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The mutant form of lamin A responsible for the premature aging disease Hutchinson-Gilford progeria
syndrome (termed progerin) acts as a dominant negative protein that changes the structure of the nuclear
lamina. How the perturbation of the nuclear lamina in progeria is transduced into cellular changes is
undefined. Using patient fibroblasts and a variety of cell-based assays, we determined that progerin expression
in Hutchinson-Gilford progeria syndrome inhibits the nucleocytoplasmic transport of several factors with key
roles in nuclear function. We found that progerin reduces the nuclear/cytoplasmic concentration of the Ran
GTPase and inhibits the nuclear localization of Ubc9, the sole E2 for SUMOylation, and of TPR, the
nucleoporin that forms the basket on the nuclear side of the nuclear pore complex. Forcing the nuclear
localization of Ubc9 in progerin-expressing cells rescues the Ran gradient and TPR import, indicating that
these pathways are linked. Reducing nuclear SUMOylation decreases the nuclear mobility of the Ran nucle-
otide exchange factor RCC1 in vivo, and the addition of SUMO E1 and E2 promotes the dissociation of RCC1
and Ran from chromatin in vitro. Our data suggest that the cellular effects of progerin are transduced, at least
in part, through reduced function of the Ran GTPase and SUMOylation pathways.

The nuclear lamina provides an architectural framework
that defines the size, shape, and physical properties of the
nucleus (29). A critical function of the nuclear lamina is to
provide a scaffold for chromatin attachment, and there is a
growing body of evidence linking the nuclear lamina to the
regulation of gene expression and chromosome positioning
within interphase cells (49). The nuclear periphery, including
the region proximal to the lamina, is rich in heterochromatin
and provides a nuclear subcompartment that promotes tran-
scriptional silencing (19). The mechanisms responsible for
transcriptional silencing associated with the lamina appear to
involve epigenetic regulation and modulation of the higher-
order chromatin structure (2). Other functions of the lamina
include roles in DNA replication and apoptosis (22, 29). The
principal components of the lamina are lamin A/C and lamin
B, which are encoded by the LMNA and LMNB genes, respec-
tively (22, 29). More than 300 mutations in LMNA have been
described (http://www.umd.be/LMNA/) and have been linked
to 12 diseases collectively known as laminopathies. These dis-
eases include dilated cardiomyopathy with conduction defects
(DCM-CD), familial partial lipodystrophy (FPLD), atypical
Werner’s syndrome, Emery-Dreifuss muscular dystrophy

(EDMD), and Hutchinson-Gilford progeria syndrome
(HGPS) (9, 70, 77).

The nuclear lamina also provides a scaffold for organizing
nuclear pore complexes (NPCs) within the nuclear membrane
(1). NPCs span the nuclear lamina and both the inner and
outer nuclear membranes and serve as conduits for nuclear
import and export (73). Nucleoporins that comprise the NPC
are organized into subcomplexes that disassemble and reas-
semble during each round of cell division. The nuclear side of
the NPC contains a structure that has the appearance of a
basket by electron microscopy (62). The nuclear basket con-
tains �16 copies of TPR, a 267-kDa coiled-coil protein de-
scribed originally in the context of its fusion with the MET
oncogene (18, 54). The nuclear basket is a multifunctional
scaffold, providing binding sites for import and export recep-
tors, attachment sites for chromatin, a platform for RNP as-
sembly and mRNA quality control, and a location for tethering
enzymes that regulate SUMOylation (5, 25, 26, 31, 66, 71,
75, 82).

The interaction of nuclear transport receptors with their
respective cargoes is regulated by Ran, a small GTPase which
is a member of the Ras superfamily. Conformational changes
in Ran induced by GTP binding control the selective disassem-
bly and assembly of import and export complexes, respectively
(56). The nucleotide state of Ran is regulated principally by
two factors, a GTPase-activating protein (RanGAP) and a
nucleotide exchange factor (RCC1). RanGAP stimulates the
hydrolysis of GTP by Ran at the NPC and in the cytoplasm (6),
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and RCC1 promotes GDP-GTP exchange in the nucleus (7, 51,
52). RCC1 binds chromatin, and exchange activity is stimu-
lated by nucleosomes in vitro (51). Ran exits the nucleus bound
to transport receptors, while reentry into the nucleus is medi-
ated by NTF2 (61, 69). The compartmentalization and activi-
ties of RCC1 (nuclear) and RanGAP (NPC/cytoplasmic), nu-
clear import mediated by NTF2, and the steady-state
distribution of shuttling nuclear transport receptors generate
two nuclear/cytoplasmic Ran gradients: a RanGTP gradient
estimated to be extremely steep (�500:1) (28) and a Ran
protein gradient that at steady state is �3:1 (38). The Ran
import factor NTF2 is essential in Saccharomyces cerevisiae,
indicating that the nuclear concentration of Ran is critical for
cell viability (16, 53, 55).

Biochemical analysis of RanGAP led to the discovery that it
is covalently attached to the small ubiquitin-like modifier
(SUMO) (27, 45, 46). At least three paralogues of SUMO are
expressed in mammals, SUMO1, SUMO2, and SUMO3 (4,
63). SUMO1 is �50% identical to SUMO2 and SUMO3, while
SUMO2 and SUMO3 are 96% identical and may be function-
ally equivalent. SUMOylation requires an E1-activating en-
zyme, the SAE1/SAE2 heterodimer, and an E2-conjugating
enzyme, Ubc9 (33). SUMO E1 and E2 enzymes are predom-
inantly nuclear, and Ubc9 import is mediated by importin 13
(48). There is also a pool of Ubc9 that is stably associated with
the NPC (58, 82). Additionally, the NPC provides binding sites
for enzymes that cleave SUMO from modified proteins
(SENPs) (14, 50). These observations imply that the NPC plays
a central role in organizing the localization and activity of the
SUMOylation machinery.

The premature aging disease HGPS is caused predominantly
by a de novo C-to-T substitution that activates a cryptic donor
splice site within exon 11 of lamin A, resulting in an internal
deletion of 50 amino acids (aa) (24). Because the “progerin”
form of lamin A (�50) lacks the site cleaved by the endopro-
tease Zmpste24, progerin remains membrane tethered and
acts as a dominant negative (DN) protein that disrupts the
structure of the lamina (24). While the genetic and protein-
processing defects in HGPS are clearly defined, the mecha-
nisms by which progerin mediates defects at the cellular level
are largely unknown. Using fibroblasts from progeria patients
and transfection approaches in HeLa cells, we show that de-
fects in the nuclear lamina are transduced to the Ran GTPase
system. Progerin expression prevents the nuclear localization
of Ubc9, disrupts the Ran gradient, inhibits TPR import, and
reduces trimethylation on lysine 9 of histone H3 (H3K9me3).
These progerin-induced phenotypes are restored by the nu-
clear localization of Ubc9, suggesting that defects in SUMO-
ylation and Ran-dependent transport might play important
roles in HGPS.

MATERIALS AND METHODS

Cell culture. Primary human fibroblasts from HGPS patients (AGO1972,
AG11498, and AGO3199) that express the progerin form of lamin A and primary
fibroblasts from a clinically unaffected father (AGO8469) of an HGPS patient
were obtained from the Coriell Cell Repository (Camden, NJ). We refer to these
fibroblasts as either “HGPS” or “Normal” followed by the last four digits of the
Coriell designation. Primary fibroblasts were grown at 37°C in 5% CO2 in
minimal essential medium (MEM) (Gibco/Invitrogen, Carlsbad, CA) containing
15% fetal bovine serum, 1� MEM vitamin solution (HyClone, Logan, UT), and
1 mM sodium pyruvate (Gibco/Invitrogen, Carlsbad, CA). The analysis was done

on cells at passages 10 to 20. The progerin-induced cellular phenotypes described
in this study, and nuclear morphology defects described previously by other
groups, become more penetrant during later cell passages. The reason for the
variation in penetrance is not clear, but it does not seem to involve senescence,
because the fraction of cells expressing senescence-associated �-galactosidase
remains low (�5%) and is similar in HGPS and normal fibroblasts (30; our
unpublished data). It is possible that the cellular response to progerin is influ-
enced by a parameter related to growth in culture, given that laminopathies as a
group are known to be highly context specific and of variable penetrances in vivo.

HeLa cells were grown at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco/Invitrogen, Carlsbad, CA) containing 5% newborn
calf serum (Gibco/Invitrogen, Carlsbad, CA), 5% fetal bovine serum (Gibco/
Invitrogen, Carlsbad, CA, or Atlanta Biologicals, Lawrenceville, GA), and 1 mM
sodium pyruvate (Gibco/Invitrogen, Carlsbad, CA). Cos7 cells were grown in
DMEM with 10% fetal bovine serum. Farnesyl transferase inhibitor (FTI) treat-
ments were performed with FTI-277 (Calbiochem/EMD, Gibbstown, NJ) dis-
solved in dimethyl sulfoxide (DMSO). Cells were treated with 3 �M FTI-277 (41)
or 0.1% dimethyl sulfoxide for 4 days and processed for immunofluorescence
(IF) microscopy. Lopinavir from the NIH AIDS Research and Reference Re-
agent Program (Germantown, MD) (catalog number 9481; a gift from D. Re-
kosh) was dissolved in DMSO. Cells were treated with 20 and 40 �M lopinavir
for 4 days and processed for immunoblotting and IF microscopy.

siRNA and plasmids. Small interfering RNAs (siRNAs) for NTF2 and TPR
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and were
transfected by using Oligofectamine (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. HeLa cells were transfected in 60-mm dishes, split
onto glass coverslips at 24 h posttransfection, grown for an additional 48 h, and
processed for IF microscopy.

An expression plasmid encoding the progerin form of lamin A was generated
by removing the sequence that encodes amino acids 607 to 656. Oligonucleotides
matching the relevant regions of exon 11 and exon 12 were used with the
QuikChange II site-directed mutagenesis kit (Stratagene/Agilent Technologies,
Santa Clara, CA) with a plasmid encoding hemagglutinin (HA)-lamin A as the
template (kindly provided by Brian Burke). The cysteine that undergoes farne-
sylation (Cys611) was changed to serine in progerin by use of the QuikChange II
site-directed mutagenesis kit. mCherry-SUMO2 was made by cloning SMO2-GG
from pEGFP-SUMO2-GG (kindly provided by Mary Dasso) into pmCherry
made by replacing the green fluorescent protein (GFP) from pEGFP with
mCherry. pCMV5-FLAG-Ubc9, pCMV5-FLAG-Ubc9-C93S and pCMV5-
SENP2-catalytic domain (aa 317 to 590) were all provided by David Wotton.
Transport signal fusions to Ubc9 were generated by using the nuclear localization
signal (NLS) from the simian virus 40 (SV40) large T antigen and the nuclear
export signal (NES) from the protein kinase inhibitor (PKI). We determined that
progerin does not inhibit nuclear import mediated by the SV40 NLS (J. B. Kelley
and B. M. Paschal, unpublished observations). FLAG-NLS-Ubc9 was made by
amplifying Ubc9 from pCMV5-FLAG-Ubc9 to introduce BamHI and XhoI sites
and was then cloned into a pcDNA-FLAG-NLS backbone. FLAG-NES-Ubc9
was generated by a similar strategy. The importin � binding (IBB)–�-galactosi-
dase (IBB-�-Gal) construct was provided by Larry Gerace. pEGFP-RCC1
(RCC1-GFP) was a gift from Yixian Zheng. Plasmids were transfected into
HeLa cells by using Transfectin (Bio-Rad) according to the manufacturer’s
protocol and examined at 24 h posttransfection.

Immunofluorescence microscopy. Cells were grown on glass coverslips, fixed
with 3.7% formaldehyde for 20 min, and permeabilized in 0.2% Triton X-100 for
5 min. For SUMO detection, cells were fixed in 2% formaldehyde for 30 min and
extracted with acetone at �20°C for 3 min to release soluble SUMO. Coverslips
were incubated in primary antibody diluted in IF microscopy blocking buffer (1�
phosphate-buffered saline [PBS], 2% bovine serum albumin [BSA], 2% newborn
calf serum) for �1 h. Antibodies to the following proteins were used for IF: Ran
(monoclonal antibody [MAb], catalog number 610341; BD Biosciences), lamin A
(polyclonal antibody [pAb], catalog number PRB-113c; Covance), H3K9me3
(pAb, catalog number ab8898; Abcam), TPR (pAb [25]; kindly provided by Larry
Gerace), Nup153 MAb SA1 (8), p62 (catalog number 610498; BD Biosciences),
RanBP2 (kindly provided by Frauke Melchior), Ubc9 (pAb, catalog number
ab33044; Abcam), SUMO1 (MAb 21C7; Zymed), SUMO2/3 (pAb SUMO-2
[Zymed] and MAb 8A2 [83]), anti-FLAG epitope (MAb M2; Sigma), OctA
anti-FLAG (Santa Cruz), RanGAP (MAb 21c7; Zymed), and anti-HA (MAb
16B12 and pAb; both from Santa Cruz). The secondary antibodies for IF mi-
croscopy were diluted in blocking buffer and incubated for 1 h. The antibodies
used were fluorescein isothiocyanate (FITC)-labeled donkey anti-mouse, Cy3-
labeled donkey anti-mouse, FITC-labeled donkey anti-rabbit, and Cy3-labeled
donkey anti-rabbit antibodies (all from Jackson Immunoresearch). Wide-field
microscopy was performed with a Nikon Eclipse E800 upright microscope (Mel-
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ville, NY) and recorded with a Hamamatsu C4742-95 charge-coupled device
(CCD) (Bridgewater, NJ) using OpenLab software (Improvision, Lexington,
MA). Figure 6C contains wide-field images. Confocal imaging was done with
Zeiss 510 LSM and a Zeiss 510 Meta LSM microscopes using Zeiss software.
Quantitative analysis of IF microscopy images (ratios of the nuclear concentra-
tion to the cytoplasmic concentration [N/C ratios]) was performed by using

ImageJ (http://rsbweb.nih.gov/ij/) as described previously (38). The “t test: two
sample assuming equal variances” function of Excel (Microsoft) was used to
calculate P values, the alpha value was 0.05, and the one-tailed P value was used.
Spearman’s rank correlation was used to quantify the correlation of Ran N/C
ratios and H3K9me3 or SUMO2/3 levels in order to account for the nonlinearity
of the relationship between the data. Quantification of mCherry-SUMO2 levels

FIG. 1. The Ran protein gradient in interphase cells depends on the nuclear lamina and is correlated with markers of heterochromatin. (A) Ran
distribution in primary fibroblasts from a control individual (Normal 8469) and three progeria patients (HGPS 1972, HGPS 1498, and HGPS 3199).
DAPI, 4�,6-diamidino-2-phenylindole. (B) Histograms (bin size 	 0.5) of Ran N/C ratios from control (Normal 8469) (black bars; n 	 293) and
HGPS patient (HGPS 1972, HGPS 1498, and HGPS 3199) (red lines; n 	 264, 53, and 207, respectively) cells. (C) Ran N/C values plotted as a
function of nuclear H3K9me3 levels (Spearman’s rank correlation coefficient [
] values of 0.81 for Normal 8469, 0.74 for HGPS 1972, 0.81 for
HGPS 1498, and 0.29 for HGPS 3199). (D) Nuclear Ran values plotted as a function of nuclear HP1� levels (
 values of 0.81 for Normal 8469,
0.74 for HGPS 1972, 0.81 for HGPS 1498, and 0.29 for HGPS 3199; n 	 64, 50, 40, and 108, respectively). AU, arbitrary units. (E) Immunoblotting
of primary fibroblasts. (F) Colocalization of transiently transfected HA-tagged WT lamin A and HA-progerin (red) with endogenous Ran (green)
in HeLa cells. Scale bars, 20 �m.
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was performed by using ImageJ, by outlining individual cells and corresponding
nuclei and deriving the ratio of total nuclear SUMO fluorescence intensity to the
total cellular SUMO fluorescence. Data were binned prior to plotting as histo-
grams, with bin sizes stated in the figure legends.

Live-cell imaging, microinjection, and fluorescence recovery after photo-
bleaching (FRAP). Live-cell microscopy, photobleaching, and image quantitation
were performed by using a Zeiss LSM 510 Meta microscope and a Bioptech
heated stage as previously described (38). Injections were performed by using an
Eppendorf Femtojet/Injectman NI 2 microinjector. The nonlinear curve fit func-
tion of OriginPro (OriginLab Corp.) was used to fit the equation F 	 A(1�e�Bt),
where f is the fluorescence intensity and t is the time after bleaching. The
immobile fraction is defined as 1 � A, and the half-life (t1/2) equals ln (0.5)/�B.
P values were calculated with Excel (see “Immunofluorescence microscopy”).

Immunoblotting. SDS-PAGE and immunoblotting were performed by stan-
dard methods mostly with the same primary antibodies used for immunofluo-
rescence microscopy, peroxidase-labeled secondary antibodies, and detection by
chemiluminescence. Immunoblotting of nucleus-enriched fractions involved the
permeabilization of cells with digitonin (0.01%) for 6 min on ice in the presence
of 3 mM N-ethylmaleimide and protease inhibitors. The antibody to RCC1 was
a mouse monoclonal antibody (KAM-CC225; StressGen). The antibody to
prelamin A (sc-6214; Santa Cruz) used in lopinavir experiments is goat poly-
clonal antibody specific for unprocessed lamin A (57).

Chromatin-RCC1 dissociation assay. The recombinant proteins His-Ran, glu-
tathione S-transferase (GST)-Ran, GST-Ran T24N, His-SUMO2, His-
SUMO2-G (nonconjugable), and His-Ubc9 and the His-Aos1/Uba2 heterodimer
were expressed in Escherichia coli cells and purified according to standard meth-
ods. E1 and E2 activities were confirmed by using the recombinant SUMOylation
substrate CtBP. Chromatin was prepared, according to previously established
methods (65), from suspension culture HeLa cells grown at the National Cell
Culture Center. Buffers were prepared as described previously (65). A frozen
pellet from 1 liter of cells (approximately 2 ml) was disrupted in 20 volumes of
lysis buffer with 15 strokes in a Dounce homogenizer. The chromatin fraction was
collected by centrifugation (2,000 � g) and washed twice by homogenization and
centrifugation using the same buffer. The pellet was then washed by homogeni-
zation and centrifugation in 20 volumes of buffer B. The pellet (approximately
0.2 ml) was resuspended in 3 volumes of buffer B using a small Dounce homog-
enizer. The resuspended sample was diluted (dropwise) with an equal volume of
buffer B containing 0.6 M KCl and 10% glycerol, mixed end-over-end for 10 min
at 4°C, aliquoted (0.2 ml) into 1.5-ml Eppendorf tubes, and centrifuged
(20,000 � g). Chromatin pellets were snap-frozen in liquid nitrogen and stored
at �80°C.

The chromatin pellet was thawed on ice and homogenized in the Eppendorf

tube using a plastic pestle and transport buffer (20 mM HEPES, 110 mM
potassium acetate, 2 mM magnesium acetate, 0.5 mM EGTA [pH 7.4]) supple-
mented with 5 mM MgCl2. The chromatin was centrifuged, and the homogeni-
zation was repeated with the same buffer. The chromatin was resuspended to a
concentration of 30 mg/ml and incubated with recombinant His- or GST-tagged
Ran (1 ng added per 4 �g chromatin) for 30 min at 25°C. The sample was
collected by centrifugation, washed twice in the same buffer, and resuspended to
a final concentration of 10 �g/�l. Each reaction mixture (20-�l total volume)
contained 40 �g chromatin and the combinations of SUMOylation components
depicted in the figures. These components included ATP (1 mM), GTP (2 �M),
His-SUMO2 (0.25 �M), His-SUMO2-G (0.25 �M), E1 (1 �M), and E2 (1 �M).
Reaction mixtures were incubated for 30 min at 25°C and fractionated by cen-
trifugation in a Beckman air-driven ultracentrifuge. Supernatants and pellets
were collected, and RCC1 (endogenous) and Ran (recombinant) were analyzed
by immunoblotting. The data shown are representative of the results obtained
from at least three experiments.

RESULTS

Because the formation of the Ran protein gradient depends
on its nucleotide exchange factor RCC1 (72), which is enriched
in heterochromatin (chromatin immunoprecipitation [12]), we
considered whether the distribution of Ran might be linked to
the epigenetic state of chromatin. Primary fibroblasts from
progeria patients provide a setting for the testing of this model,
as the heterochromatin marks H3K9me3 and H3K27me3 are
reduced in HGPS (64, 68). The distribution of Ran was exam-
ined in primary fibroblasts from three progeria patients
(HGPS 1972, HGPS 1498, and HGPS 3199) and, as a control,
in primary fibroblasts of a similar passage number from an
unaffected father of a child with progeria (Normal 8469). By IF
microscopy, Ran is predominantly nuclear in Normal 8469
fibroblasts, which is the characteristic distribution of Ran, but
in HGPS fibroblasts there was a striking reduction in the level
of nuclear Ran and an increase in the level of cytoplasmic Ran
(Fig. 1A). In HGPS cells where the Ran distribution was de-
fective, the pattern of Ran localization ranged from cells where

FIG. 2. The importin �-dependent import pathway is functional in HGPS fibroblasts. (A) Rate of importin �-dependent transport measured
in living cells. A fluorescent reporter protein (Alexa 544-labeled IBB–�-galactosidase) that undergoes importin �-dependent import was injected
into the cytoplasm of control (Normal 8469) and progeria (HGPS 1498) fibroblasts. For each injected cell, the initial rate was plotted versus the
initial concentration. The slopes of the solid lines represent the relationship between the import rate and the reporter protein concentration.
Dashed lines represent 95% confidence intervals. (B) Images of Normal 8469 and HGPS 1498 fibroblasts 3 s and 117 s after microinjection. Scale
bar, 20 �m.
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the Ran appeared to equilibrate between the nucleus and
cytoplasm to cells that displayed a reversal in the N/C Ran
gradient.

To better assess the Ran distribution changes in HGPS cells,
we combined IF microscopy with digital imaging to measure
the nuclear and cytoplasmic levels in patient and normal fibro-
blasts (n � 50 cells per sample). Ran N/C levels were reduced
in 3/3 HGPS patient cell lines (P � 0.0005), an effect that we
refer to as a disruption of the Ran gradient (Fig. 1B). To our
knowledge, this is the first example of a human disease that
displays a disruption of the Ran gradient. By double-label IF
microscopy, Ran N/C ratios were correlated with nuclear
H3K9me3 levels in both patient and normal fibroblasts (Spear-
man’s rank correlation coefficient [
] values of 0.81 for Normal
8469, 0.74 for HGPS 1972, 0.81 for HGPS 1498, and 0.29 for

HGPS 3199), suggesting that the Ran distribution in these cells
is potentially linked to the epigenetic state of chromatin (Fig.
1C). Nuclear Ran levels were also correlated with nuclear
levels of heterochromatin protein 1� (HP1�), which binds the
chromatin mark H3K9me3 (
 values of 0.98 for Normal 8469,
0.98 for HGPS 1972, 0.96 for HGPS 1498, and 0.97 for HGPS
3199) (Fig. 1D). These correlations could reflect a chromatin
regulation of the Ran N/C distribution, the Ran-dependent
transport of enzymes that modify chromatin, or a combination
of these processes.

By immunoblotting, Ran protein levels were similar in the
HGPS (HGPS 1498, HGPS 3199, and HGPS 1972) and normal
(Normal 8469) fibroblasts (Fig. 1E). An antibody that recog-
nizes progerin (but not wild-type [WT] lamin A) was generated
and used to show that comparable levels of progerin are ex-

FIG. 3. Progerin inhibits TPR import. (A) Distribution of endogenous TPR in control (Normal 8469) and progeria (HGPS 1972, HGPS 1498,
and HGPS 3199) fibroblasts. (B) HA-lamin A and HA-progerin transfection in HeLa cells costained for endogenous TPR (red) and HA (green).
(C) Cotransfection of progerin and a reporter protein that contains the NLS from TPR (pyruvate kinase) (PK-NLSTPR) followed by localization
of endogenous TPR (red) and the PK reporter (green). (D) siRNA-mediated knockdown of NTF2 in HeLa cells and localization of endogenous
Ran (green) and TPR (red). (E) siRNA-mediated knockdown of TPR in HeLa cells with localization of endogenous Ran (green) and TPR (red).
Scale bars, 20 �m.
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pressed in the three HGPS fibroblast lines used in this study
(Fig. 1E). All three HGPS fibroblast lines displayed a reduc-
tion in H3K9me3 levels by immunoblotting, which is consistent
with data from previous reports (64, 68) and our IF micros-
copy.

We tested whether the ectopic expression of progerin is
sufficient to disrupt the distribution of endogenous Ran in
HeLa cells. By double-label IF microscopy, HA-progerin ex-
pression disrupted the Ran gradient, while at comparable ex-
pression levels, HA-lamin A did not have this effect (Fig. 1F).
Cell-to-cell variation in the extent to which progerin disrupted
the Ran distribution was apparent in HeLa cells, consistent
with what was observed for HGPS primary fibroblasts. Cell-to-
cell variation in the penetrance of progerin was noted previ-
ously by others (68), including Scaffidi and Misteli (64), who
reported that 60% of HGPS 1972 cells (passages 25 to 30) had
reduced levels of HP1
 by IF microscopy.

Given the central role played by Ran in nucleocytoplasmic
transport (36), we examined whether the disruption of the Ran
gradient in HGPS fibroblasts affects nuclear transport. We
measured importin �-mediated import into the nucleus by
using a microinjection assay with a fluorescent cargo that con-
tains an importin � binding (IBB) domain (from an importin

) fused to �-galactosidase (IBB-�-Gal) labeled with Alexa
Fluor 555. Because the molecular mass of the IBB-�-Gal
tetramer (�400 kDa) (44) is well above the diffusion limit of
the NPC, the nuclear localization of the IBB-�-Gal reporter is
strictly dependent on binding to importin � and the transloca-

tion of the importin �/IBB-�-Gal complex through the NPC.
Following microinjection into the cytoplasm, IBB-�-Gal un-
derwent rapid nuclear import, both in the Normal 8469 fibro-
blasts and in the HGPS 1498 fibroblasts (Fig. 2). Plotting of the
initial import rate versus the initial concentration (measured in
the cytoplasm of the injected cell) revealed a slight reduction
in the nuclear import rate in HGPS 1498 fibroblasts (n 	 30
cells). The reduced level of import in HGPS cells was observed
only at the higher concentrations of IBB-�-Gal used (Fig. 2).
Thus, while there is a measureable defect in importin �-de-
pendent transport into the nucleus, the fact that the disruption
of the Ran protein gradient in HGPS does not cause a large
reduction in transport is unexpected.

Import of the nucleoporin TPR is defective in HGPS. We
first considered whether the disruption of the Ran gradient in
HGPS cells and in HeLa cells expressing progerin (Fig. 1)
might be explained by progerin-induced defects in the NPC.
Nucleoporins within the central channel of the NPC form a
meshwork that acts as a permeability barrier that restricts the
free exchange of proteins between the cytoplasm and the nu-
cleus, and age-related changes in nucleoporin composition that
disrupt the permeability barrier were described previously
(21). It seemed plausible that Ran would leak out of the nu-
cleus if the permeability barrier was defective in HGPS cells.
We tested this possibility by cotransfecting progerin with a
reporter protein (Myc-tagged pyruvate kinase [PK]) that is
normally excluded from the nucleus because it lacks transport
signals and is too large to diffuse through the NPC. Myc-

FIG. 4. SUMO2/3 levels in the nucleus are reduced in response to progerin expression. (A) Overlay of SUMO1 and SUMO2/3 distributions
(red) with HA-progerin and HA-WT lamin A (green) in HeLa cells. (B) SUMO2/3 (red) and Ran (green) levels in control (Normal 8469) and
progeria (HGPS 1972, HGPS 1498, and HGPS 3199) fibroblasts. (C) Histograms (bin size 	 1) of nuclear SUMO2/3 levels from healthy (Normal
8469) (black bars; n 	 54) and HGPS patient (HGPS 1972, HGPS 1498, and HGPS 3199) (red lines; n 	 56, 65, and 101, respectively) cells.
(D) Ran N/C ratio values plotted as a function of nuclear SUMO2/3 levels (
 values of 0.19 for Normal 8469, 0.82 for HGPS 1972, 0.70 for HGPS
1498, and 0.53 for HGPS 3199). Scale bars, 20 �m.
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pyruvate kinase was completely excluded from the nuclei of
cells expressing progerin, which supports the conclusion that
the NPC diffusion barrier is functional in this setting (data
available for inspection from the authors). Additionally, a dis-
ruption of the diffusion barrier would be predicted to result in
Ran equilibration between the nucleus and the cytoplasm,
whereas in a subset of progerin-expressing cells the cytoplas-
mic level of Ran exceeded that of the nucleus (Fig. 1F).

We then considered whether the Ran distribution defects
might arise because structural components (i.e., nucleoporins)
necessary for Ran import are missing from the NPC in HGPS
cells. IF microscopy with antibodies to nucleoporins that com-
prise the nuclear (Nup153 and TPR), cytoplasmic (Nup358/
RanBP2), and central (p62) domains of the NPC was per-

formed. The nucleoporins Nup153, RanBP2, and p62 each
localized to the NPC (data not shown). The nucleoporin TPR,
however, accumulated in the cytoplasm of HGPS cells and
displayed a reduced level of NPC localization (Fig. 3A). To
determine if progerin expression is sufficient to cause TPR
localization to the cytoplasm, we transfected HeLa cells with
HA-progerin and HA-lamin A and examined the samples by
double-label IF microscopy. HA-progerin expression resulted
in a clear loss of TPR “rim staining” (Fig. 3B and C). Thus,
progerin expression is sufficient to disrupt the subcellular dis-
tribution of TPR.

Although TPR is a component of the NPC, it contains an
NLS and undergoes Ran-dependent nuclear import following
the postmitotic assembly of the NPC (5, 8, 23). While progerin

FIG. 5. Membrane attachment underlies progerin effects on SUMOylation. (A) Images from HeLa cells triple labeled for HA-progerin and
HA-WT lamin A (purple), endogenous Ran (green), and mCherry-SUMO2 (red). (B) Histograms (bin size 	 0.1) of Cherry-SUMO2 levels
(nuclear/total) in progerin- and lamin A-transfected cells. (C) Endogenous Ran and SUMO2/3 detected in primary human fibroblasts (Normal
8469) treated with lopinavir. (D) Histograms (bin size 	 1) of SUMO2/3 levels in cells treated with lopinavir or DMSO. (E) Immunoblotting of
primary human fibroblasts treated with lopinavir for 4 days. Total cell extracts were probed with a pan-lamin antibody that recognizes lamin A/C
and an antibody that selectively recognizes unprocessed, prelamin A. Scale bars, 20 �m (A and C).
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could induce the cytoplasmic localization of TPR (Fig. 3A and
B) by any one of several mechanisms, arguably the simplest
explanation was that progerin inhibited the nuclear import of
TPR. We tested this by using a PK fusion protein engineered
with the 56-amino-acid NLS from TPR (PK-NLSTPR) (17).
PK-NLSTPR was localized to the nucleus in cells cotransfected
with HA-lamin A (Fig. 3C). In contrast, PK-NLSTPR showed
a clear cytoplasmic localization when coexpressed with HA-
progerin, and in the same cells there was a nuclear import
defect in endogenous TPR (Fig. 3C). Because the progerin-
induced TPR transport defect can be recapitulated by using
the NLS from TPR, we conclude that cytoplasmic localiza-
tion of TPR occurs because progerin inhibits the TPR im-
port pathway.

The fact that the Ran N/C gradient is disrupted in HGPS
cells (Fig. 1) led us to test whether the TPR import defect is a
downstream consequence of the Ran defect. To test this pre-
diction, we disrupted the Ran protein gradient by depleting the
Ran import factor NTF2 in HeLa cells and analyzing the dis-
tribution of endogenous Ran and TPR by double-label IF
microscopy. HeLa cells treated with siRNA to NTF2 showed a
marked defect in the Ran N/C distribution, similar to the Ran
localization that we observed for HGPS fibroblasts and HeLa
cells expressing progerin (Fig. 1). HeLa cells that had a dis-
rupted Ran gradient displayed a predominantly cytoplasmic
distribution of TPR (Fig. 3D), again similar to that observed
for HGPS cells.

Given that TPR is a key architectural component of the
NPC, we tested whether the loss of TPR (independent of
progerin expression) affects the Ran N/C distribution. In this
experiment we used siRNA to deplete TPR and performed
double-label IF microscopy for TPR and Ran. We found that
the nuclear distribution of Ran was unaffected by the loss of
TPR from the NPC (Fig. 3E). Thus, TPR undergoes Ran-
dependent import, TPR cytoplasmic localization in HGPS cells
is a consequence of the disruption of the Ran gradient, and
nuclear TPR is not required for the Ran gradient.

Progerin reduces nuclear SUMO2/3 levels. The NPC and
the nuclear lamina provide anchoring sites for enzymes that
regulate SUMOylation (31, 58, 82). For example, TPR ortho-
logues in S. cerevisiae and Arabidopsis thaliana direct the sub-
nuclear localization and/or activity of the deSUMOylating
SENP enzymes (78, 84). Moreover, the SUMO-conjugating
enzyme Ubc9 binds to nucleoporins on the cytoplasmic and
nuclear sides of the NPC (82). Given these considerations, we
postulated that nuclear SUMOylation might be altered by the
progerin perturbation of the nuclear lamina structure or by the
progerin inhibition of TPR import. To test this idea, we trans-
fected HeLa cells with HA-tagged WT lamin A and HA-tagged
progerin and examined the levels of endogenous SUMO1- and
SUMO2/3-modified proteins by quantitative IF microscopy.
Levels of SUMO1-conjugated proteins in the nucleus detected
by IF were unchanged by the expression of HA-WT lamin A
and HA-progerin (Fig. 4A, top). In contrast, HA-progerin
expression reduced the levels of SUMO2/3-conjugated pro-
teins detected by IF microscopy (Fig. 4A, bottom). The effect
of progerin on SUMO2/3 levels in the nucleus was validated by
using HGPS patient cells, which showed a statistically signifi-
cant reduction in SUMO2/3 levels compared with those of
Normal 8469 fibroblasts (Fig. 4B and C). The nuclear signal for

SUMO2/3 was correlated with the Ran protein gradient in
HGPS cells (
 values of 0.19 for Normal 8469, 0.82 for HGPS
1972, 0.70 for HGPS 1498, and 0.53 for HGPS 3199) (Fig. 4C
and D). As was the case with Ran, there was cell-to-cell vari-
ation in HGPS cells, which ranged from normal nuclear levels
of SUMO2/3 to significantly reduced levels.

These data suggest that progerin reduces the nuclear levels
of SUMO2/3-modified proteins. Immunoblotting with HGPS
cell extracts failed to reveal an obvious reduction in levels of
SUMO2/3-modified proteins (n 	 6 experiments) (data are
available upon request). This finding might be explained by a
cell population that is heterogeneous with regard to SUMO2/3
levels. Differences between the cell lines could also be ob-
scured by the loss of the SUMO2/3 modification during han-
dling, despite the inclusion of N-ethylmaleimide to inhibit
postlysis deSUMOylation by SENPs.

Two approaches were used to corroborate our immunoflu-
orescence data showing that progerin reduces nuclear levels of
SUMO2/3. First, we employed a fluorescent protein fusion
(mCherry-SUMO2) as a direct readout of progerin effects on

FIG. 6. Inhibition of SUMOylation disrupts the Ran protein gra-
dient. (A) HeLa cells were transfected with FLAG-tagged forms of
WT Ubc9, a catalytic mutant of Ubc9 (C93S) that acts as a DN protein,
and the SENP CD. Double-label IF microscopy for FLAG (red) and
endogenous Ran (green) showed that the Ran protein gradient is
disrupted by the expression of Ubc9 C93S and the SENP CD (left)
under conditions where these factors reduce nuclear SUMO2/3 levels
(right). (B and C) The SENP CD (B) and HA-progerin (C) do not
disrupt endogenous RanGAP targeting to the NPC. Scale bars, 20 �m.
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the SUMO2 distribution in the cell. mCherry-SUMO2 was
cotransfected with HA-progerin and HA-lamin A, and the
distributions of mCherry-SUMO2, HA-tagged protein, and
endogenous Ran were visualized by triple labeling. We mea-
sured both nuclear fluorescence and total cellular fluores-
cence generated by mCherry-SUMO2 in HA-positive cells
and plotted the data as a ratio (Fig. 5A and B). The
mCherry-SUMO2 fluorescence (ratio of nuclear to total flu-
orescence) was reduced in cells cotransfected with HA-
progerin compared with cells cotransfected with HA-lamin
A. This result suggests that progerin expression reduces
nuclear SUMOylation or reduces the nuclear import of
SUMOylated proteins or that nuclear SUMOylation is re-
duced by a combination of mechanisms.

Second, we examined SUMOylation by an approach that

does not rely on transfection but instead takes advantage of an
aspartyl protease inhibitor shown previously by other groups to
inhibit lamin A processing (15). The HIV protease inhibitor
lopinavir blocks the Zmpste24 cleavage of prelamin A, and as
a consequence, prelamin A remains membrane anchored.
Since the lopinavir-induced accumulation of WT prelamin A
induces nuclear morphology defects similar to those reported
for progerin, we reasoned that lopinavir should mimic the
effects of progerin expression with regard to Ran system and
SUMOylation defects. Lopinavir treatment induced the ap-
pearance of a slower-migrating form of lamin A that was rec-
ognized by a prelamin A-specific antibody (Fig. 5E). By dou-
ble-label IF we found that lopinavir treatment disrupted the
Ran gradient and reduced nuclear levels of endogenous
SUMO2/3 (Fig. 5C and D). Thus, membrane-tethered WT

FIG. 7. Reduced nuclear localization of Ubc9 in HGPS. (A) Endogenous Ran (green) and Ubc9 (red) in control (Normal 8469) and progeria
(HGPS 3199) fibroblasts. (B) Localization of endogenous Ubc9 (green) and SUMO2/3 (red) in HeLa cells cotransfected with HA-WT lamin A
and HA-progerin. Histograms (bin size 	 0.25) of Ubc9 N/C ratios in HeLa cells expressing HA-lamin A (black bars; n 	 43) and HA-progerin
(red lines; n 	 62). Scale bars, 20 �m.
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prelamin A (endogenous) has progerin-like effects on Ran and
SUMOylation.

Inhibition of nuclear SUMOylation disrupts the Ran pro-
tein gradient. The correlation between SUMO2/3 levels and
the Ran protein gradient in HGPS cells led us to explore
whether there is a link between nuclear SUMOylation and the
Ran protein gradient. We transfected HeLa cells with a cata-
lytic mutant of Ubc9 (C93S mutant) that reduces SUMO-
ylation by acting as a dominant negative protein (13), and we
transfected the catalytic domain (CD) of the SUMO protease
SENP2, which cleaves SUMO from target proteins (50).
FLAG-tagged WT and C93S forms of Ubc9 and the FLAG-
tagged SENP CD were introduced into HeLa cells and exam-
ined by double-label IF microscopy for FLAG and Ran or
SUMO2/3 and Ran. The expression of FLAG-Ubc9 C93S and
the FLAG-SENP CD reduced nuclear levels of Ran (Fig. 6A).
Cells with reduced levels of nuclear SUMO2/3 signal showed a
loss of the Ran protein gradient (Fig. 6A). Thus, a reduction of
the level of nuclear SUMOylation is sufficient to reduce the
level of Ran in the nucleus.

RanGAP is one of the key regulators of the Ran system, and
the SUMOylation of RanGAP regulates its anchorage to the
NPC (45, 46). We examined whether RanGAP targeting to the
NPC is disrupted by progerin and SENP CD expression, set-
tings where SUMOylation is markedly reduced. In cells where
the SENP CD and progerin reduced nuclear SUMOylation
and disrupted the Ran protein gradient, RanGAP was still
targeted to the NPC (Fig. 6B and C). This result together with
the fact that RanGAP is localized to the NPC in HGPS patient
cells (Kelley and Paschal, unpublished) indicate that the Ran
protein gradient disruption in HGPS is not caused by a failure
of RanGAP targeting to the NPC.

Defective nuclear localization of Ubc9 in progeria. The re-
duced nuclear levels of SUMO2/3 caused by progerin expres-
sion (Fig. 4) led us to hypothesize that progerin inhibits the
activity or localization of a component that is critical for
SUMOylation. The sole E2 for SUMO conjugation is Ubc9, an
enzyme found in both the nucleus and the cytoplasm (40, 82).
In normal human fibroblasts, Ubc9 was mostly nuclear, with a
small pool detected in the cytoplasm (Fig. 7A). In progeria
fibroblasts, however, Ubc9 was localized predominantly to the
cytoplasm. Moreover, in cells where the distribution of Ubc9
was predominantly cytoplasmic, there was a strong disruption
of the Ran gradient (HGPS 3199) (Fig. 7A and data not
shown). The reduced nuclear localization of Ubc9 was linked
to progerin expression by showing that HA-progerin transfec-
tion is sufficient to cause a quantitative reduction in the N/C
distribution of endogenous Ubc9 in HeLa cells (Fig. 7B and
data not shown).

Constitutive nuclear localization of Ubc9 restores the Ran
gradient in cells expressing progerin. The overexpression of
factors that reduce nuclear SUMOylation (SENP CD and
dominant negative Ubc9) disrupted the Ran gradient (Fig. 6),
suggesting a potential link between SUMOylation and the Ran
system. Since progerin induced the cytoplasmic localization of
Ubc9, we considered whether the loss of Ubc9 from the nu-
cleus is responsible for the disruption of the Ran gradient in
HGPS. We engineered Ubc9 with transport signal fusions
(SV40 NLS and PKI NES) to force its subcellular localization
to the nucleus and cytoplasm (Fig. 8A); we then tested whether

compartment-specific forms of Ubc9 could rescue the Ran
gradient. We also introduced the C93S mutation into the NLS
form of Ubc9 to address whether the catalytic function of Ubc9
is necessary for effects on the Ran gradient. Based on the
transfection efficiency (�25%), expression levels of FLAG-
tagged forms of Ubc9 were approximately 2-fold that of en-
dogenous Ubc9 (Fig. 8B). As expected, progerin inhibited the
nuclear localization of transfected FLAG-tagged WT Ubc9;
however, the SV40 NLS fusion rendered both the WT and the
catalytically inactive forms of Ubc9 resistant to this effect of
progerin (Fig. 8A). The PKI NES fusion with WT Ubc9 was
exclusively cytoplasmic in the absence and presence of prog-
erin (Fig. 8A).

The four engineered forms of Ubc9 (Fig. 8) were each
cotransfected with progerin into HeLa cells, and IF microscopy
was used to measure Ran N/C levels and the nuclear levels of
SUMO2/3. The controls for the experiment were WT Ubc9
cotransfected with WT lamin A (Fig. 9, black histograms) and
WT Ubc9 cotransfected with progerin (red histograms). Prog-

FIG. 8. Transport signal fusions that direct nuclear and cytoplasmic
targeting of Ubc9. (A) FLAG-tagged SV40 NLS and PKI NES fusions
with Ubc9 (green) were expressed in HeLa cells in the absence and
presence of HA-progerin (red). Scale bar, 20 �m. (B) Immunoblotting
showing the expression levels of the Ubc9 transport signal fusions
relative to those of endogenous Ubc9.
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erin induced a quantitative reduction in the Ran N/C and
SUMO2/3 levels (Fig. 9, red histograms), both of which were
rescued by NLS-Ubc9 expression (green histograms). The cat-
alytically inactive Ubc9 (C93S mutant) (blue histograms) tar-
geted to the nucleus and cytoplasmic WT Ubc9 (NES fusion)
(plum histograms) targeted to the cytoplasm both failed to
restore the Ran N/C and nuclear SUMO2/3 levels in the pres-
ence of progerin (Fig. 9). These data show that the SUMO2/3
reduction and Ran gradient disruption by progerin (measured
by IF microscopy) can be rescued by forcing Ubc9 into the
nucleus and that the restoration of the Ran gradient requires
the catalytic activity of Ubc9.

Constitutive nuclear localization of Ubc9 restores Ran-de-
pendent transport of TPR. To determine whether the Ubc9-
mediated rescue of the Ran gradient in progerin-expressing

cells also rescued Ran-dependent nuclear import, we analyzed
the distribution of endogenous TPR in HeLa cells cotrans-
fected with progerin, WT Ubc9, and NLS-Ubc9. The reduction
in the nuclear import of TPR caused by progerin expression
(Fig. 10A, middle) was restored by the cotransfection of NLS-
Ubc9 (Fig. 10A, bottom). By measuring the N/C ratios of TPR
in cells expressing WT lamin A and WT Ubc9 (Fig. 10B, black
histograms), progerin and WT Ubc9 (red histograms), and
progerin and NLS-Ubc9 (green histograms), we determined
that NLS-Ubc9 expression results in a quantitative increase in
TPR import (Fig. 10B).

The correlation between the Ran gradient and nuclear levels
of the chromatin mark H3K9me3 (Fig. 1) suggested that these
pathways might be linked. We tested whether the restoration
of the Ran gradient via NLS-Ubc9 could restore H3K9me3

FIG. 9. Forcing nuclear localization of Ubc9 rescues the Ran gradient in progerin-expressing cells. HeLa cells were cotransfected with HA-WT
lamin A and HA-progerin, together with the transport signal fusions of Ubc9. Histograms show the nuclear levels of SUMO2 (bin size 	 0.5) and
Ran N/C levels (bin size 	 0.25) in HA-positive cells expressing ectopic forms of Ubc9.
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levels. By IF microscopy, HA-progerin transfected into HeLa
cells with WT Ubc9 caused a statistically significant reduction
of H3K9me3 levels (Fig. 11A, middle). Significantly, the
cotransfection of HA-progerin with NLS-Ubc9 restored nu-
clear levels of H3K9me3 (Fig. 11A, bottom). Our data suggest
that the reduced level of H3K9me3 induced by progerin ex-
pression is a consequence of either a Ran gradient disruption,
a reduced level of Ubc9 function in the nucleus, or the com-
bined effect of these changes.

Ran system defects require progerin attachment to the nu-
clear membrane. Farnesyl transferase inhibitors (FTIs) block
the prenylation of progerin, which prevents its attachment to
the inner nuclear membrane (81). Nuclear morphology defects
in cultured cells and body weight gain in a mouse model of
progeria are both improved by FTIs (11, 79). We tested
whether the HGPS phenotypes described in this study are
dependent on the constitutive attachment of progerin to the
nuclear membrane. We treated HGPS 3199 cells with FTI-277
or vehicle for 3 days and subsequently examined Ran, TPR,
SUMO2/3, and H3K9me3 by IF microscopy. The nuclear levels
of these proteins and modifications were increased by FTI-277
treatment, indicating that these nuclear phenotypes are in-
duced by the constitutive attachment of progerin to the inner
nuclear membrane (Fig. 12). These observations are consistent
with the data shown in Fig. 5.

Progerin expression and SUMOylation alter RCC1-chroma-
tin interactions in living cells. Several properties of RCC1 led
us to examine whether progerin transduces its effects to the
Ran gradient by modulating RCC1 activity: (i) RCC1 activity is
required for the Ran protein gradient (60), (ii) RCC1 binds

and dissociates from chromatin during nucleotide exchange on
Ran (43), (iii) RCC1 binds preferentially to heterochromatin
(12), and (iv) progerin reduces the levels of the heterochro-
matin marks H3K9me3 and H3K27me3. Additionally, RCC1
remains nuclear in progerin-expressing cells. We used fluores-
cence recovery after photobleaching (FRAP) to test whether
progerin affects RCC1, as the nuclear mobility of RCC1 re-
flects its binding and dissociation from chromatin (41). We also
used FRAP to test whether RCC1 mobility is sensitive to
nuclear levels of SUMOylation by transfecting the FLAG-
SENP2 CD. HeLa cells expressing HA-progerin and the
FLAG-SENP CD were selected for FRAP analysis based on
the distribution of cotransfected mCherry-SUMO2, which we
found was nuclear in HA-lamin A-transfected cells but addi-
tionally localizes to the cytoplasm when cotransfected with
HA-progerin and the FLAG-SENP CD (Fig. 13A). In cells
transfected with HA-progerin and the FLAG-SENP CD, the
t1/2 values for the recovery of RCC1-GFP were increased by
38% and 50%, respectively (Fig. 13B). Because progerin is
mostly restricted to the nuclear membrane but the FRAP mea-
surements reflect RCC1 mobility throughout the nucleus, our
data suggest that progerin-induced changes in the nuclear lam-
ina are transduced to RCC1 throughout the nucleoplasm. Fi-
nally, the SENP-induced reduction in RCC1 mobility suggests
that nuclear SUMOylation can regulate RCC1-chromatin dy-
namics.

SUMOylation promotes RCC1 release from chromatin in
vitro. The current model for the nucleotide exchange cycle
includes the formation of a Ran-RCC1-chromatin complex
that is dissociated upon GTP binding to Ran (32, 43). The fact

FIG. 10. Nuclear localization of Ubc9 restores TPR import in cells expressing progerin. (A) IF localization of HA-progerin and endogenous
TPR in cells cotransfected with Ubc9. Scale bar, 20 �m. (B) Histograms showing TPR N/C levels (bin size 	 0.5) in HA-positive cells expressing
engineered forms of Ubc9.
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that SENP2 CD expression reduced RCC1 mobility (Fig. 13B)
suggested that SUMOylation levels in the nucleus influence
RCC1-chromatin interactions, which would be predicted to
affect nucleotide exchange on Ran. We used a biochemical
assay to examine whether SUMOylation affects the interaction
between RCC1 and chromatin. Chromatin from HeLa cells
was incubated with recombinant Ran (His tagged), which binds
to the endogenous RCC1. Following two wash steps, the Ran-
RCC1-chromatin complexes were incubated with recombinant
factors that mediate SUMOylation (Fig. 13C). A maximal re-
lease of RCC1 from chromatin was observed in the presence of
SUMO2, E1, E2 (Ubc9), ATP, and GTP (Fig. 13C, lane 8).
The substitution of a nonconjugable form of SUMO2 (denoted
SUMO2-G) (Fig. 13C, lane 9) or the omission of GTP from
the reaction mixture (lane 7) reduced the amount of RCC1
released from chromatin, consistent with the interpretation
that, in this assay, RCC1 release is regulated by SUMOylation
and GTP binding to Ran. As an additional means of testing
whether Ran release from RCC1 is necessary for the SUMO-
ylation-dependent dissociation of RCC1 from chromatin, we
performed the experiments using chromatin from HeLa cells
prebound with recombinant WT and T24N forms of Ran (both
GST tagged). The T24N mutant of Ran was used because it
“locks” RCC1 into chromatin (41). The T24N mutant of Ran
rendered endogenous RCC1 resistant to dissociation by in vitro
SUMOylation (Fig. 13D, compare lanes 6 and 12). This finding
is consistent with the possibility that nucleotide binding to Ran
and dissociation from RCC1 could be linked to the SUMO-

ylation-stimulated release of these proteins from chromatin.
RCC1 itself does not appear to be SUMOylated under the
conditions of this assay, leading us to posit that RCC1 disso-
ciation is promoted by a chromatin-associated factor that is
SUMOylated.

DISCUSSION

Mutant forms of lamin A are known to alter the structure
and properties of the lamina (20), but an understanding of how
defects in the lamina generate cellular effects, and particularly
how laminopathy-specific phenotypes arise, has been enig-
matic. In this study, we found that the mutant form of lamin A
expressed in HGPS negatively affects the Ran GTPase system.
The founding observation was that the ratio of the nuclear
concentration to the cytoplasmic concentration (N/C ratio) of
Ran is reduced in fibroblasts from progeria patients, an effect
that is caused by progerin (and not simply by the cell passage
number), because it can be recapitulated in HeLa cells. Prog-
erin effects on the Ran system can be prevented in HGPS
patient cells by FTI treatment, a clear indication that the con-
stitutive attachment of progerin to the nuclear membrane ini-
tiates the disruptive mechanism. We also showed that lopina-
vir, a drug used to inhibit the HIV protease and with known
activity against the lamin A-processing enzyme Zmpste24, has
progerin-like effects on the Ran system. Thus, the cellular
defects described in this study are clearly a consequence of the
constitutive membrane attachment of lamin A.

FIG. 11. Nuclear localization of Ubc9 restores H3K9me3 levels in cells expressing progerin. (A) IF localization of HA-progerin and nuclear
H3K9me3 in cells cotransfected with Ubc9. Scale bar, 20 �m. (B) Histograms showing H3K9me3 levels (bin size 	 1) in HA-positive cells
expressing engineered forms of Ubc9.
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In the course of characterizing how progerin inhibits the
Ran system, we made several observations that suggested that
the SUMOylation machinery is affected in HGPS. Reduced
nuclear levels of SUMO2/3 were observed by IF microscopy of
HGPS cells and of HeLa cells expressing progerin, which led
us to examine the distribution of the SUMO-conjugating en-
zyme Ubc9. Nuclear levels of Ubc9 were significantly reduced
by progerin expression, suggesting that progerin inhibits Ubc9
import into the nucleus (Fig. 14). The progerin-induced reduc-
tion in nuclear Ubc9 levels was correlated with a disruption of
the Ran gradient, and forcing Ubc9 into the nucleus rescued
the Ran gradient. These observations, together with the fact
that the overexpression of proteins that reduce nuclear
SUMOylation (SENP CD and DN Ubc9) was sufficient to
disrupt the Ran gradient, imply that Ubc9 and SUMOylation
play a role in regulating the Ran gradient (Fig. 14). The model
depicted could be drawn to include a positive-feedback loop,
since Ubc9 is imported by importin 13, which is a Ran-regu-
lated import receptor (46). A positive-feedback loop based on
Ubc9 localization would certainly be consistent with the dom-
inant negative effect of progerin on the Ran gradient. Progerin
could disrupt the nuclear transport machinery by a mechanism
that is not addressed in this study, with the cytoplasmic local-
ization of Ubc9 occurring as a consequence. For example,
progerin could alter the expression of a factor that regulates

the Ran gradient, and the nuclear localization of Ubc9 might
then rescue the Ran gradient via a gene expression mechanism.

Reduced levels of nuclear Ubc9 were correlated with re-
duced SUMO2/3 levels but without a clear effect on SUMO1
levels. We speculate that this might reflect different turnover
rates for SUMO1 and SUMO2/3 modification or progerin ef-
fects on SUMO paralog-specific SENPs or that nuclear Ubc9 is
dispensable for SUMO1 modification in progerin-expressing
cells because Ubc9 on the cytoplasmic side of the NPC per-
forms the SUMO1 modification of proteins, which subse-
quently undergo nuclear import (59).

How does SUMOylation regulate the Ran gradient? The
SUMOylation of RanGAP, which is required for targeting to
the NPC (45, 46), is not inhibited by progerin expression.
Rather, our data suggest that progerin-induced changes in
SUMOylation that affect the Ran gradient could be mediated
through RCC1, the chromatin-associated nucleotide exchange
factor for Ran (Fig. 13). The data supporting this view include
our finding that progerin and SENP CD expressions reduce the
nuclear mobility of RCC1, which likely reflects a reduced
rate of RCC1 dissociation from chromatin during its nucleo-
tide exchange cycle for Ran. Both the production of RanGTP
and the Ran protein gradient are strictly dependent on RCC1
(60, 72). Multiple lines of evidence support the model that
RCC1 activity is coupled to a chromatin binding cycle. RCC1

FIG. 12. Farnesylation is required for the inhibitory effects of progerin on Ran, TPR, SUMO2/3, and H3K9me3. Progeria fibroblasts (HGPS
3199) were treated with FTI-277 (3 �M) or DMSO (0.1%) for 72 h and examined by IF microscopy for the indicated proteins. Scale bar, 20 �m.
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exchange activity can be stimulated by nucleosomes and puri-
fied histones (51). By chromatin immunoprecipitation in yeast,
RCC1 binding is strongly biased for heterochromatin (12), and
by FRAP, RCC1 mobility is reduced in nuclei expressing a
histone 2B phosphomimetic (Ser14Asp [76]). RCC1 mobility is
also decreased by the Ran GTP binding mutant (T24N) that
inhibits the dissociation of RCC1 from chromatin (43). These
data suggest a model of exchange whereby RCC1 binds
RanGDP, the nucleotide is released, and the Ran-RCC1 com-
plex then binds chromatin. GTP binding to Ran would allow
the release of both proteins from chromatin.

We showed that in vitro SUMOylation promotes the release
of RCC1 and Ran from chromatin. As the released fractions of
RCC1 and Ran failed to display a gel shift indicative of
SUMOylation, we speculate that the target of SUMOylation
that promotes the RCC1 dissociation is probably a chromatin-
associated factor. It remains formally possible that RCC1 is
directly SUMOylated but undergoes rapid deSUMOylation by
chromatin-associated SENP activity. It also deserves mention

that histones, known to bind to RCC1 and stimulate its ex-
change activity, are SUMOylated (64). We found that the
SUMOylation-stimulated RCC1 release from chromatin in
vitro was reduced by the addition of recombinant T24N Ran, a
mutant defective for nucleotide binding. This result, along with
the fact that in reaction mixtures containing WT Ran and
SUMOylation machinery, RCC1 release was more efficient in
the presence of GTP, leads us to suggest that SUMOylation
might contribute to a step in the nucleotide exchange reaction.

The reduced nuclear transport of Ubc9 might explain some
of the epigenetic changes associated with HGPS. SUMO-
ylation by Ubc9 is thought to modulate the chromatin structure
via the modification of histones and subunits of chromatin-
remodeling enzymes in pathways linked to gene repression (67,
74, 80). The reduced levels of the repressive chromatin mark
H3K9me3 in HGPS and in HeLa cells expressing progerin, and
the restoration of H3K9me3 levels upon the forcing of Ubc9
into the nucleus, suggest that nuclear Ubc9 levels in HGPS
might be insufficient for the maintenance of heterochromatin.

FIG. 13. SUMOylation regulates RCC1-chromatin interactions. (A) Localizations of mCherry-SUMO2 (red) and RCC1-GFP (green) in HeLa
cells cotransfected HA-WT lamin A, HA-progerin, or the FLAG-SENP CD. (B) Nuclear mobility of RCC1-GFP measured by FRAP of cells
expressing WT lamin A (n 	 31), progerin (n 	 24), or the SENP CD (n 	 29). Error bars represent standard errors of the means (SEM).
(C) SUMOylation-induced dissociation of RCC1 from chromatin. HeLa cell chromatin prebound with His-Ran was incubated with the combi-
nations of recombinant factors indicated. Following a centrifugation step, RCC1 and Ran in supernatant and pellet fractions were analyzed by
immunoblotting. Histones in the pellet fraction were visualized by Ponceau S staining. (D) The T24N form of Ran inhibits the SUMOylation-
induced dissociation of RCC1 from chromatin. HeLa cell chromatin prebound with GST-Ran (WT and T24N) was treated as described above (C).
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Mislocalization of TPR in progeria. One of the changes in
protein distribution in HGPS fibroblasts was the mislocaliza-
tion of TPR to the cytoplasm. The TPR import pathway is
clearly sensitive to the disruption of the Ran protein gradient
because it can be recapitulated by progerin expression in HeLa
cells and by reducing levels of the Ran import factor NTF2.
The TPR import defect was also observed by using a reporter
protein that contains the 56-amino-acid NLS. This result pro-
vides clear evidence that the DN effect of progerin on TPR
localization reflects the inhibition of its import, possibly be-
cause the TPR import pathway is highly sensitive to nuclear
Ran levels. TPR import is mediated by the importin 
/� het-
erodimer (5). As importin � activity is only slightly reduced in
HGPS cells, the TPR import defect might be caused by a
reduced function of the TPR NLS or importin 
, or some other
step in the pathway. The fact that TPR import is dependent on
a steep Ran protein gradient could be physiologically impor-
tant and contribute to the temporal control of NPC assembly.
TPR is the last nucleoporin imported into the nucleus during
the reassembly of the NPC after mitosis, occurring after its
NPC-anchoring protein Nup153 has already been incorporated
into the nuclear side of the pore (8, 10). TPR import is delayed
until the NPC diffusion barrier is formed, at which point an
N/C gradient of Ran can be established. The notion that the
progerin-mediated disruption of the Ran system affects the
import of a subset of proteins is interesting in light of a pre-
vious study by Hernandez and colleagues, which showed that a
mutant form of lamin A that lacks part of the Ig fold and fails
to undergo proper processing induces progerin-like pheno-
types in mice (35). This included a reduced nuclear localization
of the transcription factor Lef1, which those authors showed is
the basis of defective Wnt signaling in the model.

TPR and its orthologues have been linked to multiple nu-
clear processes, including protein export in vertebrates, RNA
processing and export in yeast, dosage compensation in flies,
and SUMOylation in diverse organisms (25, 26, 31, 47, 66, 78).
The disruption of the nuclear basket has the potential to alter
gene expression through posttranscriptional mechanisms that

would not be detected by microarray analysis. Additionally, the
nuclear basket helps exclude heterochromatin from the vicinity
of the NPC, implying that the reduction or absence of TPR in
HGPS cells would have an impact on chromatin organization
at the nuclear periphery (39).

Phylogenetic considerations. Yeasts lack a nuclear lamina
and do not encode a protein with discernible homology to the
intermediate filament superfamily. Our findings linking the
nuclear lamina to SUMOylation and NPC assembly in mam-
malian cells may nonetheless parallel a pathway that has been
described for S. cerevisiae. Heterochromatin in S. cerevisiae is
tethered at the nuclear periphery by Sir proteins, which bind to
the membrane-associated protein Esc1. It was shown previ-
ously that Esc1 is required for the proper formation of the
nuclear basket of the NPC and for the regulation of the SUMO
protease Ulp1 (42). In light of the fact that premature aging is
caused by progerin expression, it is interesting that Sir proteins
are involved in the regulation of the replicative life span in S.
cerevisiae (37). In mice, Sirt1, which is regulated by SUMO-
ylation (80), protects the cardiovascular system from stress-
induced apoptosis (3). Notably, progeria patients die of car-
diovascular complications at an average age of 13 years (34).
These data together with the loss of heterochromatin in HGPS
suggest that highly conserved pathways link architectural ele-
ments of the nuclear periphery (including the NPC) with the
chromatin structure. By extension, nuclear transport and post-
translational modifications, including SUMOylation, might be
important in the aging process in organisms ranging from
yeasts to humans.
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