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Editor's Summary

The Young and the Youthless

In the novel Brideshead Revisited, Evelyn Waugh reminisces about "the langor of youth" and laments "how quickly,
how irrecoverably lost" is the bloom. Although every adult can relate to this cri de coeur, in no case is youth lost more
swiftly or more dramatically than in children suffering from Hutchinson-Gilford progeria syndrome (HGPS), a genetic
disease characterized by premature aging and death in adolescence or the teen years. In studies of the normal aging
process, the versatile drug rapamycin has been shown to extend longevity in animal models. Now, Cao et al. reveal
that the drug reverses disease-distinguishing defects in cells from HGPS patients. These findings raise the possibility
that rapamycin might be repurposed for the treatment of this dire disease. Children with HGPS display many of the
phenotypes we associate with aging: hair loss, bone deficits, hardening of the skin by 1 or 2 years of age, and heart
disease and stroke often by the age of 12. The disease is caused by a point mutation in the gene that encodes the
nuclear structural protein lamin A. This genetic defect creates an improperly processed version of the lamin A protein
——called progerin——that accumulates in HGPS cells and wreaks havoc on cellular form and function. Several studies
indicate that normal human cells also express tiny amounts of progerin, which accumulates as a person ages. Skin
cells (fibroblasts) from HGPS patients display a variety of blemishes, including slowed growth, an abbreviated life
span, nuclear blebbing (bulging of the nuclear membrane), and the characteristic accumulation of insoluble progerin in
the cytoplasm. Protein aggregation is also a hallmark of several neurodegenerative diseases, and there is some
evidence that rapamycin might be useful in the treatment of these disorders by stimulating macroautophagy——a
process by which cells clear junk protein and trashed organelles. Thus, Cao et al. tested whether rapamycin also
helps to rid HGPS cells of progerin build-up and to remedy the resulting cellular quirks. Indeed, HGPS cells treated
with rapamycin showed enhanced progerin degradation, slowed senescence, and reduced nuclear blebbing relative to
untreated cells. Mechanistic experiments in normal human fibroblasts revealed that rapamycin treatment increased
clearance of soluble progerin by activating the autophagic-lysosomal pathway, which inhibited the formation of
insoluble aggregates. Blocking the expression of an autophagy-related gene with small RNAs enhanced progerin
accumulation. The new work has helped to form the basis for a clinical trial of the rapamycin analog everolimus in
children with HGPS and may offer insights into normal aging as well. Thus, in science, as in youth ——according to
Waugh ——new notions are continually "revealed to us in whose light all our previous knowledge must be rearranged.”
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PROGERIA

Rapamycin Reverses Cellular Phenotypes and
Enhances Mutant Protein Clearance in
Hutchinson-Gilford Progeria Syndrome Cells

Kan Cao,"?* John J. Graziotto,>* Cecilia D. Blair," Joseph R. Mazzulli,> Michael R. Erdos,’
Dimitri Krainc,?" Francis S. Collins'®

Hutchinson-Gilford progeria syndrome (HGPS) is a lethal genetic disorder characterized by premature aging. HGPS
is most commonly caused by a de novo single-nucleotide substitution in the lamin A/C gene (LMNA) that partially
activates a cryptic splice donor site in exon 11, producing an abnormal lamin A protein termed progerin. Accumu-
lation of progerin in dividing cells adversely affects the integrity of the nuclear scaffold and leads to nuclear bleb-
bing in cultured cells. Progerin is also produced in normal cells, increasing in abundance as senescence approaches.
Here, we report the effect of rapamycin, a macrolide antibiotic that has been implicated in slowing cellular and
organismal aging, on the cellular phenotypes of HGPS fibroblasts. Treatment with rapamycin abolished nuclear
blebbing, delayed the onset of cellular senescence, and enhanced the degradation of progerin in HGPS cells.
Rapamycin also decreased the formation of insoluble progerin aggregates and induced clearance through autoph-
agic mechanisms in normal fibroblasts. Our findings suggest an additional mechanism for the beneficial effects of
rapamycin on longevity and encourage the hypothesis that rapamycin treatment could provide clinical benefit for

children with HGPS.

INTRODUCTION

Classic Hutchinson-Gilford progeria syndrome (HGPS) is an auto-
somal dominant genetic disease that is observed in about 1 in 4 mil-
lion live births (1, 2). Patients with HGPS appear normal at birth but
begin to display alopecia, growth retardation, bone abnormalities, os-
teoporosis, and sclerodermatous skin by 1 year of age (I, 3). HGPS
patients typically die at a mean age of 12 years from myocardial in-
farction or cerebrovascular accident (I). Primary fibroblasts from
HGPS patients exhibit characteristic nuclear blebbing, punctate accu-
mulations of progerin in mitotic cytoplasm (4), a reduced growth rate
and life span, and broad epigenetic alterations in histone methylation
that predate the changes in nuclear shape (5-7).

Rapamycin is a macrolide antibiotic that has been shown to affect a
number of biological pathways, including the ability to extend longev-
ity in yeast, invertebrates, and mammals (8-11). Its major cellular tar-
get, mammalian target of rapamycin (mTOR), is a central regulator of
cell growth that integrates nutrient and hormonal signals and regu-
lates diverse cellular processes (12). mTOR exists in two functionally
distinct complexes, m"TORCI and mTORC2, both of which control cell
growth (13). At low (nanomolar) concentrations, rapamycin inhibits
mTORCI by directly associating with its intracellular receptor FKBP12,
but longer-term exposure of the cells to higher (millimolar) doses of
rapamycin reduces mTORC2 function as well (14). Rapamycin has been
approved by the U.S. Food and Drug Administration (FDA) for a va-
riety of clinical applications, including immunosuppression and as a
potential anticancer treatment (I15). In addition, rapamycin has been
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shown to be potentially beneficial in the treatment of neurodegen-
erative diseases through the activation of macroautophagy, a process
by which the cell rids itself of unnecessary proteins and damaged or-
ganelles via the lysosomal degradation pathway (16-18). Here, we test
the effects of rapamycin on HGPS cells and characterize the drug’s ef-
fect on progerin accumulation.

RESULTS

Rapamycin rescues nuclear blebbing and postpones
senescence in HGPS fibroblasts

We explored the potential effects of rapamycin on cultured fibroblasts
derived from HGPS patients. First, we focused on analyzing nuclear
blebbing, the phenotypic hallmark of HGPS cells. Cultured fibro-
blasts from three HGPS patients (HGADFN169, HGADEN155, and
HGADFN167) and from four control individuals (HGFDFN168,
HGFDFN320, HGFDEN319, and AG08470) were used in this study.
The cells were fed with fresh minimal essential medium (MEM) con-
taining 0.68 UM rapamycin or the same volume of vehicle [dimethyl
sulfoxide (DMSO), 0.025% (v/v)] every other day for a minimal duration
of 2 weeks. To evaluate the long-term effect of rapamycin, treatment
continued over 100 days until cellular senescence approached. Because
the results were quite consistent for all tested HGPS or control cell
lines, we show only the representative data from one HGPS cell line
(HGADEN167) and one control line (HGFDFN168) unless otherwise
indicated.

To examine rapamycin’s effects on nuclear morphology, we labeled
cells with an antibody to lamin A/C and an antibody to a-tubulin,
which together reveal the overall cell shape (Fig. 1A). To quantitatively
judge the impact of rapamycin treatment, we scored the percentage of
nuclear blebbing in a blinded fashion. At least 200 randomly selected
cells were scored by fluorescence microscopy for each cell line under
each condition. Consistent with a previous report (19), with mock
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treatment, more than 30% of the HGPS nuclei exhibited abnormal bleb-
bing, and this percentage gradually increased as the cells approached
senescence in culture (Fig. 1B). In comparison with the passage-matched,
mock-treated HGPS cells, the rapamycin-treated HGPS cells exhibited
a significant reduction in nuclear blebbing (Fig. 1B). The improvement
in nuclear blebbing appeared as early as 10 days after rapamycin treat-
ment and was retained in the long-term experiments despite the increase
in cellular age (Fig. 1B). A similar reduction of the nuclear blebbing

Fig. 1. Rapamycin rescues nuclear ~ A.
blebbing and postpones senes-
cence in Hutchinson-Gilford proge-
ria syndrome (HGPS) fibroblasts.
(A) Immunofluorescence images
of an HGPS cell line (HGADFN167)
at passage 15 treated with vehi-
cle (DMSO) or rapamycin (Rap)
for 14 days. Red, anti-a-tubulin
(Tub, DM1a); green, anti-lamin A/C
(MAB3211). Scale bar, 20 um. (B)
Percentage of nuclear blebbing
when HGPS (HGADFN167) and
control (HGFDFN168) fibroblast C.
cells were treated once every oth-
er day for 70 days with rapamycin
(*P = 0.015; **P = 0.0002). These
experiments were performed in
three independent HGPS cell lines
and in four control lines. Repre-
sentative data from one HGPS cell
line (HGADFN167) and one con-
trol line (HGFDFN168) are shown.
Percentage of nuclear blebbing
was scored by a blinded observer
who viewed more than 200 ran-
domly chosen cells. For statisti-
cal analysis, we used a two-tailed
Student’s t test to compare the
mock- and rapamycin-treated cells
at four time points (days 10, 21, 30, D.
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phenotype was observed even when rapamycin treatment was started
in later-passage HGPS cells (passage 15 and beyond), suggesting that
the drug is capable of reversing the nuclear blebbing phenotype in
HGPS cells. Rapamycin-treated normal control cells also exhibited a
significant decrease in blebbing compared with their mock-treated
counterparts (Fig. 1B).

Previous analysis has demonstrated that progerin accumulation
induces progressive alterations in the trimethylation of Lys*’ in histone

B. W Day 10 *%
i Day 21
50 4 Day 30

W Day 70

*

Percent nuclear blebbing

Mock Rap Mock Rap

Control HGPS

Lamin A/C DNA Merge

Mock Rap

and 70). A P value of <0.05 was

considered significant. (C) Repre-
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(D) Sensitivity of rapamycin- and mock-treated HGPS and control
fibroblast cells to DNA-damaging agent mitomycin C at the indi-
cated concentration. An HGPS cell line (HGADFN155, female) at
passage 12 and a control cell line (HGFDFN320, female) at pas-
sage 15 were used. Each experiment was counted independently
three times, but the error bars were too small to be seen on a log
scale. (E) Percentage of 53BP1 foci—positive cells in rapamycin-
and mock-treated HGPS cells. (F) Growth curves of a primary con- 12
trol fibroblast cell line (HGFDFN168) and an HGPS fibroblast cell 0
line (HGADFN167) treated with vehicle (Mock) or rapamycin once

every 2 days for 100 days (n = 3 for each condition).
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H3 (H3K27me3), a mark of facultative heterochromatin (a reversible
form of tightly packed, transcriptionally silent DNA) (6). The changes
in H3K27me3 may be induced by the disruption of the nuclear scaf-
fold and occur before changes in nuclear shape. To evaluate the po-
tential effect of rapamycin on the epigenome, we examined the nuclear
staining of H3K27me3 in rapamycin- or mock-treated female fibro-
blasts. In female cells, it is known that H3K27me3 normally coats
the inactivated X chromosome (Xi); in HGPS cells, this H3K27me3
staining on Xi is partially lost (Fig. 1C). We found that rapamycin
treatment restored the normal distribution of H3K37me3 in HGPS fi-
broblasts (Fig. 1C and fig. S2). In addition, because an increase in genome
instability has been reported in HGPS cells (20, 21), we examined wheth-
er rapamycin treatment can improve this phenotype. Using mitomycin
C, a chemical that induces double-strand DNA breaks, we found that
rapamycin-treated HGPS cells showed reduced sensitivity to DNA dam-
age (Fig. 1D). Moreover, using immunofluorescence staining, we observed
in rapamycin-treated cells a significant reduction in tumor protein
p53-binding protein 1 (TP53BP1)-positive nuclei with multiple foci
relative to control cells. TP53BP1 binds to sites of DNA damage in the
nucleus (2I). Thus, these observations indicate that rapamycin treat-
ment helps to prevent DNA damage caused by accumulation of progerin
(Fig. 1E).

We also determined the HGPS cell proliferation rate with and
without rapamycin treatment by quantifying the total cell numbers
during the course of treatment. Initially, we had predicted a decrease
in growth rate because of rapamycin’s well-characterized antiprolifera-
tive effect (22), which may cause the death of unhealthy cells with
pronounced nuclear defects. Surprisingly, we only noticed a slight drop
in cell number at the beginning of the treatment (less than 2 weeks), and
no significant delay in proliferation rate was observed when rapamycin
was used at the indicated concentration during the long-term treatment
(Fig. 1F). Indeed, after 60 days of rapamycin treatment, when the pro-
liferation rate in the mock-treated cells began to drop as cellular senes-
cence approached, the cell count continued upward in both the control
and the HGPS rapamycin-treated cell lines (Fig. 1F). Consistent with
these findings, when senescence-associated B-galactosidase (SA-B-Gal)
activity was measured at day 60 of treatment, we observed significantly
fewer B-Gal-positive cells in rapamycin-treated versus mock-treated
cells (fig. S2), indicating that rapamycin slowed the progression of cel-
lular senescence. Accordingly, the maximum cellular life span was sig-
nificantly extended by at least 30 days in both control and HGPS cell
lines treated with rapamycin. In support of a rapamycin effect on se-
nescence, fluorescence-activated cell sorting (FACS) analysis revealed
a significant increase of S-phase cells in the context of rapamycin but
not mock treatment, which suggests that a higher percentage of the
rapamycin-treated cells were continuing through the cell cydle (fig. S3).
We concluded that rapamycin treatment rescues nuclear phenotypes
and postpones cellular senescence in HGPS and control cells.

Rapamycin decreases progerin levels in HGPS fibroblasts

Previous studies have shown that rapamycin may promote the degra-
dation of unnecessary or toxic components inside the cell through ac-
tivation of autophagy (23, 24). In cultured HGPS cells, the severity of
nuclear phenotypes in later passages correlates with an apparent in-
crease in progerin accumulation (5). Moreover, progerin is also
produced in normal cells and increases in abundance as senescence
approaches (4, 25). Therefore, we hypothesized that rapamycin induces
the accelerated degradation of progerin in treated HGPS and control
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cells. To test this hypothesis, we generated a custom antibody against
progerin using a peptide located at the cryptic splicing junction as an
antigen (anti-progerin). This antibody specifically recognized progerin,
but not lamin A or C in Western (immuno) blotting and immuno-
fluorescence analyses (fig. S4). When normalized with a B-actin control,
quantification of protein by Western blot revealed a ~50% reduction in
progerin amounts in rapamycin-treated HGPS cells on day 60 of treat-
ment relative to mock-treated cells (Fig. 2, A and B). Quantification of
the intensities of lamin A and C bands revealed that the amount of
wild-type lamin A was reduced by about 25%, and the lamin C amount
was not affected. To test rapamycin effectiveness, we also examined the
phosphorylation state of ribosomal protein subunit S6 (rpS6, and p-rpS6
for the phosphorylated form), a target substrate in the mTOR signal-
ing pathway (9), and detected the expected reduction in rpS6 phospho-
rylation (Fig. 2A).

To further evaluate the rapamycin-associated decrease in progerin,
we used immunofluorescence microscopy to scrutinize individual HGPS
cells that had been stained with anti-progerin. We consistently de-
tected a weaker progerin staining signal in almost all of the rapamycin-
treated HGPS cells (more than 1000 cells viewed from three independent
HGPS cell lines), and their nuclear blebbing phenotype appeared to be
substantially improved relative to mock-treated cells (Fig. 2C). Quan-
tification confirmed the intensity reduction (Fig. 2D), consistent with
the Western blotting results (Fig. 2B). We then performed quantitative
reverse transcription—polymerase chain reaction (RT-PCR) assays using
a pair of primers specific for progerin mRNA in rapamycin- and mock-
treated HGPS and control cells. As shown in Fig. 2E, progerin mRNA
expression was not down-regulated in rapamycin-treated cells, suggest-
ing that the rapamycin effect on progerin occurs post-transcriptionally.

Rapamycin treatment increases solubility of progerin
Having shown that rapamycin decreases progerin concentrations in
HGPS cells, we next examined whether the drug alters aggregation
of the protein. To this end, we used sequential extractions to examine
the effect of rapamycin on solubility of progerin. Analysis of mock-
treated HGPS cells revealed a significant increase in the amount of
both lamin A and progerin in the SDS- and formic acid-soluble
extracts compared to control cell lines (Fig. 3, A and B). This suggests
that the presence of progerin results in the formation of aberrant in-
soluble species that also sequester lamin A and make it insoluble.
Rapamycin treatment decreased the amount of insoluble lamin A and
progerin in HGPS cells relative to mock-treated cells, whereas no ef-
fect was seen in control cells (Fig. 3, A and B).

We then used size exclusion chromatography (SEC) to examine
Triton-soluble monomers, dimers, and potential high-molecular
weight (HMW) oligomeric species of progerin and lamin A, and to
investigate how the profile changes with rapamycin treatment (Fig.
3, C to F). SEC analysis of control cells indicated that lamin A eluted
mainly as a 70 A-sized species, consistent with it being a soluble dimer-
ic intermediate that is eventually incorporated into mature lamin A
polymers. The elution profile of progerin in HGPS cells revealed the
presence of a HMW 83 A-sized oligomeric species as well as a 36 A-sized
putative monomeric form (Fig. 3, D and F). After treatment of HGPS
cells with rapamycin, the amounts of the 36 A-sized progerin mono-
mer were decreased, whereas those of the 83 A-sized HMW species
were increased. These results suggest that rapamycin promotes the
formation of soluble oligomeric forms of progerin. Rapamycin treat-
ment had minimal effect on lamin A moieties in control cells, whereas
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rapamycin-treated HGPS cells showed a significant increase in a 36
A-sized putative lamin A monomer, suggesting that the solubility of
lamin A was increased with treatment (Fig. 3, D and E).

Together, these findings support the hypothesis that rapamycin di-
minishes the formation of insoluble progerin and promotes the solu-
bility of lamin A and progerin in HGPS cells.

Rapamycin-treated HeLa cells that had been engineered to stably ex-
press a doxycycline (DOX)-inducible green fluorescent protein (GFP)-
progerin fusion protein (6) were transfected with a small hairpin RNA
(shRNA) expression vector that encoded either ATG7-specific or scram-
bled shRNAs. The degradation of GFP-progerin was assessed 24 hours
after DOX washout. In rapamycin-treated cells that expressed the

Rapamycin promotes clearance of progerin by autophagy
To examine more directly how rapamycin may facilitate progerin
clearance, we performed radiolabeled pulse-chase experiments fol-

lowed by immunoprecipitation
(IP) with a lamin A/C anti-
body in HGPS fibroblasts (Fig.
4A). These experiments re-
vealed that the amounts of sol-
uble progerin, but not lamin C,
decreased significantly faster
in rapamycin-treated com-
pared to mock-treated HGPS
fibroblasts, indicating that the
progerin protein is cleared more
rapidly (Fig. 4A). Rapamycin
treatment shortened the half-
life of progerin and increased
the first-order rate constant.
Rapamycin is known to increase
macroautophagy (16-18); there-
fore, to assess whether the
macroautophagy process was
involved in drug-enhanced
progerin clearance, we repeated
the pulse-chase experiments
in the presence of the lyso-
somal proton pump inhibitor
bafilomycin Al (Baf). Treat-
ment of HGPS fibroblasts with
Baf, which causes accumula-
tion of autophagosomes and
reduces protein clearance, sig-
nificantly inhibited the effect
of rapamycin, suggesting that
the increased clearance of pro-
gerin observed with rapamycin
treatment is mediated by the
autophagic-lysosomal pathway
(Fig. 4B).

To further investigate the ef-
fects of pharmacological inhi-
bition of autophagy, we assessed
the consequences of suppress-
ing the expression of ATG7, an
autophagy-specific gene that en-
codes a ubiquitin-activating en-
zyme (E1)-like protein required
to activate the autophagy-related
proteins Atgl2 and Atg8 dur-
ing the initial steps of autoph-
agosome formation (26, 27).

ATG7-specific shRNA, endogenous amounts of the ATG7 protein were
reduced by about 40% relative to rapamycin-treated cells that expressed
the scrambled shRNA control (Fig. 4C). In addition, when compared
with the scrambled shRNA control, ATG7 knockdown resulted in a
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Fig. 2. Progerin protein concentrations are reduced in rapamycin-treated HGPS cells. (A) Western (immuno) blotting
analysis of relative progerin amounts in rapamycin- and mock-treated HGPS cells. Antibodies used are shown at the left.
A custom anti-progerin antibody was used to detect progerin, and a mouse anti-lamin A/C antibody (LA/C/progerin,
MAB3211) was used to detect wild-type lamin A and lamin C. The effect of rapamycin on inhibition of the mTOR
pathway was evaluated by immunoblotting assay with antibodies to unphosphorylated ribosomal subunit protein
S6 (rpS6) and its phosphorylated counterpart (p-rpSé). B-Actin (Actin) was used as a loading control. (B) Quantification
of the progerin band intensity in rapamycin- and mock-treated HGPS samples shown in (A). The relative progerin in-
tensity was normalized using actin as an internal control and quantified as described (7). (C) Immunofluorescence
images (exposure time-matched) of an HGPS cell line (HGADFN167) at passage 15, mock-treated or treated with rapa-
mycin for 60 days. (D) Box plot analysis of the relative progerin staining intensity in HGPS fibroblasts stained with an anti-
progerin antibody and counterstained with a mouse anti-lamin A/C antibody (MAB3211) (n = 23 for both samples; P =
0.0005). (E) Quantitative RT-PCR analysis of total progerin mRNA in rapamycin- or mock-treated HGPS fibroblast cells
with progerin-specific primers. The relative expression values for progerin were normalized to the mean values of en-
dogenous actin.
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was increased (D). Representative blots are shown.
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significant accumulation of GFP-progerin in rapamycin-treated cells,
further suggesting that macroautophagy plays a role in progerin clear-
ance (Fig. 4C).

As a final test of the effect of autophagy in the rapamycin-induced
clearance of progerin, we treated the GFP-progerin—expressing HeLa
cells with 3-methyladenine (3-MA), an inhibitor of phosphoinositide
3-kinase, which is essential for induction of autophagy (28). 3-MA sig-
nificantly reduced the decay rate of progerin in the presence of rapamycin
(Fig. 4D).

Protein ubiquitination has recently emerged as an important sig-
nal for selective autophagic clearance and involves autophagy adap-
tor proteins that bind both ubiquitinated cargo and autophagosomes
(29-31). Distinct effects have been described for the various types of
polyubiquitin chains that are attached to proteins destined for clear-
ance. Polyubiquitin chains that are linked via their lysine residue 63
(K63-linked polyubiquitin chains) promote autophagic clearance of oligo-
meric and aggregated proteins (31, 32). To examine whether progerin
destined for degradation is ubiquitinated, we transfected HeLa cells

Fig. 4. Rapamycin promotes clearance
of progerin by autophagy. (A) Radio-
labeled pulse-chase experiments in
mock- and rapamycin-treated HGPS fi-
broblasts were followed by immunopre-
cipitation with a mouse anti-lamin A/C
antibody (MAB3211). Relative to mock-
treated cells, the rapamycin-treated
cells displayed a shorter half-life for pro-
gerin and an increase in the progerin
degradation-associated rate constant,
indicating faster clearance of progerin
in the presence of the drug. (B) The pulse-
chase experiments in (A) were repeated
in the presence of Baf. The rapamycin-
associated increase in progerin clearance
was inhibited in Baf-treated relative to
untreated cells, suggesting that the ob-
served effect was mediated by autoph-
agy. Data for the histograms in (A) and
(B) were evaluated 7 hours after initiation
of the chase (mean * SEM, n = 3; *P <
0.05). (€) Rapamycin-treated, cultured
Hela cells that had been engineered
to express a doxycycline (DOX)-inducible
green fluorescent protein-progerin
fusion protein (GFP-progerin) (6) were
transfected with an ATG7-knockdown
(KD) vector that expressed either ATG7-
specific or scrambled shRNAs, and pro-
gerin degradation was assessed 24
hours after DOX washout. In cells that
expressed the ATG7-knockdown con-
struct, ATG7 expression was decreased
by ~40% compared to those that ex-
pressed the scrambled control. In cells
that were treated with the ATG7-specific
shRNA expression vector, 22% more
progerin remained 24 hours after DOX
washout compared to the scrambled
control construct (n = 3, P = 0.01). (D)
Cells that expressed GFP-progerin
were treated with DMSO, rapamycin,
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Mouse anti-o-tubulin (DM1a)) was used as Rap +3-MA
aloading control. Rapamycin treatment
increased the decay rate of progerin
compared to DMSO-treated cells, and this effect was blocked by the addition of 3-MA (n = 3; DMSO compared to rapamycin, P = 0.0429; rapamycin compared

to rapamycin + 3-MA, P = 0.0084).
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that expressed GFP-progerin with either an expression vector that en-
coded hemagglutinin (HA)-tagged ubiquitin (capable of producing
polyubiquitin chains) or one that encoded HA-tagged K63-ubiquitin
(capable of producing only K63-linked polyubiquitin chains). The
progerin fusion protein was preferentially ubiquitinated by K63-linked
polyubiquitin, which suggests that progerin is a substrate for autoph-
agic clearance (Fig. 5A). This conclusion was further supported by our

finding that progerin interacts with p62, an autophagy adaptor protein
that represents a functional link between ubiquitinated cargos and
autophagosomes (33). Indeed, p62 was coimmunoprecipitated with
progerin from GFP-progerin-producing HeLa cells, and additional treat-
ment of such cells with Baf increased the amount of p62 that precipitated
with progerin, further indicating that progerin is a substrate for autoph-
agic clearance (Fig. 5B). Furthermore, we detected the p62-progerin

Fig. 5. Progerin interacts A. B.

with autophagy-related pro- Input 15 062 +

teins. (A) Progerin is modified Input IP:GFP tubulin 'B:G,—lFP"p”’ge”” ';ﬂf |_|'P: GFP

by K63-linked polyubiquitin. s 3 Ig 3 Baf - + -+ Baf - - +
GFP-progerin-expressing £ 8 £ 8 )

Hela cells were transfected £ £ £ £ GFPrprogerin= R 5GP - =
with either HA-tagged wild- e .

type ubiquitin (HA-Wt-Ub) l . e e —— 5 iy 3§ <62kD
or HA-K63-Ub. The cells were 1B:HA ‘

harvested, lysed, and sub- 4 SBD

jected to Western (immuno)

blotting. The Western blots == e s G B:GFP-progerin

were probed for the HA tag

with an antibody to HA (mouse ~ C.

anti-HA) and for GFP expres- DAPI GFP-progerin p62-tomato Merged

sion using rabbit anti-GFP
(Sigma). When immunoprecip-
itated (IP) from cell lysates with
rabbit anti-GFP (Invitrogen),
progerin was shown to be
preferentially ubiquitinated
by K63-linked ubiquitin. A rep-
resentative immunoblot (IB) is
shown (n = 3). (B) Co-IP of p62
and progerin. GFP-progerin-
expressing Hela cells were
either mock-treated or treated
with 200 nM Baf for 6 hours
and lysed in co-IP buffer. Equiv-
alent amounts of protein were
immunoprecipitated from the
lysate with rabbit anti-GFP
(Invitrogen) overnight at 4°C.  D.
Input and IPs were subjected
to Western blotting, and the
blots were probed for mouse
anti-p62 and mouse anti-
tubulin (DM1a) simultaneous-
ly and sequentially probed
for GFP-progerin with rabbit
anti-GFP (Sigma). p62 coimmu-
noprecipitated with progerin,
and Baf treatment increased
the amount of the p62-progerin
complex isolated by co-IP. The
experiment was performed
twice (n = 2), and a represent-
ative immunoblot is shown.
(C) Colocalization of p62
and progerin. Stably transfected GFP-progerin—-expressing Hela cells were
treated with DMSO or rapamycin and then transfected with a p62-tomato
expression vector. Cells were fixed 4 days later and visualized by fluores-
cence microscopy. (D) Colocalization of C-terminal ALFY-tomato protein
with progerin in Hela cells. HeLa cells that stably express GFP-progerin
were cultured with either DMSO or 0.68 uM rapamycin for 15 days. The cells
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GFP-progerin

ALFY (2981-3526)-tomato

were then transfected with an N-terminal ALFY (1-1278) expression vector
and incubated for 3 hours with 50 nM Baf just before fixation to enhance the
detection of putative autophagic substrates. Increased colocalization of
ALFY with progerin was observed after rapamycin treatment. Baf was added
before fixation to enhance the visualization of autophagic substrates in (C)
and (D). Scale bars, 10 um for each image.
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interaction in GFP-progerin-producing HeLa cells that had been trans-
fected with the pDEST-tdTomato-p62 expression vector (34), which en-
codes p62 fused to the fluorescent tdTomato molecule (p62-tomato).
Cells were treated with Baf before fixation to facilitate the visualization
of autophagic structures. Colocalization of the p62-tomato and GFP-
progerin proteins was increased in cells treated with rapamycin com-
pared to mock (DMSO)-treated control cells (Fig. 5C). These results
suggest that p62 provides a molecular link between ubiquitination of
accumulated progerin and its degradation by autophagy. Finally, we
demonstrated the colocalization of progerin with the zinc finger pro-
tein autophagy-linked FYVE (ALFY), which functions in conjunction
with p62 and preferentially affects the clearance of aggregation-prone
proteins (35). In cells transfected with C-terminal ALFY-tomato expres-
sion vector (Fig. 5D), increased colocalization of progerin with ALFY was
observed in the presence of rapamycin relative to control cells. Similar
results were obtained with an N-terminal ALFY-tomato construct (fig. S5).
Similar to p62 colocalization, the colocalization of ALFY and progerin
occurred in a juxtanuclear position within the cytosol, further suggest-
ing that these proteins target progerin for autophagic clearance.

DISCUSSION

In summary, we have shown that rapamycin abolishes characteristic
nuclear defects, markedly prolongs cellular life span, and enhances the
turnover of progerin in cultured HGPS fibroblasts. Rapamycin de-
creased the formation of insoluble progerin aggregates and promoted
clearance of soluble progerin by autophagy. This observation is in
agreement with another study in polyglutamine disease models
wherein the effect of rapamycin was most pronounced before
aggregate formation; this observation suggests that the drug enhances
clearance of monomeric and oligomeric toxic species rather than large
aggregates (36).

The results reported herein support rapamycin as a potential treat-
ment for children with HGPS. Now under consideration is a clinical
trial in such patients of the drug everolimus, a rapamycin analog that
has proven to be relatively safe in children (37). It is possible that other
laminopathies could benefit from the same rapamycin-related treat-
ment strategy. Furthermore, the findings described herein may have
consequences for an understanding of the normal process of aging.
Several recent studies report that the progerin protein is expressed at
low amounts in normal individuals but accumulates with age (4, 25, 38).
Rapamycin has been shown to prolong life span in normal mice (9).
Thus, it is possible that the same mechanism of accelerating the clear-
ance of toxic progerin complexes contributes to rapamycin’s beneficial
effect on longevity.

MATERIALS AND METHODS

Cell culture and rapamycin treatment

Primary human dermal fibroblasts were cultured in MEM (Invitrogen/Gibco)
supplemented with 15% fetal bovine serum (FBS) (Invitrogen) and
2 mM r-glutamine. The primary fibroblast cell lines used in our studies
were AG08470 (control) (ordered from Coriell Cell Repositories) and
HGADEN167 (HGPS), HGADEN169 (HGPS), HGADFEN155 (HGPS),
HGFDEN168 (control), HGFDFN319 (control), and HGFDFN320 (con-
trol) from Progeria Research Foundation. For consistency, all results in
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this report correspond to fibroblasts from HGADEN167 (HGPS) and
HGFDFN168 (control) unless otherwise indicated. Control and HGPS
fibroblasts were replenished with fresh MEM containing 0.68 uM
rapamycin (Sigma) every other day for up to 150 days.

Antibodies

The antibodies used in the study included a rabbit polyclonal antibody
to a peptide from progerin (CKKSASGSGAQSPQN-amide), which
was used by YenZym to generate a custom peptide antibody (anti-
progerin), a mouse anti-lamin A/C antibody (MAB3211, Chemicon),
a rabbit anti-lamin A/C antibody (Santa Cruz), a goat anti-lamin A/C
(N18, Santa Cruz), a mouse anti-H3K27me3 antibody (Abcam),
rabbit anti-p-rpS6 (specific for the phosphorylated form of rpS6 on
Ser**”?**) and anti-rpS6 antibodies (Cell Signaling), a rabbit anti-
53BP1 antibody (Abcam), a horseradish peroxidase (HRP)-conjugated
anti-actin antibody (Sigma), a mouse anti-tubulin antibody (DMla,
Sigma), a mouse anti-p62 antibody (BD Biosciences), a rabbit anti-
ATG7 antibody (Abgent), two rabbit anti-GFP antibodies (Invitrogen
and Sigma G1544), a mouse anti-vimentin antibody (BD Biosciences),
a mouse anti-HA antibody (Cell Signaling, clone 6E2), Alexa 488-
or Alexa 594-conjugated donkey anti-rabbit or donkey anti-mouse
immunoglobulin G (IgG) antibodies (Molecular Probes), and a mouse
anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) antibody
(Abcam).

Quantitative RT-PCR and data analysis

Quantitative RT-PCR was performed to measure the expression levels
of progerin, lamin A, and B-actin. All reactions were carried out at least
in triplicate on an Applied Biosystems 7900HT Fast Real-Time PCR
System with SYBR Green mix (Qiagen) according to the manufac-
turer’s instructions. Reaction conditions were as follows: 2 min at
50°C, 1 cycle; 10 min at 95°C, 1 cycle; 15 s at 95°C, 15 s at 58°C, 30 s
at 72°C, 40 cycles. Primers for B-actin were obtained from Ambion
(Applied Biosystems Inc.). For amplifying progerin mRNA, the
sequence of the forward PCR primer was 5'-GCAACAAGTCCAAT-
GAGGACCA-3' and for the reverse primer was 5'-CATGATGCTG-
CAGITCTGGGGGCTCIGGAC-3'. To normalize for mRNA input in
each reaction, we calculated the relative expression values for progerin
by normalizing progerin mRNA levels to endogenous B-actin RNA
levels in each sample. Expression values for each gene were expressed
as means + SD of the experimental triplicates.

Immunofluorescence and quantitative analysis
Human primary skin fibroblasts grown on chamber slides (Nunc) were
fixed with 4% formaldehyde in phosphate-buffered saline (PBS) for
20 min at room temperature followed by a 5-min treatment with 0.5%
Triton X-100 in PBS. The fixed cells were rinsed with PBS and blocked
with 10% horse serum and 4% bovine serum albumin (BSA) in PBS
for 30 min. Cells were then incubated for 3 hours with the primary
antibodies diluted in blocking solution. The secondary antibodies were
Alexa 488- or Alexa 594-conjugated donkey anti-rabbit or donkey
anti-mouse IgG antibodies (Molecular Probes). All samples were also
counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories). Cells were observed with a LSM510 confocal micro-
scope (Zeiss) or an Axioplan fluorescence microscope (Zeiss).

To measure the progerin staining intensity, we acquired confocal
images at room temperature using a Zeiss LSM 510 NLO Meta system
mounted on a Zeiss Axiovert 200M microscope with an oil immersion
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Plan-Apochromat 63x/1.4 differential interference contrast objective
lens. All pinholes were set with a range from 1.21 to 1.39 Airy units,
which correspond to an optical slice of 1.0 um (excluding the DAPI
channel in which a multiphoton laser was used). All confocal images
were of frame size 512 by 512 pixels, acquired a scan zoom setting of 2,
and were line-averaged eight times. Confocal images were post-processed
with the Media Cybernetics Image-Pro Plus v6.3 software package.
Measurements included nucleus area (um?) and fluorescent intensity
(minimum, maximum, mean, SD, and sum). The nuclei outlines were
obtained with the DAPI staining as a template, then propagating that
outline throughout the fluorescein isothiocyanate (FITC) (progerin
staining) and Spectrum Orange channels (lamin A/C staining). At least
20 to 30 randomly chosen nuclei were processed per sample. The rela-
tive progerin intensity was achieved by normalizing the intensity of progerin
staining (FITC) to the intensity of the lamin A/C staining (Orange).

Mitomycin C treatment

Rapamycin- or mock-treated HGPS fibroblast cells and untreated con-
trol fibroblasts [HGADFEN155 (HGPS), HGFDFN168 (control)] were
seeded on six-well plates at a density of 50,000 cells per well the night
before treatment. The next day, cells were washed with PBS and then
incubated in serum-free MEM containing mitomycin C (0, 1, 2.5, or
4 ug/ml) (Sigma) at 37°C for 1 hour. Then, the cells were washed with
regular MEM to remove mitomycin C and scored for percentage of
survival with a trypan blue exclusion test of cell viability (Invitrogen)
72 hours later.

Radiolabeled pulse-chase experiments

HGPS fibroblasts and control fibroblasts were plated in six-well dishes.
Cells were rinsed once with PBS, incubated for 30 min in methionine-
and cysteine-free Dulbecco’s modified Eagle’s medium (DMEM), and
then incubated for 30 min with **S-labeled methionine/cysteine
(200 uCi/ml) in methionine- and cysteine-free DMEM (“pulsed”) to
label nascent proteins. Labeling was then immediately stopped by ad-
dition of “chase” medium (complete DMEM supplemented with
5 mM cysteine and 5 mM methionine). Cells were washed three times
in chase medium and incubated in the chase medium for the indicated
chase times. For time point collection, cells were washed in PBS and
lysed in Triton lysis buffer [50 mM tris-HCI (pH 7.4), 150 mM NaCl,
5 mM EDTA, 1% Triton X-100, and a protease inhibitor cocktail]
with four freeze-thaw cycles. Cleared lysates were assayed for protein
content, and equivalent amounts of protein were incubated overnight
with mouse anti-lamin A/C antibody [MAB3211, 1:50 (v/v) dilution]
at 4°C. Protein A/G-agarose beads were added to the antibody-protein
mixture, and samples were incubated for 3 more hours at 4°C. The
beads were isolated and washed three times with lysis buffer, and pro-
tein was removed from the beads with 1x SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) protein loading buffer. The protein samples
were then subjected to electrophoresis on 4 to 12% bis-tris poly-
acrylamide gels, and the gels were dried and exposed to a Storage Phos-
phor screen. The screen was scanned with a Typhoon PhosphorImager.
The first-order rate constant (k) of progerin clearance was obtained by
an exponential decay fit, and half-life was obtained with the equation
Prog t;,, = In(2)/k.

Ubiquitination assays
GFP-progerin-expressing HeLa cells were transfected with 1 ug of ei-
ther pRK5-HA-ubiquitin-WT or pRK5-HA-ubiquitin-K63 (Addgene).
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After incubation at 37°C for 24 hours, the cells were subjected to mild
proteasome inhibition by incubation at 37°C with 2.5 uM MG132 for
an additional 24 hours, harvested, and lysed in IP buffer (50 mM Hepes,
250 mM NaCl, 5 mM EDTA, 0.1% NP-40, pH 8) containing 10 uM
MG132, ubiquitin aldehyde (0.1 pg/ml), 10 mM N-ethylmaleimide,
and a protease inhibitor cocktail. The protein concentration in the
clarified lysates was measured with the micro-BCA protein assay kit
(Thermo) according to the manufacturer’s instructions. Equal amounts
of protein were incubated with rabbit anti-GFP [Invitrogen, 1:100
(v/v) dilution] overnight at 4°C. Protein A/G-agarose beads were added
to the antibody-protein mixture, which was then incubated for an ad-
ditional 3 hours at 4°C. The beads were washed as described above, and
protein was isolated with 1x protein SDS-PAGE loading buffer. The
protein samples were then subjected to electrophoresis on 4 to 12%
bis-tris polyacrylamide gels, transferred overnight onto nitrocellulose
membranes, and subjected to Western blotting with mouse anti-HA
[Cell Signaling, 1:1000 (v/v) dilution] and rabbit anti-GFP [Sigma
G1544, 1:2000 (v/v) dilution].

Co-IP of p62 and GFP-progerin

GFP-progerin-expressing HeLa cells were either mock-treated or treated
with 200 nM Baf (EMD Biosciences) for 6 hours and lysed in co-IP
buffer [50 mM Hepes (pH 7.5), 150 mM NaCl, 1 mM EDTA,
1 mM EGTA, 1% Triton X-100, 10% glycerol, 25 mM NaF, 10 uM ZnCl,
and protease inhibitor cocktail]. Equivalent amounts of protein were
immunoprecipitated from the lysate with rabbit anti-GFP [Invitrogen,
1:100 (v/v) dilution] overnight at 4°C. Protein A/G-agarose beads were
added to the antibody-protein mixture, which was then incubated for an
additional 3 hours at 4°C. The beads were washed as described above,
and protein was isolated with 1x protein SDS-PAGE loading buffer.
Eluted precipitates were subjected to electrophoresis on 12% tris-glycine
gels, transferred to polyvinylidene difluoride (PVDF) membranes
overnight, and probed with mouse anti-p62 [BD Transduction Labora-
tories, 1:500 (v/v) dilution] and rabbit anti-GFP (Sigma, G1544).

Inhibition of macroautophagy in GFP-progerin-expressing
Hela cells
The pLKO.1 ATG7 shRNA knockdown construct was obtained from
Open Biosystems. HeLa cells that stably expressed a DOX-inducible
GFP-progerin construct (tet-on) were transfected with an shRNA ex-
pression vector (1 pg) that encoded either an shRNA that blocks
ATG7 expression or a scrambled shRNA control and incubated in
DMEM with 5% FBS for 48 hours at 37°C in the presence of DOX
(2 ug/ml). Forty-eight hours after transfection, cells were washed three
times with fresh medium to remove the DOX and harvested at 0 and
24 hours after DOX washout for assessment of progerin degradation.
The stably transfected HeLa cells were also treated for 4 days with
1 mM 3-MA (dissolved directly in the culture media) in the presence
of DOX (2 pg/ml) and either 0.68 uM rapamycin or DMSO (control).
DOX was washed out on day 4 of 3-MA treatment, and cells were
harvested at 0, 16, and 24 hours after DOX washout. GFP-progerin
amounts were measured in cell lysates by Western blot analysis
(mouse anti-tubulin, DM1o, was used as a loading control) with
a rabbit anti-GFP antibody (Sigma) followed by detection with anti-
mouse or anti-rabbit IgG conjugated to either IRDye 680 or IRDye 800
(1:10,000, Li-Cor Biosciences). GFP-progerin concentrations were ana-
lyzed by densitometry and normalized to a-tubulin. Clearance rates
were obtained by plotting the intensity of the normalized GFP-progerin
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signal over 24 hours. These experiments were repeated three times for
each condition. A two-tailed unpaired Student’s ¢ test was used for sta-
tistical analysis, and P < 0.05 was considered significant.

Assessment of progerin colocalization with p62 and ALFY
HeLa cells that stably express inducible GFP-progerin were cultured
with DOX and either DMSO or 0.68 uM rapamycin for 15 days (with
a change of media every 48 hours) and then passed onto glass coverslips.
The cells were then transfected, using Lipofectamine 2000 (Invitrogen),
with a pDEST-tdTomato-p62 expression vector (34), which encoded
p62 fused to the fluorescent tdTomato molecule, a pDEST-tdTomato—
N-terminal ALFY (1-1278) expression vector, or a pDEST-tdTomato—
C-terminal ALFY (2981-3526) expression vector (35), and incubated
for 3 hours with 50 nM Baf (EMD Biosciences) just before fixation to
enhance the detection of putative autophagic substrates. Cells were
then fixed in 4% paraformaldehyde, and the cell-laden coverslips
were mounted onto glass slides with 10 ul of DAPI-containing
Fluoromount-G (Southern Biotech, #0100-20) and visualized on an
Olympus BX50 fluorescence microscope (U-ULS100HG fluorescence
observation attachment) with the 40x objective. Images were captured
with an Olympus DP70 camera at equal exposures with DP controller
software (Olympus, V 2.2.1.195). Cell images were imported into
Photoshop CS4 (Adobe Systems) and merged, and colocalization of
autophagic proteins with progerin was assessed. Three separate cover-
slips per condition were analyzed, with about 100 to 200 cells per cov-
erslip. Representative images are presented in Fig. 5D and fig. S5.

Gel filtration high-performance liquid chromatography

For SEC analysis, Triton X-100-soluble protein (400 pg) from rapamycin-
or DMSO-treated fibroblasts in a total volume of 250 ul was loaded
onto a Superdex 200 HR10/300 column (GE Healthcare) with an Agilent
1200 series HPLC (high-performance liquid chromatography) system.
The mobile phase used to resolve the protein lysates contained 25 mM
Hepes and 150 mM NaCl (pH 7.25). The fractions were collected and
concentrated with Amicon Ultracel filters (Millipore) (10,000 molec-
ular weight cutoff). Fractions (24) were collected, concentrated, and
loaded on 4 to 12% SDS-polyacrylamide gels for immunoblot analysis
with mouse anti-lamin A/C (MAB3211) and mouse anti-GAPDH.

Sequential extraction

Fibroblasts grown on 60-mm dishes were treated with 0.68 LM rapamycin
or DMSO, pelleted, weighed, and lysed with 10 pl of Triton lysis buffer
per milligram of cell pellet [50 mM tris-HCI (pH 7.4), 150 mM NaCl,
1% Triton X-100, 5 mM EDTA, and protease inhibitor cocktail
(11836170001, Roche)].

Cell pellets were completely resuspended in lysis buffer and
subjected to four consecutive freeze-thaw cycles of 2 min each
(—80°C ethanol bath/37°C water bath). The Triton X-100-soluble
fraction was isolated by centrifugation at 21,000¢ for 30 min at 4°C.
The resulting Triton-insoluble pellets were further extracted by the
addition of SDS lysis buffer [2% SDS, 50 mM tris (pH 7.4), protease
inhibitor cocktail], sonicated with three 5-s pulses, and then boiled
for 20 min. These samples were then subjected to centrifugation for
20 min at 21,000¢ (25°C) to obtain the SDS-soluble fractions. The
remaining SDS-insoluble pellets were finally solubilized in 70% for-
mic acid, concentrated with a Savant SpeedVac concentrator, and
washed four times with water before resuspending directly in gel-
loading buffer. The samples were then subjected to SDS-PAGE. A
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Western blot was performed with rabbit anti-lamin A/C [Santa Cruz,
1:400 (v/v) dilution] and mouse anti-vimentin [BD Biosciences, 1:500
(v/v) dilution].

SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/3/89/89ra58/DC1

Fig. S1. Box plot analysis of the relative H3K27me3 staining intensity in the mock- and
rapamycin-treated HGPS (HGADFN155, female) and untreated control (HGFDFN320, female) cells
in Fig. 1C (n = 30, 41, and 41 for control, HGPS + Rap, and HGPS + Mock, respectively) (*P = 0.48;
P =95x10").

Fig. S2. Photographs of control and HGPS fibroblasts stained for SA-B-Gal activity at day 60
with the indicated treatment.

Fig. S3. FACS cell cycle analysis of a primary control fibroblast cell line (HGADFN168) and an
HGPS fibroblast cell line (HGADFN167) treated with vehicle (DMSO) or rapamycin for 60 days.
Fig. S4. Characterization of anti-progerin antibody.

Fig. S5. Progerin interacts with N-terminal ALFY.

Table S1. Cell lines used in this study.
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