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A pathway linking oxidative stress and the Ran 
GTPase system in progeria
Sutirtha Datta, Chelsi J. Snow, and Bryce M. Paschal
Center for Cell Signaling, Department of Biochemistry and Molecular Genetics, University of Virginia, 
Charlottesville, VA 22903

ABSTRACT  Maintaining the Ran GTPase at a proper concentration in the nucleus is impor-
tant for nucleocytoplasmic transport. Previously we found that nuclear levels of Ran are re-
duced in cells from patients with Hutchinson–Gilford progeria syndrome (HGPS), a disease 
caused by constitutive attachment of a mutant form of lamin A (termed progerin) to the nu-
clear membrane. Here we explore the relationship between progerin, the Ran GTPase, and 
oxidative stress. Stable attachment of progerin to the nuclear membrane disrupts the Ran 
gradient and results in cytoplasmic localization of Ubc9, a Ran-dependent import cargo. Ran 
and Ubc9 disruption can be induced reversibly with H2O2. CHO cells preadapted to oxidative 
stress resist the effects of progerin on Ran and Ubc9. Given that HGPS-patient fibroblasts 
display elevated ROS, these data suggest that progerin inhibits nuclear transport via oxida-
tive stress. A drug that inhibits pre–lamin A cleavage mimics the effects of progerin by dis-
rupting the Ran gradient, but the effects on Ran are observed before a substantial ROS 
increase. Moreover, reducing the nuclear concentration of Ran is sufficient to induce ROS 
irrespective of progerin. We speculate that oxidative stress caused by progerin may occur 
upstream or downstream of Ran, depending on the cell type and physiological setting.

INTRODUCTION
The nuclear lamina is a network of proteins associated with the inner 
nuclear membrane that plays major roles in defining nuclear struc-
ture and function. The most abundant components of the lamina are 
the A-type and B-type lamins, intermediate filament proteins that 
assemble into polymers (Goldman et al., 2002). The lamins interact 
with an expanding group of membrane-associated and nucleoplas-
mic proteins and chromatin to form macromolecular assemblies that 
regulate nuclear events, including replication and transcription 
(Schirmer et al., 2005; Vlcek and Foisner, 2007). Studies have re-
vealed that mutations in genes encoding the lamins, particularly 

lamin A, are causal to a broad spectrum of human disorders termed 
laminopathies. These include cardiomyopathy, lipodystrophy, and 
certain types of muscular dystrophy (Mounkes et al., 2003; Worman, 
2012). Remarkably, different mutations within the single gene en-
coding lamin A (LMNA) give rise to disorders that can be manifest in 
a cell- and tissue-specific manner, presumably through a combina-
tion of changes in nuclear structure and gene expression (Hutchison 
and Worman, 2004).

One of the most highly studied laminopathies is Hutchinson–
Gilford progeria syndrome (HGPS), a premature aging syndrome 
caused by a de novo mutation in LMNA. The LMNA mutation in 
HGPS results in utilization of a cryptic pre-mRNA splice site and gen-
eration of a transcript that encodes progerin, a form of lamin A miss-
ing 50 amino acids near its C-terminus (De Sandre-Giovannoli et al., 
2003; Eriksson et al., 2003). The progerin form of lamin A has a de-
fect in protein processing, which is the basis of its dominant-nega-
tive effects on the cell (De Sandre-Giovannoli et al., 2003; Eriksson 
et al., 2003). Normally, pre–lamin A is farnesylated on a C-terminal 
CAAX motif, attached to the nuclear membrane, and subsequently 
cleaved on the amino-terminal side of Leu-647 by the protease 
Zmpste24 (Sinensky et al., 1994). Thus fully processed lamin A is not 
directly attached to the nuclear membrane. By contrast, progerin is 

Monitoring Editor
Karsten Weis
University of California, 
Berkeley

Received: Aug 1, 2013
Revised: Jan 27, 2014
Accepted: Jan 31, 2014

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E13-07-0430) on February 12, 2014.
Address correspondence to: Bryce M. Paschal (paschal@virginia.edu).

© 2014 Datta et al. This article is distributed by The American Society for Cell Biol-
ogy under license from the author(s). Two months after publication it is available 
to the public under an Attribution–Noncommercial–Share Alike 3.0 Unported 
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society of Cell Biology.

Abbreviations used: DCF-DA, dichlorofluoroscein diacetate; DMSO, dimethyl 
sulfoxide; HGPS, Hutchinson–Gilford progeria syndrome; LPV, lopinavir; N/C, 
ratio of mean nuclear fluorescence to mean cytoplasmic fluorescence; NPC, 
nuclear pore complex; ROS, reactive oxygen species.



Volume 25  April 15, 2014	 Ran GTPase in premature aging  |  1203 

Ran distribution and nuclear transport have been shown to be 
adversely affected by cellular stresses, including hyperosmolarity 
(Kelley and Paschal, 2007) and oxidative stress (Kodiha et al., 2004; 
Miyamoto et al., 2004; Yasuda et al., 2006). Oxidative stress caused 
by reactive oxygen species (ROS)—chemical derivatives of mole-
cular oxygen arising from metabolism—can have profound effects 
on the cell. ROS in the form of superoxide or hydroxyl radicals are 
extremely unstable, whereas hydrogen peroxide is freely diffusible 
and has a longer half-life (Finkel and Holbrook, 2000). ROS levels are 
kept in check by a collection of enzymes, including superoxide dis-
mutase (SOD) and catalase, that afford protection to the cell by me-
tabolizing ROS (Finkel and Holbrook, 2000).

In the present study we examine the relationship between prog-
erin, Ran, Ubc9, and oxidative stress. ROS levels are elevated in 
HGPS-patient fibroblasts and in normal fibroblasts treated with a 
protease inhibitor that prevents pre–lamin A cleavage from the 
nuclear membrane. Oxidative stress disrupts the Ran gradient and 
inhibits Ubc9 import, and cells preadapted to oxidative stress are 
resistant to the effects of progerin. Although these data suggest 
that progerin effects on the Ran system and protein import are 
transduced through oxidative stress, we also find that disruption of 
the Ran gradient is sufficient to induce ROS and inhibit Ubc9 import. 
We propose that oxidative stress induced by progerin disrupts the 
Ran gradient and nuclear transport of proteins such as Ubc9 that are 
highly sensitive to perturbation of Ran distribution. Because Ran 
gradient disruption is sufficient to increase ROS production irrespec-
tive of progerin expression, we suggest that the Ran system and 
Ubc9 are functionally coupled to the structure of the nuclear lamina 
and ROS production through feedback loops.

RESULTS
In previous work we showed that Ubc9, the single SUMO E2 in the 
cell, is mislocalized from the nucleus to the cytoplasm in fibroblasts 
from HGPS patients expressing the progerin form of lamin A (Kelley 
et al., 2011). Immunolocalization and biochemical studies from other 
groups show that there are two pools of Ubc9—a soluble pool that 
shuttles between the cytoplasm and nucleoplasm, and an insoluble 
pool associated with RanBP2 at the NPC (Saitoh et al., 1997, 2002). 
Transient transfection of hemagglutinin (HA)-progerin in HeLa cells 
caused significant reduction in the nucleoplasmic level of Ubc9 
without a major effect on the NPC-associated pool (Figure 1, A–C). 
Depleting Nup358, the major NPC binding partner for Ubc9, did 
not appear to affect the nucleoplasmic level of Ubc9 (Supplemental 
Figure  S1, A and B). Progerin therefore affects the pool of Ubc9 
undergoing exchange between the nucleus and the cytoplasm, 
which we set out to investigate using cell biological analyses.

To test whether progerin inhibits Ubc9 import by cytoplasmic 
retention, we performed heterokaryon assays and analyzed the dis-
tribution of Ubc9 by immunofluorescence (IF) microscopy. HeLa 
cells transfected with HA-progerin were fused with HeLa cells trans-
fected with cyan fluorescent protein, the latter protein (blue) mark-
ing the shared cytoplasm within the heterokaryon. Ubc9 was nuclear 
localized in control nuclei but was not imported into nuclei express-
ing progerin (Figure 1D). Similarly, a Flag-tagged Ubc9 coexpressed 
with HA-progerin was imported into control nuclei but was not im-
ported into nuclei expressing progerin (Supplemental Figure S1C). 
Because Flag-tagged Ubc9 (translated in progerin-expressing cells 
before fusion) underwent import into control nuclei, we conclude 
that progerin does not promote cytoplasmic retention or inactivate 
the import signal on Ubc9. Progerin-mediated disruption of the Ran 
protein gradient was maintained in progerin-expressing nuclei in 
heterokaryons, but there was no evidence of Ran defects in control 

farnesylated, but it remains anchored to the nuclear membrane be-
cause the Zmpste24 cleavage site is within the 50–amino acid seg-
ment that is missing from progerin (De Sandre-Giovannoli et  al., 
2003; Eriksson et al., 2003). Although it is clear that constitutive at-
tachment of progerin drives HGPS phenotypes, the mechanisms 
that mediate the changes at the cellular and tissue levels are largely 
undefined. One common phenotype reported for cells overexpress-
ing progerin is aberrant nuclear morphology, including nuclear 
membrane blebbing (Goldman et al., 2004). A second phenotype of 
cells expressing progerin is reduced levels of epigenetic marks on 
histone H3 that are associated with gene repression (Shumaker 
et  al., 2006; Scaffidi and Misteli, 2006). Progerin, which is highly 
concentrated at the nuclear membrane, elicits epigenetic changes 
throughout the nucleus (Shumaker et al., 2006; Scaffidi and Misteli, 
2006). This observation implies that a dominant effect of nuclear 
architecture at the nuclear periphery has global effects on the 
nucleus.

We recently described phenotypic changes in HGPS cells that 
are associated with alterations in the nuclear transport machinery 
(Kelley et  al., 2011; Snow et  al., 2013), in particular, the Ran 
GTPase. Ran plays a direct role in nucleocytoplasmic transport by 
regulating transport factor assembly and disassembly, and, in the 
process, Ran rapidly shuttles between the nucleus and cytoplasm. 
Under steady-state conditions Ran has a predominantly nuclear 
distribution, and the concentration of Ran in the nucleus and 
cytoplasm can be expressed as a ratio (ratio of mean nuclear fluo-
rescence to mean cytoplasmic fluorescence [N/C]) and termed 
the Ran protein gradient (Bischoff and Ponstingl, 1991; Bischoff 
et al., 1994; Pemberton and Paschal, 2005; Kelley and Paschal, 
2007; Izaurralde et  al., 1997; Smith et  al., 1998; Görlich et  al., 
2003). The two nucleotide forms of Ran also generate a gradient 
between the nucleus and cytoplasm (RanGTP:RanGDP), owing to 
the subcellular distributions of the nucleotide exchange factor 
RCC1 (nuclear) and GTPase-activating protein RanGAP (cytoplas-
mic; Bischoff and Ponstingl, 1991; Bischoff et al., 1994; Paschal 
and Gerace, 1995; Pemberton and Paschal, 2005; Kelley and 
Paschal, 2007; Izaurralde et al., 1997; Smith et al., 1998; Görlich 
et  al., 2003). Our laboratory found that the Ran N/C is signifi-
cantly reduced in HGPS cells and in naive cells transfected with 
progerin (Kelley et al., 2011). These and other findings led us to 
suggest that reduced nuclear transport could underpin some of 
the phenotypic changes in HGPS (Kelley et al., 2011; Snow et al., 
2013).

One of the proteins whose nuclear localization is reduced in 
HGPS is Ubc9, the E2 for SUMOylation (Geiss-Friedlander and 
Melchior, 2007; Kelley et al., 2011). Ubc9 is imported into the nu-
cleus by importin13, and after its translocation into the nucleus, the 
Ubc9-importin13 complex is disassembled by RanGTP (Mingot 
et al., 2001). Working in conjunction with Uba2/Aos1 E1 enzyme, 
Ubc9 conjugates SUMO to target proteins (Geiss-Friedlander and 
Melchior, 2007). SUMOylation regulates diverse pathways in the 
nucleus, including transcription, replication, and DNA repair (Hay, 
2005). Ubc9 shuttles between the nucleus and the cytoplasm, and 
SUMOylation can regulate events in the cytoplasm as well (Geiss-
Friedlander and Melchior, 2007). There is also a pool of Ubc9 stably 
associated with the nucleoporin RanBP2, where it contributes to the 
SUMOylation of proteins associated with the nuclear pore complex 
(NPC; Zhang et al., 2002). In a previous study we found that reduc-
ing SUMOylation caused changes in the nuclear mobility of RCC1, 
suggesting that SUMO and possibly Ubc9 might play a role in the 
Ran protein gradient by modulating GTP-GDP exchange on Ran 
(Kelley et al., 2011).
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idea, we used small interfering RNA (siRNA) 
to deplete the Ran import factor, NTF2. 
Depletion of NTF2 resulted in a significant 
reduction in the nuclear concentration of Ran 
and Ubc9 (Figure 2, A and B). A small reduc-
tion in nuclear localization of green fluores-
cent protein (GFP)–streptavidin (STV)–
nuclear localization signal (NLS) was detected 
in cells in which the Ran gradient was dis-
rupted by NTF2 depletion (Figure 2C), con-
sistent with our recent finding that SV40 
NLS–dependent import is relatively efficient 
even under conditions in which the nuclear 
concentration of Ran is reduced (Snow et al., 
2013). By double-label IF microscopy, we 
observed correlations between Ubc9 and 
Ran N/C values in cells treated with control 
and NTF2 siRNA (Pearson r = 0.4 for siCon 
and 0.6 for siNTF2; Figure 2D), an indication 
that subcellular distribution of these proteins 
is linked. Our data suggest that Ran gradient 
disruption is sufficient to explain the Ubc9 
import defect in cells expressing progerin.

It was reported that fibroblasts from four 
HGPS patients (HGADFN167, HGADFN003, 
AG11513, AG06297) have elevated ROS 
(Viteri et  al., 2010; Pekovic et  al., 2011; 
Richards et al., 2011) and increased protein 
carbonyl content (Viteri et al., 2010; Richards 
et  al., 2011). Because oxidative stress can 
inhibit nuclear transport (Stochaj et  al., 
2000; Miyamoto et al., 2004; Czubryt et al., 
2000), we explored whether elevated ROS 
is potentially related to the Ran distribution 
changes that we observed in HGPS cells. 
We measured ROS levels in three commonly 
used HGPS lines (3199, 1498, 1972) using 
the fluorescent indicator dichlorofluoroscein 
diacetate (DCF-DA) and found that all three 
cell lines showed elevated ROS (Figure 3, A 
and B). These lines also showed reduced 
mitochondrial membrane polarization, 
which could be related to the increase in 
ROS levels in these cells (Supplemental 
Figure  S2). The fact that seven of seven 
HGPS lines examined have elevated ROS 
suggests that oxidative stress might be a 
common feature of patient-derived HGPS 
fibroblasts.

We considered a simple model in which progerin-induced oxida-
tive stress causes disruption of the Ran gradient, which in turn inhib-
its Ubc9 import. Effects of oxidative stress on nuclear transport have 
been described and can be induced artificially by exposing cells to 
H2O2 (Miyamoto et al., 2004; Czubryt et al., 2000; Stochaj et al., 
2000). We found that a brief treatment of HeLa cells with H2O2 
(50–400 μM, 10 min) was sufficient to markedly reduce the nuclear 
concentration of Ubc9 and Ran (Figure 4, A–C). The effect of H2O2 
on Ubc9 and Ran was reversible, as the nuclear localization of both 
proteins recovered within 60 min of washout (Figure 4B). The inhibi-
tory effect of H2O2 on nuclear transport was rapid, as a ∼50% reduc-
tion in the N/C of both Ran and Ubc9 was observed after a 2-min 
exposure to H2O2 (Figure 4, D and E). From these data we conclude 

nuclei within heterokaryons (Figure  1E). Our results suggest that 
progerin disrupts Ubc9 import without affecting the transport com-
petence of Ubc9, and the defect is a feature of the nucleus and not 
the cytoplasm. Similarly, under the conditions of our assays the 
dominant-negative mechanism responsible for the Ran distribution 
defect is not communicated through or rescued by the shared cyto-
plasm of the heterokaryon.

Nuclear import of Ubc9 is mediated by importin13, a Ran-regu-
lated import receptor that is a member of the importin-β superfamily 
(Mingot et al., 2001). We reasoned that the Ubc9 import defect in-
duced by progerin is a consequence of Ran gradient disruption, 
which could reduce import by lowering the efficiency of Ran-depen-
dent import complex disassembly in the nucleoplasm. To test this 

Figure 1:  Progerin inhibits nuclear import of Ubc9 through a dominant-negative effect on the 
nucleus. (A) Endogenous Ubc9 distribution (red) in cells transfected with HA-lamin A and 
HA-progerin (green). (B) Histogram of Ubc9 N/C (bin size, 0.2) from HA-lamin A (black) and 
HA-progerin (red). (C) Histogram of Ubc9 fluorescence measured at the nuclear envelope 
(bin size, 25) in HA-lamin A–transfected (black) and HA-progerin–transfected (red) cells. 
(D) Heterokaryon cell fusion using HeLa cells transfected with HA-progerin (green) or cyan 
fluorescent protein (blue). Endogenous Ubc9 (red) was also detected. Of 20 heterokaryons 
examined, 16 displayed the phenotype shown. (E) Heterokaryon cell fusion using Cos cells 
transfected with HA-progerin (red). Ran is shown in green. Of 23 heterokaryons examined, 
21 displayed the phenotype shown. Scale bars, 20 μm (A) and 10 μm (D, E).
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the Ubc9-Uba2 disulfide product can be 
detected from HeLa cells treated with 50–
400 μM H2O2 (Figure  4F). Ubc9 disulfide 
formation with the E1 is predicted to in-
crease the apparent size of the Ubc9 import 
cargo from 18 kDa (Ubc9) to ∼130 kDa 
(Ubc9 + Uba2 + AOS1). Several groups, in-
cluding ours, have observed that large NLS 
cargoes require a higher concentration of 
nuclear Ran for efficient import (Lyman et al., 
2002; Ribbeck and Görlich, 2002; Snow 
et al., 2013). We posited that disulfide for-
mation between Ubc9 and E1 might con-
tribute to the nuclear import defect of Ubc9, 
either by increasing its size or possibly ob-
scuring the Ubc9 NLS. To test this idea, we 
used a form of Ubc9 that contains a serine 
substitution for the catalytic cysteine (C93S), 
which thereby abrogates disulfide formation 
with Uba2 (Bossis and Melchior, 2006). We 
found that Flag-Ubc9-C93S underwent nu-
clear import similar to Flag-Ubc9 and that 
both forms of Ubc9 localized to the cyto-
plasm in cells treated with H2O2 (Figure 5A). 
In addition, in the presence of cotransfected 
progerin, both forms of Ubc9 underwent re-
distribution to the cytoplasm (Figure 5, B–D). 
These data indicate that Ubc9 localization 
defects that occur in response to H2O2 and 
progerin are independent of Ubc9 disulfide 
formation with Uba2. Consistent with this 
conclusion, immunoblotting HGPS-patient 
fibroblast samples under nonreducing con-
ditions gave no evidence for Ubc9 disulfide 
formation (Figure  5E). The Ubc9 disulfide 
with Uba2 was clearly inducible by H2O2 
treatment of normal fibroblasts (8469), 
showing that the product can be formed 
and detected in this cell type (Figure 5E).

The results obtained with Ubc9-C93S 
(Figure  5) indicated that the Ubc9 import 
defect in progerin-expressing cells is not a 
consequence of Ubc9 oxidation. However, 
given the elevated ROS in HGPS cells and 
the rapid, reversible disruption of Ran and 
Ubc9 distribution by H2O2, the possibility 
remained that the Ran gradient disruption 
by progerin is mediated by oxidative stress. 
To further study the effects of progerin on 
Ran that might be mediated by oxidative 
stress, we used an approach based on the 
drug lopinavir (LPV). LPV is used clinically to 
inhibit the HIV protease, but it also inhibits 
Zmpste24, the protease responsible for pro-
teolytic processing of pre–lamin A (Caron 

et  al., 2007; Coffinier et  al., 2007; Lefèvre et  al., 2010). Treating 
cultured cells with LPV mimics the effects of progerin expression 
because it results in the accumulation of unprocessed, nuclear 
membrane–tethered pre–lamin A and disruption of the Ran gradi-
ent (Kelley et al., 2011). Although transient transfection of progerin 
in HeLa cells appears to recapitulate phenotypes detected in HGPS 
fibroblasts, with LPV it is possible to test the effect of endogenous 

that localization of Ran and Ubc9 can change in response to oxida-
tive stress.

The Melchior group showed that Ubc9 contains a catalytic 
cysteine that can be oxidized by treating cells with H2O2 (Bossis and 
Melchior, 2006). In response to oxidative stress, cysteine 93 in Ubc9 
forms a disulfide with the catalytic cysteine in the E1 (Bossis and 
Melchior, 2006). In gel samples prepared without reducing agent, 

Figure 2:  Ubc9 requires the Ran protein gradient for efficient import. (A) Disruption of the Ran 
gradient by siRNA depletion of NTF2 in GSN2 cells. HeLa cells (stably transfected with 
GFP-STV-NLS; Black et al., 1999) were cotransfected with siRNA and Flag-Ubc9 and imaged in 
three channels for endogenous Ran (purple), Flag-Ubc9 (red), and GFP (green) Scale bars, 
20 μm. (B) Histogram (bin size, 0.25) showing Flag-Ubc9 N/C from control siRNA (black) and 
NTF2 siRNA–transfected (red line) cells. (C) Histogram (bin size, 25) showing nuclear 
fluorescence intensities of GFP-STV-NLS from control (black) and NTF2 siRNA–transfected (red) 
cells. (D) xy scatter plot of Ubc9 N/C and Ran N/C in control siRNA (black dots) and NTF2 siRNA 
(red dots) cells.
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glutathione (GSH/GSSG; p < 0.0001), which 
provides an additional assessment of oxida-
tive stress effects of the drug (Figure  7E). 
LPV has been reported to have off-target 
inhibitory effects on mitochondria (Deng 
et al., 2010), which we considered might af-
fect the Ran gradient by reducing ATP lev-
els. We found that ATP levels did not change 
significantly during a time course of LPV 
treatment during which the Ran gradient 
was progressively disrupted (Supplemental 
Figure S4, A and B).

Although there is a transient ROS in-
crease at 12 h, the major change in ROS ap-
pears after the Ran gradient has been dis-
rupted for >48 h (Figure  7). To test the 
hypothesis that Ran gradient disruption 
might be upstream of ROS induction, we 
depleted the Ran import factor NTF2 (Kelley 
et  al., 2011) and measured the effects on 
Ran distribution and ROS levels. By IF mi-
croscopy, NTF2 depletion resulted in a pre-
dominantly cytoplasmic localization of Ran, 
indicating robust disruption of the Ran gra-
dient (Figure 8A). Significantly, disruption of 
the Ran gradient increased ROS levels as 
detected with DCF-DA (Figure 8B). Because 
Ran gradient disruption is sufficient to in-
duce ROS, the large ROS induction ob-

served with 72 h of LPV treatment could be a consequence of Ran 
gradient disruption. A similar increase in ROS was observed using 
siRNA to Ran (Figure  8D). Thus ROS induction in these assays is 
probably due to reduced concentration of Ran in the nucleus and 
not increased concentration of Ran in the cytoplasm.

As an additional means to query the relationship between pro
gerin, oxidative stress, and the Ran system, we took advantage of a 
stress-resistant CHO cell line (OC-14) that was produced by continu-
ous culture in the presence of H2O2 (Spitz et al., 1988a,b, 1990). 
Comparison of the parental CHO cell line (HA-1) with the resistant 
line (OC-14) showed that the latter maintains a nuclear distribution 
of Ubc9 and Ran at 400 μM H2O2 (Figure 9A). The OC-14 line was 
resistant to formation of the Ubc9-E1 disulfide product, even at the 
highest concentration of H2O2 tested (Figure  9, B and C). The 
OC-14 line was also resistant to Ran and Ubc9 localization defects 
normally caused by progerin expression (Figure 9, D–F). Although 
the gene expression changes associated with the development of 
H2O2 resistance in the OC-14 cells are probably complex, the data 
suggest that progerin disruption of the Ran gradient and Ubc9 
distribution in CHO cells involves changes mediated by oxidative 
stress. These results, together with the other data in this study, 
suggest that the Ran protein gradient can be disrupted by oxidative 
stress and that disruption of the Ran gradient can generate oxida-
tive stress (Figure 10).

DISCUSSION
SUMOylation plays key roles in cell cycle regulation, transcrip-
tion, DNA replication and repair, and chromosome dynamics 
(Wang and Dasso, 2009). Because these are primarily nuclear 
events, defective import of Ubc9 is expected to affect multiple 
pathways in the nucleus. Previously we found that Ubc9 is mislo-
calized from the nucleus to the cytoplasm in HGPS fibroblasts, 
a change associated with reduced nuclear SUMO2/3 levels 

levels of membrane-tethered pre–lamin A in the setting of normal 
fibroblasts as a function of time. Using an antibody specific for pre–
lamin A, we found that LPV treatment of normal (8469) human fibro-
blasts for 72 h resulted in the accumulation of the unprocessed pro-
tein (Figure 6A). LPV treatment elevated ROS levels in normal human 
fibroblasts to about the same extent as 20 μM H2O2 (Supplemental 
Figure S3, A, B, and D), and the increase in ROS levels was pre-
vented by cotreating the cells with siRNA to lamin A (Figure 6, A and 
B). By IF microscopy, we observed that LPV treatment resulted in the 
appearance of pre–lamin A at the nuclear envelope and disruption 
of the Ran gradient and that both changes were prevented by treat-
ing cells with lamin A siRNA (Figure 6, C and D). LPV treatment also 
reduced the nuclear levels of Ubc9 (Supplemental Figure  S3C). 
These data establish that LPV increases ROS levels and disrupts the 
Ran gradient by promoting pre–lamin A accumulation.

We performed a time course of LPV treatment to examine the 
relationship between the appearance of pre–lamin A, ROS levels, 
and Ran distribution. On immunoblotting of LPV-treated cells, pre–
lamin A protein was detected at 12 h, and pre–lamin A levels in-
creased further during the 72-h time course (Figure 7A). ROS levels 
showed a small but statistically significant elevation at the 12-h time 
point but returned to control (dimethyl sulfoxide [DMSO]) levels by 
18 h and remained low at the 24-, 36-, and 48-h time points 
(Figure 7A). A relatively large increase in ROS (greater than twofold 
compared with DMSO control) was observed at the 72-h time point 
(Figure 7B). Because ROS measurement by DCF-DA staining is a 
live-cell assay, parallel samples were fixed and processed for IF mi-
croscopy to determine Ran localization. Treating cells with LPV for 
12 h resulted in a small reduction in the Ran N/C, an effect that be-
came more pronounced at each time point (Figure  7, C and D). 
Thus LPV induction of pre–lamin A causes a small increase in ROS 
detected at 12 h and a large increase in ROS detected at 72 h. We 
also determined that LPV reduces the ratio of reduced to oxidized 

Figure 3:  Fibroblasts from HGPS patients have elevated ROS. (A) ROS detected in primary 
fibroblasts from control (8469) and progeria patients (1972, 1498, and 3199) using DCF. 
(B) Histograms comparing total ROS levels in control (black bars) and progeria patient 
fibroblasts (red lines). Bin size, 10. Scale bars, 20 μm.
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SUMOylation. In support of this model, overexpression of Ubc9 
fused to the SV40 NLS rescued progerin effects on the Ran gradi-
ent, as well as other cellular defects caused by progerin (Kelley 
et al., 2011). Although these data placed Ubc9 function upstream 
of Ran, the fact that Ubc9 undergoes nuclear import via a Ran-
regulated import receptor (importin13; Mingot et al., 2001) sug-
gests a positive feedback loop that that links the Ran gradient 
with nuclear Ubc9 activity.

detected by IF microscopy (Kelley et al., 2011). In naive cells, pro-
gerin expression and forced expression of SENP catalytic domain 
both reduced the level of nuclear SUMOylation by SUMO2/3 and 
reduced the nuclear mobility of the RanGEF, RCC1. Because 
RCC1 nuclear mobility is related to chromatin-dependent nucle-
otide exchange on Ran, these data, together with disruption of 
the Ran protein gradient, were taken as evidence that progerin 
might mediate its effects on the Ran system via changes in 

Figure 4:  The Ran gradient and Ubc9 import are sensitive to oxidative stress. (A) Endogenous Ubc9 distribution 
detected by IF in HeLa cells treated for 10 min with the indicated concentrations of H2O2. (B) Endogenous Ubc9 (red) 
and Ran (green) in HeLa cells undergo reversible changes in distribution in response to oxidative stress. HeLa cells were 
treated for 10 min with 200 μM H2O2 and then allowed to recover in fresh media for 30 and 60 min. (C) xy scatter plot 
of Ubc9 N/C and Ran N/C in untreated (black dots) and H2O2-treated HeLa cells (red dots). (D, E) Ubc9 and Ran N/C 
levels in HeLa cells treated with 200 μM H2O2 measured as a function of time. (F) Ubc9-Uba2 heterodimer detected by 
immunoblotting. HeLa cells were treated for 10 min with the indicated concentrations of H2O2 and immunoblotted for 
Ubc9. Gel samples were prepared without or with 100 mM dithiothreitol, as indicated. Scale bars, 20 μm.



1208  |  S. Datta et al.	 Molecular Biology of the Cell

et  al., 2004; Czubryt et  al., 2000; Stochaj 
et al., 2000), we explored oxidative stress 
as a mechanism for transducing progerin’s 
effects to Ran and Ubc9. We showed that 
acute oxidative stress in the form of H2O2 
exerts a rapid and reversible effect on Ran 
and Ubc9 localization, as both proteins de-
localized to the cytoplasm within minutes 
of H2O2 addition. The factor sensing H2O2 
in this setting could be a Ran system or a 
SUMOylation pathway component. Ubc9 is 
known to be a direct target of oxidation 
through its catalytic cysteine (Bossis and 
Melchior, 2006); however, Ubc9 containing 
a Cys-to-Ser substitution displayed the 
same responses to H2O2 and progerin as 
wild-type (WT) Ubc9. Thus the effect of 
oxidative stress and progerin on Ubc9 is 
not mediated through its catalytic cysteine. 
We did obtain evidence that progerin’s ef-
fects on Ran and Ubc9 can depend on oxi-
dative stress. Both Ran gradient and Ubc9 
import were resistant to progerin transfec-
tion in a CHO cell line preadapted to oxi-
dative stress (Spitz et  al., 1988a). One of 
the major adaptations of the CHO line OC-
14 is overexpression of catalase, which me-
tabolizes H2O2 (Spitz et  al., 1988b). It re-
mains possible that the resistance of the 
OC-14 line to progerin expression involves 
gene expression changes that are indepen-
dent of redox regulation. For example, one 
could imagine that the progerin resistance 
of OC-14 cells involves the expression of 
proteins that regulate lamina structure or 
are involved in sensing the structural 
changes in the lamina or nuclear mem-
brane induced by membrane tethering of 
progerin. Finally, it cannot be assumed that 
progerin affects all cell types in the same 
way, which is to say, progerin effects might 
be transduced through redox effects in one 
cell type and a redox-independent path-
way in another cell type. Patient data and 
animal models indicate that progerin’s ef-
fects are cell and tissue specific, with clear 
manifestation in the cardiovascular system 
(Varga et al., 2006; Olive et al., 2010). Of 
interest, ROS signaling in the cardiovascu-
lar system has both physiological and 
pathological contributions (Sugamura and 
Keaney, 2011), but whether there is any 
relationship to the effects of progerin is 
unknown.

We used the drug LPV to examine the 
temporal relationship between progerin 
expression, oxidative stress, and changes 
in Ran and Ubc9. Through its inhibition of 

Zmpste24, LPV treatment results in pre–lamin A tethering to the 
nuclear membrane (Coffinier et al., 2007). This provides an induc-
ible system for expressing endogenous levels of unprocessed 
pre–lamin A, which we showed disrupts the Ran gradient 

Work published by other groups (Viteri et  al., 2010; Pekovic 
et al., 2011; Richards et al., 2011) and confirmed in this study indi-
cates that HGPS cells have elevated ROS. Given the connections 
between oxidative stress signaling and the Ran system (Miyamoto 

Figure 5:  Oxidative stress and progerin inhibit Ubc9 import by a mechanism that is 
independent of Ubc9 cysteine 93 oxidation. (A) Localization of Flag-Ubc9 (WT and C93S mutant; 
green) in HeLa cells treated with 200 μM H2O2 for 10 min. (B) Localization of Flag-Ubc9 (WT and 
C93S mutant; green) in HeLa cells cotransfected with HA-lamin A or HA-progerin (red). Scale 
bars, 10 μm. (C, D) Histograms showing N/C values (bin size, 0.5) of Flag-Ubc9 and Flag-Ubc9-
C93S in cells expressing HA-lamin A (black) and HA-progerin (red). (E) Immunoblotting for the 
Ubc9-Uba2 disulfide in control (8469) and HGPS (1972, 1498, and 3199) fibroblasts. The 
electrophoretic position of the Ubc9-Uba2 disulfide (arrow) and a nonspecific cross-reaction 
(asterisk) are indicated. Note that the Ubc9 C93S mutant was expressed at a low level in these 
experiments to avoid dominant-negative effects on nuclear SUMOylation sufficient to disrupt 
the Ran gradient (Kelley et al., 2011).
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LPV-induced expression of membrane-tethered pre–lamin A 
elevated ROS levels in normal human fibroblasts in what appears 
to be a biphasic manner. An increase in ROS was observed after 

(Kelley et al., 2011). The effect on Ran is strictly dependent on WT 
lamin A expression, since the effects of LPV were abrogated by 
lamin A siRNA.

Figure 6:  Blocking pre–lamin A processing with LPV disrupts the Ran gradient and induces ROS. (A) Immunoblotting 
for pre–lamin A, lamin A, and tubulin (loading control) in control and lamin A siRNA–transfected normal (8469) human 
fibroblasts treated with and without LPV. (B) Bar graph depicting the mean DCF fluorescence in control and lamin A 
siRNA–transfected cells with and without LPV treatment. (C) IF detection of pre–lamin A (red) and Ran (green) in control 
and lamin A siRNA–transfected cells with or without LPV treatment. Scale bars, 20 μm. (D) Bar graph depicting mean 
Ran N/C in control and lamin A siRNA–transfected cells with and without LPV treatment. Statistical significance as 
measured by ANOVA with a Tukey posttest: ***p < 0.001.
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Figure 7:  Time course of LPV-induced pre–lamin A accumulation, disruption of the Ran gradient, and ROS induction. 
(A) Immunoblot showing the accumulation of prelamin A upon treatment of 8469 fibroblasts with 40 μM LPV at the 
indicated time points. Ran levels are unchanged. Tubulin represents the loading control. (B) Bar graph comparing mean 
DCF fluorescence at different time points of LPV treatment. Gray and black bars represent DMSO and LPV samples, 
respectively. (C) Endogenous Ran distribution (green) at the indicated time points of LPV treatment detected by 
immunofluorescence. Scale bars, 50 μm. (D) Bar graph representing Ran N/C ratios at the indicated time points of 
DMSO (gray bars) and LPV (black bars) treatment. Statistical significance as measured by ANOVA with a Tukey posttest: 
***p < 0.001. (E) Total glutathione/oxidized glutathione ratio from 8469 fibroblasts treated with DMSO or 40 μM LPV 
for 24 h.
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12 h of LPV treatment, which, after return-
ing to near-baseline (DMSO-treated) levels, 
was followed by second ROS increase at 
72 h posttreatment. There are several pos-
sible interpretations of how these ROS 
changes might relate to the Ran protein 
gradient and nuclear transport. The ROS 
induction at 12 h could represent an event 
that initiates disruption of the Ran gradient 
through a pre–lamin A effect on gene ex-
pression (Figure 10, model 1). The ROS in-
duction at 12 h, however, is transient, and 
ROS levels remained near baseline during 
a time course in which the Ran gradient 
was highly disrupted. Thus an alternative 
interpretation is that the pre–lamin A in-
duction of ROS at 12 h is inconsequential 
for the Ran gradient, which is instead dis-
rupted by changes in nuclear architecture 
and chromatin (Figure  10, model 2). Ac-
cording to this view, chronic disruption of 
the Ran gradient ultimately results in a 
large increase in ROS at 72 h. Consistent 
with this explanation is our finding that dis-
ruption of the Ran gradient by depletion of 
the Ran import factor NTF2, or depletion of 
Ran itself, was sufficient to induce ROS. 
Oxidative stress generated by Ran disrup-
tion could generate a negative feedback 
loop that exacerbates the phenotype 
(Figure 10, model 2). Ran depletion in hu-
man dermal fibroblasts increases levels of 
MnSOD (Nagai and Yoneda, 2012), an en-
zyme known to be induced by oxidative 
stress. In the same study it was shown that 
Ran disruption is sufficient to trigger cell 
senescence (Nagai and Yoneda, 2012). 
Thus it is plausible that the nuclear con-
centration of Ran is sensed by a pathway 
that restrains the induction of ROS and de-
velopment of cell senescence.

The mechanism linking Ran levels and 
ROS formation is unknown, but it is fair to 
speculate that it probably involves nuclear 
transport that impinges on expression of 
genes affecting cell redox state, or struc-
tural changes in the nuclear envelope that 
can affect enzymes through scenarios that 
do not require new protein synthesis. For 
example, the subset of NADPH oxidases 
reported to reside in the nuclear mem-
brane (Leto et al., 2009) might respond to 
changes in the lamina and nuclear Ran, re-
sulting in ROS production. Lamin A en-
codes several cysteines that can be oxi-
dized in response to stress, implying the 
lamina itself could sense ROS changes and 
help transduce the effects to nuclear archi-
tecture and chromatin (Pekovic et  al., 
2011). Defining how Ran controls the activ-
ity and localization of factors responsible 
for ROS production and metabolism should 

Figure 8:  Disruption of the Ran protein gradient is sufficient to induce ROS. (A) Disruption of 
the Ran gradient by siRNA depletion of NTF2 in 8469 cells (5 d), followed by IF microscopy 
detection of Ran distribution. Scale bars, 20 μm. (B) ROS detection in 8469 fibroblasts treated 
with control and NTF2 siRNA, showing an increase in levels upon NTF2 knockdown. Scale bars, 
100 μm. (C) Histogram depicting an increase in mean DCF fluorescence intensity upon NTF2 
knockdown (red lines) in comparison to control siRNA–treated cells (black bars). (D) ROS 
detection in 8469 fibroblasts treated with control and Ran siRNA. (E) Histogram depicting an 
increase in mean DCF fluorescence intensity upon Ran knockdown (red lines) in comparison to 
control (black bars). Bin sizes, 10.
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Figure 9:  Nuclear localization of Ubc9 is resistant to the effects of H2O2 and progerin in CHO cells preadapted to 
oxidative stress. (A) Cells were treated with the indicated concentrations of H2O2 for 10 min, and endogenous Ubc9 and 
Ran were detected by IF. Scale bars, 20 μm. (B, C) Ubc9-Uba2 disulfide formation in HA-1 and OC14 cells. Cells treated 
with different concentrations of H2O2 for 10 min were analyzed by immunoblotting under nonreducing conditions. The 
electrophoretic position of the Ubc9-Uba2 disulfide (arrow) and a nonspecific cross-reaction (asterisk) are indicated. 
(D) Transfection of HA-lamin and HA-progerin into CHO cell lines, followed by detection of endogenous Ubc9 and Ran 
by IF. Lamin A and progerin expression was detected with anti-HA antibody. (E, F) Histograms (bin size, 0.5) showing 
Ran N/C and Ubc9 N/C in the HA-1(parental) and OC-14(resistant) cells transfected with progerin. Scale bars, 20 μm.

help explain how the nuclear lamina contributes to cell redox state 
and how Ran system changes might contribute to the pathology in 
HGPS.

MATERIALS AND METHODS
Cell culture and drug treatment
Primary human fibroblasts from HGPS patients (AGO1972, AG11498, 
and AGO3199) and a clinically normal father (AGO8469) of an HGPS 
patient were obtained from the Coriell Cell Repository (Camden, NJ). 
These are designated HGPS 1972, HGPS 1498, HGPS 3199, and 
Normal 8469, respectively. Primary fibroblasts were grown at 37°C in 
5% CO2 in MEM (Life Technologies, Carlsbad, CA) containing 15% 

fetal bovine serum (FBS; Hyclone, South Logan, UT), 1% MEM vita-
min solution (HyClone), 1% penicillin/streptomycin (Life Technolo-
gies), and 1 mM l-glutamine (Life Technologies). The passage 
number for cells in various experiments was between 8 and 25. 
HeLa and GSN2 cells (HeLa cells stably transfected with GFP-
STV-SV40 NLS; Black et al., 1999) were grown at 37°C in 5% CO2 in 
DMEM (Life Technologies/Invitrogen) containing 10% FBS (Atlanta 
Biologicals, Flowery Branch, GA). Cos7 cells were grown in DMEM 
with 10% FBS. CHO cells (HA-1 and OC-14) were generously provided 
by Douglas Spitz (University of Iowa; Spitz et al., 1988a). They were 
grown at 37°C in 5% CO2 in MEM (Life Technologies) supplemented 
with 15% FBS (Atlanta Biologicals) and 1% penicillin/streptomycin 
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(Life Technologies). H2O2 was purchased from Sigma-Aldrich (St. 
Louis, MO; catalog no. H-1009) and used at concentrations and 
time points indicated. Lopinavir was obtained from the National 
Institutes of Health AIDS Research and Reference Reagent Program 
(Germantown, MD; catalog no. 9481; a gift from D. Rekosh, 
University of Virginia) and Selleckchem (Houston, TX; catalog no. 
S-1380). Normal 8469 fibroblasts were treated with 40 μM lopinavir 
dissolved in DMSO for 3 d or the indicated time points and pro-
cessed for immunoblotting, IF microscopy, ROS measurements, or 
ATP measurements.

Plasmids, siRNA, and transfection
Plasmids encoding the WT and mutant forms of lamin A (pCDNA3-
HA-lamin A and pCDNA3-HA-progerin, respectively) were gener-
ated as described (Kelley et al., 2011). pCDNA3-HA-progerin C611S 
mutant was engineered as described (Snow et al., 2013). pCMV5-
FLAG-Ubc9 and pCMV5-FLAG-Ubc9-C93S were generously pro-
vided by David Wotton, University of Virginia. siRNA against NTF2 
was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). 
Stealth siRNA against lamin A (LMNA stealth HSS106094) was pur-
chased from Invitrogen (Carlsbad, CA; catalog no. 1299001), as was 
siRNA against Nup358/RanBP2 (catalog no. 10620310). siRNA se-
quence against Ran (5′-GUGAAUUUGAGAAGAAGUATT-3′; Nagai 
and Yoneda, 2012) was purchased from Invitrogen.

The cells to be transfected with plasmids were plated and grown 
in six-well plates to a density of ∼60–80% for 24 h, followed by trans-
fection with Transfectin (Bio-Rad, Hercules, CA) according to the 
manufacturer’s instructions. Transfected cells were processed for im-
munofluorescence microscopy or immunoblotting after 24 h. NTF2 
siRNA was transfected by using Lipofectamine RNAiMAX (Invitro-
gen) according to the manufacturer’s instructions for reverse trans-
fection. GSN2 cells were plated on NTF2 siRNA in 60-mm dishes, 
split onto glass coverslips at 24 h posttransfection, transfected with 
pCMV-Flag-Ubc9 24 h postsplitting onto coverslips, and grown 
for an additional 24 h before processing for IF microscopy. For 
NTF2 knockdown in normal human (8469) fibroblasts, cells were 

Figure 10:  Models for how progerin could affect the Ran gradient in 
interphase cells. In model 1, progerin induces ROS, which generates 
oxidative stress in the cell and disrupts the Ran gradient. In model 2, 
progerin disrupts the N/C distribution of Ran, which induces ROS and 
oxidative stress. Because oxidative stress is sufficient to disrupt the 
Ran system, a negative feedback loop is predicted to further reduce 
the Ran gradient. The specific source of ROS in these pathways has 
not been identified.

transfected with NTF2 siRNA by reverse transfection directly on 
coverslips for immunofluorescence or glass-bottom dishes (MatTek, 
Ashland, MD) for ROS measurements and allowed to grow for 72 h 
before processing. For lamin A knockdown in 8469 fibroblasts, cells 
were transfected with lamin A siRNA by the reverse transfection pro-
tocol, followed by LPV treatment after 24 h. The cells were allowed 
to grow for an additional 72 h before processing for immunoblot-
ting, IF, or ROS measurements.

Heterokaryon cell fusion
For the heterokaryon assays, Cos7 cells were left untransfected or 
transfected using FuGENE reagent (Promega, Madison, WI) 24 h 
after plating, as per the requirements of the experiment. After 24 h 
the donor and acceptor cells were coseeded on coverslips, and 
after being allowed to grow for an additional 24 h, cells were washed 
with prewarmed phosphate-buffered saline (PBS) and fused with 
50% polyethylene glycol (Roche, Basel, Switzerland). After an addi-
tional wash step, cells were incubated in 10 μg/ml cyclohexamide 
for 30 min or 2 h in a 37°C incubator. The cells were then fixed and 
processed for IF microscopy. Heterokaryons containing two nuclei 
per cell were visualized.

ATP measurement
ATP measurements were done using an ATPlite luminescence ATP 
detection assay system (6016943; PerkinElmer, Waltham, MA) as per 
manufacturer’s protocols. Normal 8469 fibroblasts were plated in 
96-well plates in triplicate, and DMSO or LPV was added as indicated 
in the Figure legends. On the day of processing, simultaneous with 
ATP measurement, cells from an identical experiment were counted 
by trypan blue exclusion technique on a hemocytometer, and the 
luminescence intensities were normalized to the cell numbers so 
obtained. In the same experiment, IF detection of Ran gradient dis-
ruption was performed to verify the efficacy of the LPV treatment.

Antibodies
The following antibodies were used: Ran (mouse monoclonal anti-
body [mAb], 610341; BD Biosciences, San Jose, CA), lamin A (rabbit 
polyclonal antibody [pAb], PRB-113c; Covance, Princeton, NJ), 
Ubc9 (rabbit pAb, ab33044; Abcam), anti-Flag epitope (mouse mAb 
M2; Sigma-Aldrich), OctA anti-Flag (rabbit pAb; Santa Cruz Biotech-
nology), RanGAP (mouse MAb 21c7; Zymed, Carlsbad, CA), anti-HA 
(mouse mAb 16B12 and rabbit pAb Y-11; both from Santa Cruz 
Biotechnology), pre–lamin A (goat pAb, sc-6214; Santa Cruz Bio-
technology), and tubulin (Mouse mAb 1-A2; Sigma-Aldrich).

Immunoblotting
Cells were lysed using standard SDS–PAGE loading buffer. Extracts 
were sonicated before loading on SDS-polyacrylamide gels. SDS–
PAGE and immunoblotting were performed by standard methods 
using primary antibodies and peroxidase-labeled secondary anti-
bodies and detected by chemiluminescence using ECL reagent. For 
the immunodetection of Ubc9-Uba2 thioester, cells were lysed in 
standard SDS–PAGE loading buffer containing 20 mM N-ethylma-
leimide, 20 mM iodoacetamide, and protease inhibitors. 100 mM 
dithiothreitol was added wherever indicated in the figures.

Immunofluorescence microscopy
Cells growing on glass coverslips were washed three times in PBS, 
fixed with 3.7% formaldehyde for 20 min, washed three times in PBS 
again, and permeabilized in 0.2% Triton X-100 for 5 min. Coverslips 
were blocked in IF microscopy blocking buffer (1× PBS, 2% bovine 
serum albumin, 2% FBS) for 1 h or overnight for Ubc9. Coverslips 
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oil immersion objective and recorded with a Hamamatsu 
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(PerkinElmer). Confocal imaging was done on a Zeiss LSM 510 
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ROS measurement
DCF-DA was purchased from Sigma-Aldrich (catalog no. 35845) and 
a stock solution of 5 mM made in ethanol. Cells growing in glass-
bottom dishes (MatTek) were washed three times with serum-free 
MEM (Life Technologies) to remove traces of serum and incubated 
with a 1:2000 dilution of stock in serum-free MEM for 30 min at 37°C 
and 5% CO2. The cells were then washed and mounted in RPMI 
buffered medium (Life Technologies) followed by visualization of 
green fluorescence at an excitation wavelength of 488 nm on a Zeiss 
LSM 710 confocal microscope equipped with a stage warmer with a 
10× objective using ZEN software (Carl Zeiss).

Glutathione measurement
GSH/GSSG ratios were determined using a GSH/GSSG-Glo Assay 
Kit from Promega (Madison, WI). Fibroblasts were plated in 96-well 
plates (white) at a density of 5000 cells/well. Cells were treated with 
DMSO or LPV 24 h after plating. Cells were assayed 24 h after treat-
ment according to the manufacturer’s instructions, and lumines-
cence was detected using a BioTek (Winooski, VT) Synergy HT 
Multi-Mode Microplate Reader.

Mitochondrial membrane potential measurement
JC-1 was purchased from Invitrogen (catalog no. T-3168), and a 
5 mg/ml stock solution was made in DMSO. Cells growing in glass-
bottom dishes (MatTek) were washed three times with regular HGPS 
medium (see Cell culture and drug treatment) and incubated with 
0.3 μg/ml JC-1 in HGPS medium for 1 h at 37°C and 5% CO2. The 
cells were then washed and mounted in RPMI buffered medium (Life 
Technologies), followed by visualization on a Zeiss LSM 510-META 
confocal microscope equipped with a stage warmer with a 40× ob-
jective using AxioVision software. JC-1 is a fluorescent dye that ac-
cumulates in mitochondria in monomeric form and emits green fluo-
rescence. It uses the mitochondrial potential to form fluorescent 
J aggregates, which emit red fluorescence (Invitrogen). JC-1 was 
excited at 488 nm, and both the monomeric and J-aggregate forms 
of JC-1 were simultaneously visualized using 505- to 530-nm (green) 
and 585- to 615-nm (red) long-pass filters, respectively. The ratio of 
red to green fluorescence was quantified as a readout for polarized/
total mitochondria.

Image quantification and statistical analyses
Quantitative analysis of IF microscopy images was performed using 
ImageJ image processing software (National Institutes of Health, 
Bethesda, MD). For most of the figures >50 cells each from at least 

three experiments were quantified by circling relevant areas, namely 
the nucleus and the cytoplasm, measuring the mean fluorescence 
intensities, and representing the data as mean N/C ratio. For Ubc9 
rim quantification (Figure  1C), mean Ubc9 fluorescence intensity 
was calculated for five uniformly spread selections along the rim, 
and their average values were plotted. For ROS measurements, 
cells were outlined and mean DCF fluorescence intensities for the 
whole cell were plotted. For measurement of mitochondrial poten-
tial using JC-1, individual cells were outlined, and the ratio of mean 
red to green fluorescence intensities for each cell was plotted. For 
all IF data, a minimum of 50 cells was quantified. Data were binned 
using Excel (Microsoft) before plotting as histograms, with bin sizes 
stated in the figure legends, or were represented as bar graphs with 
error bars using SDs. The “t test: two sample assuming equal vari-
ances” function of Excel was used to calculate p values in Figures 1, 
B and C, 2, B and C, 5, C–E, 8E, and 9, E and F, and Supplemental 
Figures S1C and S3B, and the type 2 two-tailed p value was used. 
An analysis of variance (ANOVA) test (Prism; GraphPad) was used to 
analyze Figures 3B, 6, B and D, and 7, B and D and Supplemental 
Figures S2 and S4, A and B. To determine statistical significance, 
Dunnett’s multiple comparisons posttest (which compares all 
conditions to the control condition) was used for Figure 3B and 
Supplemental Figures  S2 and S4B. For the remaining ANOVA 
tests Tukey’s multiple comparison test was used. In all figures, 
*p < 0.05, **p < 0.01, and ***p < 0.001.
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