insC
muration has the same haplotype, we examined 6 sers 6f single
nucleotide polymorphisms (SNPs) within PTRF, 1s2062213;
£s8070945. rs963988, 15963987, 15963986, and rs9252. All'5
patierits had the same haplorype for all 6 SNPs; which occurred
homozygously (Table 1). During mutation screening: we found
a novel 9-bp inserdion polymorphism in the 3" noncoding regicn
Number ¢ 2623
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Figure 1

Ex2 A

Unrelated

Mutations in PTRF. (A) All 5 patients had a homozygous or compound heterozygous mutation in PTRF (shown by arrows). P1—-P4 had the
same homozygous insertion mutation of ¢.696_697insC (InsC) in exon 2, whereas P5 had a compound heterozygous mutation of the same
¢.696_697insC insertion mutation and a deletion mutation of ¢.525delG (DelG) in exon 2. (B) Schema of the position of mutations in PTRF. puta-
tive proteins produced by mutations, and antibody recognition sites. The c.525delG mutant changes the last 275 amino acids to an unrelated
98-amino acid sequence, while the ¢.696_697insC mutant substitutes the last 158 amino acids with an unrelated 191-amino acid sequence.

of PTRF (c.1235_1236insTCTCGGCTC). This 9-bp insertion was
found heterozygously in 26% and homozygously in 2% of Japa-
nese control individuals. In P1-PS, none had this 9-bp insertion.
We also examined 2 microsatellite markers (STS-W93348 and
D1751185) close to PTRF and found heterozygosity in the patients
(Table 1). From these results, a founder effect may not be likely,
although we could not completely rule out the possibility.
Mutation screening of the other genes associated with lipodystrophy and
muscular dystrophy. From the clinical and pathological findings,
we performed murtation screening for the genes associated with
muscular dystrophy and lipodystrophy, including CAV3, LMNA,
AGPAT2, BSCL2, CAV1, PPARG, AKT2, and ZMPSTE24. We found
a heterozygous nucleotide change of c.1138G>A (p.D380N) in
BSCL2 in P1. This substitution was also identified heterozygously

2624 The Journal of Clinical Investigation
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in 16% of Japanese control individuals, and we believe this to be a
novel nonsynonymous SNP. For all the other genes examined, no
other mutation was identified in P1-P5.

Clinical features of the patients with PTRF mutations. Clinical informa-
tion for P1-PS is summarized in Table 2. Common to all patients
was the presence of muscular dystrophy and generalized lipodys-
trophy. However, despite having the same mutation, the patients’
additional symptoms were variable. Generalized loss of subcutane-
ous adipose tissue in several areas, including the face, was noticed
in infancy or early childhood. Hepatosplenomegaly, acromegaloid
features, and umbilical prominence were often observed in the
patients. No patient showed intellectual deficit or acanthosis nigri-
cans. Patients presented with mild muscle weakness, but with hyper-
trophy of muscles (Figure 2A). Electrically silent percussion-induced
Number 9
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Table 1
Hqglotgge analysis

Hcle

analysis revealed a heterozygous
¢.696.698insC murtation in both
parents of P4, Clinically, both

Pi P2 P3 P4 P5 Controi4 father'and mother had hyperten-
intron 1, 152062213 /e C/C G/6 /e C/6 G/G (53%) sion requiring medication, whereas
Intron 1. rs8070945 C/G Cic G/G C/C G/ G/G (78%) P4 was normotensive. Mild lipid
Intron 1, rs963988 G/G 6/G G/G G/G G/G G/G (33%) metabolism abnormality and bor-
Intron 1, rs963987 G/G G/G G/G G/G G/G G/G (310/5) derline glucose inrolerance was
Intron 1, rs963986: 6/G 6/G G/6 6/G G/G G/6 (34%) also seen (Supplemental Table 2).
Exon 2, 9-bp insertion® - no/no no/mo no/no no/no no/no no/no. (72%} DNA samples from the other par-
Exon 2, r592528 C/G C/G G/C C/C C/e C/G (78%} ents were not available
STS-W93348 (bp) 251/253 - 251/253  251/253  251/253  251/253 251/253/264 Toss of PTRE with d. o .
D1751185 (bp) 219/219° 1707219 170/219  170/170  170/203 170/203/215/219/225/237 Loss of L dejiciency or mis-

APercentages denote the frequency of the haplotype in the HapMap JPT population. 8Exon 2 is 3° noncoding.

muscle mounding was characteristic. Cardiac arthychmia, transient
immunodeficiency. recurrent pneumonia, constipation, and chala-
sia were variably seen. Available laboratory data in the patients are
summarized in Table 3. Merabolic complication was mild, and none
of our patients showed marked elevation of fasting glucose levels.
The resulc of oral glucose tolerance tests revealed moderate fasting
hyperinsulinemia in PT and P2 associated with glucose intolerance
in P2, burnormal levels in P4 (Table 4). High triglyceremia was seen
inn P4 and P5. Serum creatine kinase (CK) levels were moderately ele-
vated in‘all parients. Abdominal CT images of P4 revealed marked
loss of subcutaneous and intra-abdominal fat (Figure 2, B and C).
In-addition, his body fat racio, as determined by whole body dual
energy X-ray absorptiometiy, was 7.1% (Supplemental Table 1;'sup-
plemental marerial available online with thisarticle: doi:10.1172/
JCI38660D8 1), while head fat was relatively preserved.

Clinical features of the beterozygous parents. There was no faiily his-
rory of muscular dystrophy or lipodystrophy in P1-PS. Genetic

Tahle 2
Clinical summary

localization of caveolins in skeletal mus-
cle. Biopsied skeletal muscles from
PI-P5 showed consistent findings,
with chronic dystrophic changes
including marked variation'in muscle fiber size, increased number
of fibers containing internalized nuclei, a few necrotic and regen-
erating fibers, and increased interstitial fibrosis (Figure 2D and
Supplemental Figure 1). Intramuscular lipid droplets, as visual-
ized by oil red O staining, were not increased (Figure 2D).
Immunochistochemistry demonstrated that the PTRF anti-
bodies A301-269A and A301-271A (which recognize the Nt and
C-terminal regions of the protein, respectively; Figure 1B) showed
sarcolemmal membrane staining of muscle fibers, with stronger
immunoreaction at incramuscular blood vessels in control miiscles
(Figure 3A). Caveolin-3 was clearly observed at sarcolemma, where-
as'caveolin-1 and -2 were present only in blood vessels! In ¢ontrast,
muscles from P1-P5 showed barely deteceable immunoreaction
to both PTRF antibodies (Pigure 3A). Caveolin-3 immunoreactiv-
ity was greatly redticed in the sarcolemma; but ¢ytoplasmic stain-
ing was remarkably increased. This caveolin-3 Stainiinig patrern
was similar to that seen in the patients with muscular dystraphy

Agefsex

Height, body weight
Lipodystrophy

Mental retardation
Acanthosis nigricans
Liver/spleen

Endocrine abnormalities

Muscle weakness
Muscle motnding
Other muscle symptoms

Cardiac symptoms
Skeletal abnormalities

QOther symptoms

NA; not availabie.

Pi

8-yr-o0ld.female
124.cm, 21.3kg
Generalized

No

No
Hepatosplenomegaly

Reduced growth
hormone secretion

Distal dominant
Positive
Muscle hypertrophy

Arrhythmia
Lordosis,

Contractures (ankles;

shoulders; fingers)
Constipation

The Journal of Clinical Investigation

P2

14-yr-old female
149¢cm, 405 kg
Generalized

No

No

Fatty liver

NA

No

NA

Myalgia,

muscle stiffness
No

No

Transient IgA deficiency.
recurrent pneumonia

P3 P4 P5

10-yr-old male 27-yr-old:male 24-yr-old male

NA 164 ¢cm.49.0kg 152 cm; 40kg

Generalized Generalized Generalized

No No No

No No No

NA Hepatosplenomegaly No

NA Accelerated bone age, . Acromegaloid features,
acromegaloid features, . no androgynism
no androgynism

No Generalized Distal dominant

NA Positive Positive

NA Muscle hypertrophy Muscle hypertrophy

No Atrial fibrillation No

No Scoliosis; Seoliosis
contractures (ankies)

Nephrosis Umbilical prominence, - Recurrent pneumonia;

herp/fwwaviciore

Volume 19

Ninnber'9

renal stones

Seprenibe 2009

chalasia, constipation
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caused by CAV3 mutations (data niot shown), Similarly, dysferlin
was decreased. in the sarcolemma and mislocalized invo the cyto-
plasm (data not shown), and the same pattern is also seen in mus-
cles of individuals with CAV3 mutations (8): Immunoreactivity to
caveolin-1 and caveolin-2 in blood vessels was barely detectable in
P1-P5 (Figure 3A). Other antibodies related to muscular dystro-
phy, including dystrophin, sarcoglycans, dystroglycans; emerin,
merosin, and collagen VI, showed normal immunostaining pat-
terns {(data not shown).

Immunoblotting showed derection of PTRE as an approximately
50-kDa band inn control muscles anid 373 cells; which were used as
a positive control.: No band was detected in the muscle of P1-PS
{Figure 3B). Caveolin-3 was detected in all samples examined; buc

relative protein amount, determined using densitometry and nor-

malized by myosin heavy chain (MHC), decreased in P1-PS com-
pared with control subjects (Figure 3C). The band for caveolin-2
was observed in control muscles and 3T3 cells, but was barely
detectable in the muscles of P1-P5 (Figure 3B):

In order to determine mRNA expression of PTRF, RT-PCR
was petformed using total RNA extracred from biopsied skeletal
muscles; Using primers designed to amplify whole coding region
of mRNA, PTRE was amplified as a single transeript in’control
muscles. In contrast; no PCR product was amplified.in P1-PS
(Figure 4A). To compare mRNA levels for caveolins, we performed
quantitative RT-PCR and normal-
ized results to GAPDH expression.

Figure 2

Muscle hypertrophy and dystrophic changes.
(A) Prominent musculature feature of legs in
P5. (B and C) CT images from P4 showed
hypertrophy of paravertebral and thigh
muscles with minimal subcutaneous and
intra-abdominal fat tissue. (D) H&E stain of
biopsied skeletal muscle from P4 showed
dystrophic changes, including marked varia-
tion in fiber size, enlarged fibers with inter-
nalized nuclei, endomysial fibrosis, and few
necrotic and regenerating fibers. Intramuscu-
lar lipid droplets were not increased compared
with control. mGt, modified Gomori trichrome;
ORO, oil red O. Scale bars: 50 um.

maminalian cells; zebrafish; and knockout mice (5, 9). Decreased
caveolae number was also reported in skeletal muscle from limb
girdle muscular dystrophy type 1C (LGMD1C) patients with CAV3
mutations (10). We therefore examined muscle caveolae in P2 and
P3 using electron microscopy. Plasma membrane of muscle fibers
from both patients was nearly flat, and caveolae density was nota-
bly reduced; compared with control muscle (Figure 5). Caveolae
formation in the intramuscular vascular smooth muscle cells was
also rematkably reduced (data not shown).

Alterved localization of nustant PIRF and redriced interaction with caveo-
lins in transfected cells. In order to determine the intracellular localiza-
tion of mutant PTRE, ELAG:tagged WT or'2 murtants (¢.525delG
and ¢.696.697insC) and T7-tagged caveolin-3 or -1 were cotrans:
fecred in C2C12 myoblasts and COS-7 cells. In C2C12 cells; WT
PTRF was detected at the cell membrane and colocalized with cave-
olin-3 (Figure 6A). Interestingly, c.525delG was detected as intra-
nuclear aggregations and was niot observed at the cell membrarie
{(Figure 6, A and B). Caveolin-3 was present only in cytoplasm, and
did not merge with PTRE (Figure 6A). The ¢.696_697insC mutant
was observed as microtubular filament network in ¢cytoplasm and
colocalized with B-tubulin (Figure 6B). This finding is consisterit
with the localization of the truncated PTRF; 333, as described previ-
ously (9). Similar mislocalization and/or aggregation of transfecred
mutant PTRE was observed in COS-7 cells (data not shown).

The mRNA amounts of all 3 caveolin Table 3

families in the patients’ muscles were Laboratory data

variable, but not markedly decreased,

compared with control muscles (Fig- Measurement Reference range. "= P1 4 P3 P4 P5

ure 4, B and C). Preserved mRNA lev- GK (IU/) 56-244 1374 542-2253 2000 554-1545 645-2,630

els; but decreased protein amounts of Fasting glucose {mg/dl) 70-109 75 99 NA 93-116 102

caveolins, suggested destabilization of HbATc (%) 43-58 NA NA NA. "~ 5.0-54 NA

caveolin proteins when PTRF is lack- thal chqfestero! (mg/dly - 130-220 164 NA NA 185~267 218

ing, as previously reported (9). Triglyceride (mg/di) 20-150 93 NA NA - 143-450 359
Loss of PIRE causes reduced caveolae LDL-G (mg/dh) 70-139 NA NA NA 188 NA

e : Leptin (ng/ml} 0.9-13.0 NA NA NA 0.6 NA
formation in buman muscles. Greatly Adiporectin (ja/mi) None NA A NA 65 NA

reduced caveolae formation was pre-
viously reported in PTRF knockdown NA, not availabie.

2628 The Journal of Clinical Investigation
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Table 4
Oralglucose tolerance test of P_1 Pg and P4

Pre 30 min 60 min 120 min

Pi

Glucose (mg/dl) 75 98 69 62
IRI (nU/mi) 22.8 1418 64.7 23.8
P2

Glucose (mg/dl) 89 127 160 172
IRE (uU/ml) 20 53 65 80
P4

Glucose (mg/dh) 93 124 140 70
CPR (ng/mi)* 2.8 5.9 8.3 55
IR} (ul/mi) 1.0 22.3 329 6.2

{Rl, immunoreactive insulin; GPR, C-peptide immunoreactivity: *Refer-
ence range, 0.7-2.2 ng/ml.

We performed immunoprecipitation assay in'order to examine the
binding ability of PTRF and caveolins. WT PTRE was coimmuno-
precipitated by anti-T7 antibady, and vice versa (Figure 6, C and D).
The ¢.525delG mutantshowed smaller molecular weight (estimated
30kDa; Figure 1B), and no immunoprecipitated protein was detect=
ed by FLAG and T7 antibodies. The ¢.696_697insC mutant showed
slightly larger molecular weighr, and coimmunoprecipitated pro-
teins were L*reacly reduced (Figure 6, Cand D). These results suggest
that mutant PTRFs cannot localize properly and lose their binding
ability to caveolinis even if they are produced.

Activation of myostatin and ARt signaling patbways in PTRF-deficient
skeletal mutscles. Caveolin-3 is suggested ro have an imporeant role
for suppression of myostatin-mediared signaling in skeletal muscle
(11). It order to determine the furictions of mislocalized caveolin-3
in PTRF mutated cells, we performed quantitative RT-PCR for myo-
statin and immunoblotting analysis 6 examine phosphorylation
status of Mad homolog 2/3 (p-Smad2/3), an intracellular effecror
of myostatin in skeletal muscles. In P1-P5, increased amounts of
p-Smad2/3%127 25 were observed in skeletal muscles; while myo-
statin mRNA levels were variable (Figure 7, A=C). Positive immuno-
reaction to p-Smad2/3 was detected in few myonuiclei from muscle
of patients with PTRF or CAV3 mutations, but not in those from
muscle of control subjects (data not shown). These results stuggest
that myostatin signaling 1s also aceivared in P1-P5.

Despite the activation of myostatin, a negative regulator of mus-
clegrowth, the patients showed hypertrophy of muscles: Since Akt
(also known as protein kinase B) is known as the key molecule to
regulate muscle mass (12), we examined p-Ake™*% and p-Ake#73
by immunoblotring analysis. p-Akt was elevated in the muscle of
P1-P5 compared with controls; except for p-Ake>73 in P2 (Figure 7,
D=F). This result suggests that Akt pathwayis activated, probably
through an as-yet-unidentified mechanism; and could contribute
to the muscle hx pertrophy obseérved in P1-PS,

Nenronal NOS activity is variable and mildly increased in PTRF-defr-
cient skeletal muscles. Caveolin-3 is known tointeract with and nega-
tively regulate the catalyric activity of neuronal NOS (nNOS) in
skeletal muscle (13); this notion is supported by the finding of
increased nINOS activity in muscle of transgenic mice expressing
mutarit caveolin:3 (14). We rthus examined nNOS expression and
its activity i muscles from patients with mutationsin PTRE or
CAV3 compared with thosé from age-matched controls: The immu-
noreactivity of nNOS was seen in sarcolemma and cytoplasm of.
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each muscle fiber with variable intensity, but no obvious difference
was seen between patients anid controls (Figure 34). Immunoblot-
ting analysis also revealed comparable amounts of nNOS (Figure
3, B and D). In order to examine nNOS activity of each muscle
tiber, we performed NADPH diaphorase (NDP) activicy assay. The
intensity of NDP staining appeared variable among miuscle fibers
and was slightly increased in patients with mutations in PTRF or
CAV3 compared with age-matched controls (Figure 8).

Discussion

Lipodystrophy is a heterogeneous group of disorders character-
ized by loss of adipose tissue from the body. The degree of fat
loss varies from small areas to near-complete absence of adipose
tissue. The extent of fat loss usually determines clinical severity
and metabolic complications, such as insulin resistance and high
levels of serum triglycerides.

Several genes responsible for inherited lipodystrophy have been
tdentified. CGL is an autosomal-recessive disorder, with most
patients presenting soon after bireh with severe insulin resistance
and elevated serum triglycerides. CGLI is caused by mutations in
AGPAT2 on chromosome 9934, which encodes 1-acviglycerol-3-
phospate- O-acyltransferase 2, an enzyme mvolved in the biosynthe-
sis of triacylglycerol and glycerophospholipids (15) CGL2 is caused
by mutations in BSCL2 on chromosome 1113, which encodes a
functionally unknown protein named seipin (16): Recently, muta-
tions in CAVI on chromosome 7q31 have been reported to cause
generalized (i.e, CGL3) and partial lipodystrophy (17 18).

Several causative genes for autosomal-dominant familial partial
lipodystrophy are known: LMNA on chromosome 1q21 (19), ZMP-
STE24 on chromosome 1p34 (20), AKT2 on chromosome 19913
(21}, PPARG on chromosome 3p25 (22}, and LMNB2 on chromo-
some 19q1 (23). Nevercheless, many patients clinically diagriosed
with lipodystrophy carry nio mutation in the known genes, sug-
gesting the presence of other causative genes.

Here we conclude that PTRE mutarions can cause CGL. In our
series, patients showed ceneralized loss of adipose tissue from
infancy or early childhood. Because PTRE is reported to colocal-
ize with hormone-sensitive lipase and translocare ro the nucleus
in the presence of insulin in adipocytes (24), it could be surmised
that PTRE plays an important role in lipid metabolism and insu-
lin-regulated gene expression. Interestingly, metabolic compli:
cations were milder in patients with PTRE mutations than in
patients with CGL1 and CGL2, and these were observed only in
the elder patients: Although we could ot examine the starus of
caveolae and caveolins in adipose tissues, the secondary deficiency
of caveolins might have an important role in the process of lipo-
dystrophy, since CAVI mutarion can cause lipodystrophy in both
humians and mice (17, 18;25). Notably, the heterozygous parents
had mild metabolic disorders; but a robust conclusion could not
be reached, as a limited number of the heterozygous carriers of
the PTRE mutation were available to us. Further investigation is
needed to determine the effect of haploinsufficiency of PIRF.

Skeletal muscle symptoms with serum CK elevation represent
another common symptom in patierts with PTRF mutations.
The clinical and pachological findings are very similar to those
observed in patients with CAV3 mutation (7, 26-28). although
P1-PS had no CAV3 murations. The secondary loss of caveolin-3 in
the sarcolemima miay conribure to the muscle phenotype. More-
over. serum CK elevation may be a good laboratory marker for
diagnosis of lipodystrophy patients with PTRF murations.
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Figure 3

Loss of PTRF is associated with deficiency and mislocalization of caveolins in muscle. (A) In control muscle, PTRF was clearly seen in sarcolemma
as strongly staining blood vessels. Caveolin-3 (Cav3) was clearly visible at sarcolemma, and caveion-1 and -2 stained intramuscular blood vessels.
The muscle of P4 was negative for PTRF. Membrane staining of caveolin-3 was reduced with increased cytoplasmic staining, and caveaclin-1 and -2
were barely detectable. Immunoreactivity of nNOS varied between muscle fibers, but was not markedly different between control and patient
muscle. Scale bar: 50 um. (B) Immunoblotting analysis of skeletal muscles. 3T3 cells were used as a positive control. PTRF and caveolin-2 were
seen only in the muscles of 2 control subjects and in 3T3 cells, and were barely detectable in the muscles of P1—P5. The bands for caveolin-3 and
nNOS were variably seen. (C and D) Quantification of immunoreactive bands was performed by densitometric analysis and normalized with MHC.
In P1-P5, relative amounts of caveolin-3 decreased compared with control subjects (C), whereas nNOS amounts varied (D).

Caveolin-3 was previously reported to have an important role in
inhibition of myostatin signaling by suppressing activation of its
type I receptor. In murant Cav3 transgenic mice, loss of caveolin-3
causes muscular atrophy with increased p-Smad2, and this muscle
atrophy can be rescued by myostatin inhibition (11). Consistent
with the secondary reduction of caveolin-3, skeletal muscles from
P1-P5 showed increased amounts of p-Smad2/3. Unexpectedly,
however, muscle hypertrophy was seen in these patients.

The Akt pathway, when activated, is known to promote protein
synthesis, stimulate muscle hypertrophy, and inhibit atrophy-
related gene expression by phosphorylating FoxO transcription
factors (12). This pathway is also known to play a pivotal role
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in the regulation of glucose transport and glycogen synthesis in
skeleral muscle cells. Akt is activared by insulin, various growth
factors, nutrients, and exercise, whereas it is negarively regulared
by myostatin and cytokines. Akt is phosphorylated at T308 by
phosphoinositide-dependent kinase and at $473 by mammalian
target of rapamycin in association with rictor. The increase in
phosphorylated Akt in the muscle of P1-P5 may explain, at least
in part, the muscle hypertrophy observed. Akt pathway activation
might be associated with the metabolic complications observed in
P1-PS. However, the upregulation of myostatin observed is contra-
dictory to the established knowledge on muscle hypercrophy. This
would be worthwhile to investigate in future studies, in order to
Number 9
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mRNA expression of PTRF in skeletal muscle; and quantitative RT-PCR of mBNAs for caveolins. (&) RI-PCR analysis revealed a single band
for PTRF mRNA (arrow) in & control subject, but no detectable product was seen in P1-P5. M, marker. (B-D) By quantitative RT-PCR. mRNA

for GAVT, CAV2, and CAV3 normalized with GAPDH expression was not decreased in P1-P5.

elucidate the role of PTRIF deficiency in'muscle hypertrophy and
related signaling pacthway.

Irvaddition to lipodystrophy and muscular dyserophy, P1-PS had
various other symptoms, whose association to PTRF mutation might
be difficult to ascertain ac this time. For example, 2 of 5 patients had
arrhythmia. Although we could not examine the expression of caveo-
lins in cardiac muscle, this cardiac abnormality may be caused by sec:
ondary deficiency of caveolinis in heart, as cardiac involvement was
previously reporred in patients with CAV3 murations and in mutant
mice with double knockout of Cavl and Car3 (29-33).

Remarkable reduction in expression of caveolin-1'and -2 with
decreased caveolae density was observed: in vascular endothelial
cells in P1-P5. There was no obvious symptom related to vascular
eindothelial blood vessels in the patients; however. further careful
investigation s necessary in order to deterimirie the involvement
of endothelial cells; which was observed in Car I knockout mice
(34). The severe constipation and esophageal dilatation observed
in the patients might be associated with dysfunction of caveolin-1
1n smooth muscle cells; as Carl knockout mice had alreration of

Figure 5

Reduced caveolae formation in skeletal muscle, as assessed by elec-
tron microscopy. In control muscle, an abundance of caveolas (arrow-
heads) was observed closs to the plasma membrane. Plasma mem-
brane of muscle fibers from P2 and P3 was neatly flat, and caveolae
density was: greatly reduced compared with'that of control muscle:
Only & few caveolae were seen in P2, Scale bars: 200 nm.
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smooth muscles and interstitial cells of Cajal, the pacemalker cells
of the muscle layers of the gastrointestinal tract (35).

Caveolae was previously suggested to have a role in the inter-
nalization of growth hormone in vitro (36). The acromegaloid
features, accelerated bone age, or abnormal growth hormone
activity observed in 3 patients in the present scudy might be asso-
ciated wirh reduced caveolae formation. Recurrent pneumonia
and transient immunodeficiency observed in 2 parients were also
noted. although the pathomechanisms are still unknown. Further
detailed studies are needed to elucidate the roles of PTRE: however,
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