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Misfolded proteins inhibit proliferation and promote
stress-induced death in SV40-transformed
mammalian cells
Mehmet Alper Arslan, Maria Chikina,1 Péter Csermely, and Csaba Sőti2
Department of Medical Chemistry, Semmelweis University, Budapest, Hungary
Protein misfolding is implicated in neurodegenerative diseases and occurs in aging. However,
the contribution of the misfolded ensembles to toxicity
remains largely unknown. Here we introduce 2 primate
cell models of destabilized proteins devoid of specific
cellular functions and interactors, as bona fide misfolded proteins, allowing us to isolate the gain-offunction of non-native structures. Both GFP-degron
and a mutant chloramphenicol-acetyltransferase fused
to GFP (GFP-!9CAT) form perinuclear aggregates, are
degraded by the proteasome, and colocalize with and
induce the chaperone Hsp70 (HSPA1A/B) in COS-7
cells. We find that misfolded proteins neither significantly compromise chaperone-mediated folding capacity nor induce cell death. However, they do induce
growth arrest in cells that are unable to degrade them
and promote stress-induced death upon proteasome
inhibition by MG-132 and heat shock. Finally, we show
that overexpression of all heat-shock factor-1 (HSF1)
and Hsp70 proteins, as well as wild-type and deacetylase-deficient (H363Y) SIRT1, rescue survival upon
stress, implying a noncatalytic action of SIRT1 in
response to protein misfolding. Our study establishes a
novel model and extends our knowledge on the mechanism of the function-independent proteotoxicity of
misfolded proteins in dividing cells.—Arslan, M. A.,
Chikina, M., Csermely, P., Sőti, C. Misfolded proteins
inhibit proliferation and promote stress-induced death
in SV40-transformed mammalian cells. FASEB J. 26,
766 –777 (2012). www.fasebj.org

ABSTRACT

Key Words: HSF1 ! Hsp70 ! sirtuin
Protein misfolding has been implicated in the etiology of neurodegenerative diseases and aging, although
the molecular mechanisms remain elusive (1). Proteins
may misfold due to inherent mutations (1), mistranslation (2), in response to denaturing stress, or from
post-translational modifications (3– 4) resulting in diverse non-native conformations. However, misfoldinginduced exposure of hydrophobic surfaces generally
results in incorrect protein-protein interactions, by
which misfolded oligomeric species gain a cytotoxic
function (5– 6). These mechanisms are supported by
studies using both repeat-expansion mutants linked to
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neurodegeneration and observations on non-diseaseassociated proteins (7–9). In these models, however,
the loss of physiological function and misfolding-induced alterations in specific protein-protein interactions could not be ruled out. Hence, the exact contribution of misfolded ensembles, per se, to cytotoxicity is
largely unclear.
Protein maintenance is achieved by a complex proteostasis network including molecular chaperones (10).
Many chaperones are heat-shock proteins induced by
proteotoxic stress via heat-shock factor-1 (HSF1; ref.
11). The heat-shock response is considered the prime
sensor of misfolded proteins in the cytosol (12), suggesting that a common structural determinant of nonnative ensembles mediates both their recognition and
cytotoxicity. Indeed, chaperones confer protection by
preventing misfolding, as well as by promoting clearance and sequestration of misfolded proteins into
aggregates (13). The heat-shock response declines during aging, with a concomitant accumulation of protein
aggregates, especially in postmitotic tissues (14 –15).
Moreover, both aging and chronic expression of polyQ
expansions disrupt proteostasis in Caenorhabditis elegans
(16 –17). However, it is unknown how short-term expression of a single misfolded protein affects proteostasis in replicating cells.
Green fluorescent protein (GFP) and chloramphenicol-acetyltransferase (CAT) are widely used reporters
in mammalian cells. A C-terminal fusion of a degron
peptide to GFP has been reported to aggregate and
induce cytotoxicity in C. elegans and in mammalian
neurons (18), and a C-terminally truncated form of
CAT (!9CAT) has been shown to form inclusion
bodies in Escherichia coli (19). Both variants are almost
identical to their wild-type counterparts in sequence,
meaning no major difference in costs of their expression and degradation. They lack disease-associated se1
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quences, high-affinity interactors, and cellular function, which eliminates mechanisms originating from
sequence-specific interactions and from losing functional benefits upon misfolding. Hence, we introduce
both mutants as bona fide misfolded proteins in COS-7
cells, allowing the isolation of the gains of function of
misfolded ensembles. In this report, we analyze their
turnover, effect on the heat-shock response, chaperone-mediated protein folding, cell proliferation, and
survival under basal and stress conditions. Finally, we
address how genetic up-regulation of major stressinducible defense mechanisms combat the challenge
induced by protein misfolding.
MATERIALS AND METHODS
Constructs
pEGFP-C1 was obtained from Clontech Laboratories (BD
Biosciences, San Jose, CA, USA). GFP-degron was a kind gift
of Christopher Link (University of Colorado, Boulder, CO,
USA). GFP-wtCAT was generated by cloning the PCR-amplified full-length CAT (pCAT3-Control vector; Promega, Madison, WI, USA) region into the BglII/PstI sites of pEGFP-C1,
using forward primer 5"-AAAGATCTATGGAGAAAAAAATCAC-3" and reverse primer 5"-AACTGCAGTTACGCCCCGC3". For GFP-!9CAT cloning, the reverse primer was designed
to omit sequences corresponding to the last 9 C-terminal
amino acids (5"-AACTGCAGTTACTGTTGTAATTC-3"). Expression plasmids were kind gifts of the following colleagues:
His-cBSA, Richard Voellmy (University of Miami, Miami, FL,
USA); GFP170*, Elizabeth Sztul (University of Alabama,
Birmingham, AL, USA); Hsp70.1pr-luc, Rick Morimoto
(Northwestern University, Evanston, IL, USA); HSF1-myc-His,
Lea Sistonen (Åbo Akademi University, Turku, Finland);
Hsp70-myc, Kerstin Bellmann (Heinrich-Heine University,
Düsseldorf, Germany); SIRT6-Flag, Haim Cohen (Bar-Ilan
University, Ramat-Gan, Israel). Wild-type and deacetylasedeficient (H363Y) SIRT1 were obtained from Addgene (Cambridge, MA, USA). CMV-#-galactosidase was purchased from
Promega, and pTK-luc was provided by László Hunyady
(Semmelweis University, Budapest, Hungary). All constructs
were verified by DNA sequencing.
Cell culture and transfection
COS-7 cells (SV40-transformed African green monkey kidney
fibroblast-like cell line; CRL-1651; American Type Culture
Collection, Manassas, VA, USA) were cultured in Dulbecco’s
modified Eagle medium (with 4.5 mg/ml glucose; Life Technologies–Invitrogen, Carlsbad, CA, USA), supplemented with
10% fetal bovine serum, 100 U/ml penicillin and 100 $g/ml
streptomycin, and 2 mM l-glutamine in a humidified incubator at 37°C with 5% CO2. Cells were plated at a density of
2.8 –3 % 104 cells/cm2, 1 d before transfection. Transient
transfections were performed by Lipofectamine LTX reagent
(Invitrogen) with the indicated plasmids according to the
manufacturer’s guidelines at a total DNA ($g) to Lipofectamine ($l) ratio of 1:3. Cells were processed for analyses
at 24 or 48 h post-transfection.
Purification of aggregates and Western blotting
Cells were lysed in 1% Triton X-100 in PBS with protease
inhibitors (Complete; Roche, Mannheim, Germany) for 30
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min at 4°C. After sonication on ice for 3 % 10 s, the lysates
were cold-centrifuged (4°C) at 12,500 g for 15 min, and
supernatants (S) containing soluble proteins were transferred
to new tubes. Detergent-insoluble pellets (P), containing
aggregated proteins, were solubilized in urea buffer (2% SDS,
6 M urea, 30 mM TrisHCl, pH 7.6) in the same volume, by
shaking at 600 rpm for 10 min at 50°C. Equal volumes of
protein extracts from each fraction (S, P) were resolved by
SDS-PAGE. Western blotting was performed by transfer to
nitrocellulose membrane (Bio-Rad, Hercules, CA) and by
blocking in 5% (w/v) skim milk powder (Fluka, Buchs,
Switzerland). Blots were probed with antibodies against GFP
(20) and Hsp70 (HSPA1A/B; SPA-810; Stressgen, San Diego,
CA), HSF1 (Cell Signaling, Danvers, MA, USA), SIRT1 (Cell
Signaling), and SIRT6 (Sigma-Aldrich, St. Louis, MO, USA).
Immunodetection was performed by ECL (PerkinElmer,
Wellesley, MA, USA).
Estimation of misfolded protein expression levels
Cells were trypsinized and split, and the ratio of GFP& cells
was determined by flow cytometry (FACSCalibur; BD Biosciences, Heidelberg, Germany) using the FL1 (530/30 BP)
channel. The rest of the cells were lysed in urea buffer, and
protein concentration was determined by detergent-compatible BCA protein assay (Pierce, Rockford, IL, USA). Protein
extracts (10 $g) were loaded on SDS-PAGE along with known
quantities of recombinant GFP (Roche). GFP expression
levels (% of total protein) were determined by densitometric
analysis of the GFP Western blots using Image J (U.S. National Institutes of Health, Bethesda, MD, USA), normalized
to the corresponding GFP& cell ratio.
Immunofluorescence microscopy
Cells were grown on poly-l-lysine-coated (0.1 mg/ml; Sigma)
glass coverslips. At 2 d after transfection, cells were fixed and
permeabilized in prechilled ('20°C) absolute methanol for 5
min. After being washed twice in PBS, cells were blocked in
1% BSA, then incubated in an anti-Hsp70 mouse monoclonal
antibody solution (BD Biosciences) recognizing both inducible (HSPA1A/B) and constitutive (HSPA8) Hsp70 for 1 h at
room temperature. Following washing, cells were stained by
Cy3-conjugated goat anti-mouse secondary antibody (Jackson
ImmunoResearch Labs, West Grove, PA, USA) for 30 min at
room temperature. After washing, cells were counterstained
with DAPI (Molecular Probes, Eugene, OR, USA). Coverslips
were mounted using Vectashield (Vector Laboratories, Burlingame, CA, USA) and visualized by epifluorescence microscope (Nikon Eclipse E400; Nikon, Tokyo, Japan), employing
%10 % 100 (oil immersion) power with the appropriate filter
sets.
HSF1 transactivation and luciferase folding assays
Cells were cotransfected with a reporter plasmid harboring
the hsp70 promoter region upstream of the firefly luciferase
gene (hsp70.1pr-luc) and a #-galactosidase plasmid driven by
the cytomegalovirus promoter (#-gal) for an internal control.
For luciferase folding, a firefly luciferase plasmid harboring
the thymidine kinase minimal promoter (TK-luc) was used.
Cotransfections were done at a ratio of 4:1:1. Cells were lysed
in 1X Reporter Lysis Buffer (Promega) for 20 min at room
temperature with occasional rocking. For luciferase folding
assay, cells were immediately cooled on ice to prevent renaturation of luciferase, and cell lysis was performed on an ice
bed for 40 min. Then cells were centrifuged (4°C) at 12,500
g for 3 min. Cell lysates were processed for #-galactosidase
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and luciferase (Bright-Glo; Promega) assays according to the
manufacturer’s protocols. Absorbances and luminescence
were measured by a plate reader (Thermo Varioskan Flash;
Thermo Scientific, Wiesbaden, Germany). Data were expressed by dividing luminescence values by #-gal activities
(luc/#-gal).
BrdU incorporation

Statistical analysis

Cells grown on poly-l-lysine-coated coverslips were pulselabeled with bromodeoxyuridine (BrdU; Molecular Probes)
at 100 $M for 3 h. After being washed once in PBS, cells were
fixed in 4% paraformaldehyde (Sigma) at 4°C for 30 min.
Following washing in PBS containing 0.5% (w/v) BSA (wash
buffer), cells were permeabilized in 1% Triton-X in PBS for
20 min at room temperature, then stained with FITC-conjugated anti-GFP antibody (Abcam, Cambridge, MA, USA) for
40 min at room temperature. Following washing, genomic
DNA was denatured in 2 M HCl containing 0.5% Tween-20
for 30 min at 37°C. Cells were stained with Alexa Fluor
546-conjugated anti-BrdU antibody (Molecular Probes) for
40 min at room temperature. Following multiple washes, cells
were counterstained with DAPI for 5 min and analyzed by an
epifluorescence microscope (DMI6000B; Leica Microsystems,
Wetzlar, Germany), employing %10 % 10 power with the
appropriate filter sets (DAPI: A4, FITC: L5, Alexa Fluor 546:
TX2). Image analysis was performed by counting 600 –700
cells/ area for 6 different areas randomly selected from each
sample.
Annexin assay
Cells were treated with the proteasome inhibitor MG-132 (2
$M; Calbiochem, San Diego, CA, USA) on the same day of
transfection, for a total duration of 42 h. Cells were
trypsinized and cold-centrifuged (4°C) at 2000 rpm for 5 min.
Following washing in ice-cold PBS, cells were resuspended in
100 $l annexin buffer (10 mM HEPES, 140 mM NaCl, and 2.5
mM CaCl2) and stained with 5 $l annexin V-Alexa Fluor 647
conjugate (Molecular Probes–Invitrogen) for 20 min at room
temperature. After the addition of 900 $l annexin buffer,
cells were mixed gently and immediately analyzed by flow
cytometry. Cells were counted (10,000) and gated in an
FSC/SSC dot plot to eliminate cell debris. Acquisition and
analysis were done by BD CellQuest Pro software (BD Biosciences). Native GFP and annexin signals were measured in a
dual-parameter dot plot by FL1 (530/30 BP) vs. FL4 (661/16
BP) channels, respectively. The percentage of annexin& cells
out of the GFP& subpopulation was calculated by the formula
UR/(UR&LR)%100, as obtained from quadrant statistics.
Analysis of cellular DNA content
Cells were treated with 2 $M MG-132 1 day after transfection
for 20 h. For concomitant heat-stress experiments, cells were
heat-shocked at 43°C or kept 37°C at for 30 min in a
circulating water bath. Cells were collected and cold-centrifuged (4°C) at 1800 rpm for 3 min. The resulting cell pellet
was resuspended in 1 ml prechilled (at '20°C) 70% ethanol
at room temperature for 30 min, then stored at '20°C
overnight. Fixed cells were pelleted at 2200 rpm for 5 min at
4°C and resuspended in 1 ml extraction buffer (200 mM
Na2HPO4, pH 7.8, adjusted with 200 mM citric acid) containing 10 $g/ml final concentration of RNase A (Sigma).
Following incubation at room temperature for 30 min, the
remaining nuclear DNA was stained by propidium iodide (10
$g/ml) for 10 min at room temperature. Gated total cell
population was immediately analyzed by a flow cytometer
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(FACSCalibur; BD Biosciences) in a 2-parameter dot plot with
FL1 (530/30 BP) vs. FL3 (650 LP) channels, measuring the
native GFP and PI fluorescence, respectively. For data analysis
(BD CellQuest Pro), only the percentage of GFP& cells with
an intact cell cycle (i.e., combination of G1-S-G2/M peaks) out
of the gated total population (i.e., UR values obtained from
the quadrant statistics) was taken into consideration.

Data were analyzed using SPSS 15.0 software (SPSS, Chicago,
IL, USA) and compared by Student’s t test. All data are
presented as means ( se of indicated numbers of independent experiments. Values of P ) 0.05 were considered
significant.

RESULTS
GFP-degron and GFP-!9CAT display characteristics
of misfolding
First, we generated GFP-fusions of wild-type (wtCAT) and
!9CAT and used GFP and GFP-degron and CAT variants
to transiently transfect COS-7 cells and investigated their
solubility by sequential extraction into detergent-soluble
and insoluble fractions. While GFP and GFP-wtCAT
showed an equal distribution, GFP-degron and GFP!9CAT sedimented predominantly in detergent-insoluble
pellet fractions, respectively (Fig. 1A). This sedimentation
was not due to higher-level overexpression, since both
mutants were detected at a level 2- to 5-fold less than their
wild-type counterparts (see the sum of S&P fractions in
Figs. 1A and 2A). Moreover, we observed GFP-reactive
bands at higher molecular weight in the pellet fractions
of GFP-degron and GFP-!9CAT, indicating the presence of insoluble oligomeric and/or ubiquitinylated
species, both of which indicate the exposure of buried
regions in misfolded ensembles. Spectrophotometric
CAT assays (21) revealed that deletion of the 9 C-terminal amino acids also caused total loss of CAT enzymatic activity (Supplemental Fig. S1). Thus, destabilizing
modifications induced the loss of native conformation and
converted both GFP and GFP-wtCAT into a less soluble
state.
Next, we examined the subcellular distribution of
GFP-degron and GFP-!9CAT by fluorescence microscopy. Both GFP-degron and GFP-!9CAT prevailed predominantly as deposits of perinuclear aggregates resembling aggresomes, while GFP and GFP-wtCAT
distributed diffusely (Fig. 1B). These observations have
been confirmed in live cells (data not shown) and
demonstrated that the decreased solubility was not an
artifact caused by cell lysis, but was due to the formation
of aggregated ensembles inside living cells, a hallmark
of protein misfolding (3). Our findings on the perinuclear deposition of GFP-degron are consistent with
those of Link et al. (18).
Expression of both GFP-degron and GFP-!9CAT
increased the level of inducible Hsp70 (HSPA1A/B;
Fig. 1A, bottom panel). Equally increased Hsp70 levels
were observed in the soluble and pellet fractions,
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Figure 1. GFP-degron and GFP-!9CAT display characteristics of misfolding. A) Misfolding GFP-degron and GFP-!9CAT
proteins sediment in detergent-insoluble aggregates and increase Hsp70 (HSPA1A/B) protein level. After transient transfections with the indicated constructs (GFP, GFP-degron, GFP-wtCAT, GFP-!9CAT), COS-7 cells were lysed, and cell lysates were
separated into soluble (S) and detergent-insoluble pellet (P) fractions by centrifugation and analyzed by Western blotting for
GFP and Hsp70, respectively. B) Misfolding proteins form perinuclear aggregates and accumulate total Hsp70 protein in vivo.
Transfected cells grown on coverslips were fixed in methanol; stained by an antibody recognizing both inducible (HSPA1A/B)
and constitutive (HSPA8) Hsp70, followed by a Cy3-conjugated secondary antibody, and DAPI for nuclear DNA; and were
visualized under a fluorescence microscope. Images are representatives of 5 independent experiments.

respectively, of both mutants, indicating that Hsp70 did
not show a strong preference toward insoluble species
after cell lysis. Moreover, immunofluorescence analyses
showed that GFP-degron and GFP-!9CAT led to a
robust constitutive and inducible Hsp70 (HSPA8 and
HSPA1A/B, respectively) accumulation only in cells
where they were expressed, in contrast to the soluble
controls GFP and GFP-wtCAT (Fig. 1B). Remarkably,
Hsp70 was strongly enriched in both GFP-degron and
GFP-!9CAT aggregates. The Western blot and immunofluorescence data together suggest a transient association of Hsp70 with the misfolded/aggregated species
of GFP-degron and GFP-!9CAT and are consistent with
a previous report showing a dynamic interaction of
Hsp70 with polyglutamine proteins (22). These results
demonstrate that both GFP-degron and GFP-!9CAT
exhibit decreased solubility and aggregation, induce
and transiently associate with the chaperone Hsp70,
and establish GFP-degron and GFP-!9CAT as bona fide
misfolded proteins.
Misfolded proteins undergo proteasomal degradation
Both Link et al. (18) and our group observed GFPdegron as perinuclear aggregates (Fig. 1), though
GFP-degron& cells were always only a modest fraction
(5–15%) of the total cell population. Hence, we tested
whether a proteolytic degradation of misfolded proteins occurred. Using the proteasome inhibitor MG132, we detected an increased level of both GFP-degron
and GFP-!9CAT by flow cytometry. MG-132, at a concentration as low as 2 $M (a concentration without
severe cytotoxicity), induced a significant increase in
GFP-degron& and GFP-!9CAT& cells, approaching the
ratio of GFP& and GFP-wtCAT& cells (Fig. 2A). It is
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important to note that neither GFP-degron nor GFP!9CAT was detected in soluble forms, and proteasome
inhibition did not significantly change the appearance
and topology of aggregates examined by fluorescent
microscopy, which suggests that aggregation is a direct
consequence of the presence of misfolded, undegradable ensembles. We found that 3-methyladenine, a
specific inhibitor of autophagy, did not increase GFPfluorescence (data not shown), suggesting that the
stabilization observed with MG-132 was not due to an
unspecific inhibition of the cellular proteolytic capacity. Altogether, these results define the proteasome
responsible for the degradation of these misfolded
proteins.
Flow cytometric histograms of MG-132-treated cell
populations show that proteasome inhibition stabilizes
GFP-degron and GFP-!9CAT at fluorescence intensities exceeding 102 and 3 % 102, respectively, suggesting
that misfolded species are tolerated below these tresholds (Fig. 2B). We determined the corresponding expression levels by densitometry of anti-GFP Western
blots of total cell lysates (Fig. 2C, D). While traces of
misfolded proteins were detected using these settings,
inhibition of their turnover increased the average expression of GFP-degron and GFP-!9CAT to 2.2 vs. 0.9%
of total cellular protein, respectively. These results are
consistent with the higher peak of GFP-degron observed in flow cytometry (Fig. 2B). Considering the
logarithmic scale of fluorescence and the abovementioned thresholds, we assume that maximal expression
levels cannot exceed 1–2% of total cellular proteins,
and that misfolded proteins in the range of *0.02–
0.04% of total cellular proteins are efficiently sensed
and disposed.
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Figure 2. Misfolded proteins undergo proteasomal
degradation. A) Cells were treated with increasing
concentrations of the proteasome inhibitor MG132 for 20 h before they were harvested and
analyzed by flow cytometry. Chart shows percentage of GFP& cells in total cell population. Data
represent means ( se of 3 independent experiments and were compared to their own untreated
control samples in the absence of MG-132. B)
Cells, treated with or without MG-132 (5 $M,
20 h), were harvested and analyzed by flow cytometry. Histogram overlays show MG-132-treated
(thick line) and untreated (thin line) cell populations for each protein model as a function of GFP
fluorescence intensity. Images are representatives
of 2 independent experiments. C) Western blot
analysis for GFP of total protein extracts (10 $g) of
cells from B, using a recombinant GFP (rGFP)
calibration. Images are representatives of 2 independent experiments. D) GFP expression levels. Densitometric analysis of
Western blots from C, normalized to their corresponding GFP positivities. Data represent means ( se of 2 independent
experiments and were compared to untreated GFP and GFP-wtCAT controls (asterisks on columns) and to GFP-degron/
GFP-!9CAT in the absence or presence of MG-132, respectively (linked bars). n.s., not significant. *P ) 0.05; **P ) 0.01;
***P ) 0.001.

Misfolded proteins activate the hsp70 promoter
Since we could see an accumulation of Hsp70 protein
with both misfolded proteins, we were interested
whether they would induce transactivation of heatshock factor 1 (HSF1), responsible for the induction of
hsp genes. To accomplish this, we used a reporter
construct harboring the hsp70 promoter fused to firefly
luciferase (23). GFP-degron expression resulted in a
moderate induction of the reporter at 37°C by up to
4-fold compared to that of GFP (Fig. 3A). GFP-!9CAT
was able to induce the reporter gene at a smaller,
comparable extent (3-fold increase compared to the
induction by GFP-wtCAT). Induction of the reporter by
770
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misfolded proteins was completely blunted by cotransfection with HSF1 siRNA, confirming that the induction was entirely HSF1-dependent, consistent with previous results (data not shown; ref. 24). GFP-degron and
GFP-!9CAT did not activate the endoplasmic reticulum
chaperone, grp78 promoter (data not shown), suggesting that misfolding of cytosolic proteins does not result
in the activation of the endoplasmic reticulum unfolded protein response, consistent with recent studies
in yeast (25–26).
We next addressed how misfolded proteins would
interfere with the induction of the heat-shock response
by a moderate proteotoxic heat stress (43°C). The
presence of GFP-degron and GFP-!9CAT, neither
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Figure 3. Misfolded proteins activate the hsp70 promoter. HSF1-transactivation at 37°C (A), heat-induced HSF1-transactivation
(B), and the ratio of induced and basal outputs (C). A, B) Along with the indicated constructs, cells were cotransfected with
hsp70.1pr-luc and #-galactosidase (#-gal) plasmids. A second set (B) was given a heat shock at 43°C for 30 min. Luciferase and
#-gal assays were performed 18 h later, and their ratios were expressed as percentages of the value obtained in the GFP sample.
C) Alternatively, fold inductions in the heat-shock response were calculated by dividing the normalized (luc/#-gal) heat-shocked
(43°C) values by their corresponding basal (37°C) values and are displayed in the chart as a percentage of the value obtained
in the GFP sample. Data represent means ( se of 7 independent experiments for GFP and GFP-degron and 3 independent
experiments for GFP-wtCAT and GFP-!9CAT, respectively. Values were compared to the respective wild-type controls. n.s., not
significant. **P ) 0.01; ***P ) 0.001.

failed to synergize with nor compromised the heatinduced activity of the reporter gene construct, respectively, suggesting that the induction of the heat-shock
response was not significantly changed by a transient
expression of a single misfolded protein (Fig. 3B).
However, misfolded proteins led to a higher basal level as
well as a reduced reserve capacity of the heat-shock
response, suggesting that the induction of heat-shock
proteins was under a constant strain at basal conditions
(Fig. 3C). We observed the same phenomenon with
bovine serum albumin misdirected to the cytosol (GFPcBSA) and with the coiled-coil region of the Golgi complex protein 170 fused to GFP (GFP170*), a nonpolyQ
protein reported to form nuclear aggregates and colocalize with Hsp70, consistent with a previous reports (refs. 9,
24 and data not shown). Hence, we conclude that a
transient expression of a single misfolded protein induces
HSF1-dependent transactivation without a severe compromise of heat inducibility along with a reduced reserve
capacity of the heat-shock response.
Opposing effects by GFP-degron and GFP-!9CAT on
chaperone-mediated folding
Chronic expression of polyQ proteins was previously
shown to interfere with protein folding in C. elegans
(17). To test this possibility in replicative cells, we asked
how acute expression misfolded proteins would affect
the activity of firefly luciferase, a metastable multidomain protein commonly used as a model substrate to
monitor chaperone activity/function (27). Overexpression of GFP-degron caused a 25% decrease of luciferase
activity compared to that of wild-type GFP-cotransfected
cells at 37°C (Fig. 4A). Surprisingly, GFP-!9CAT enhanced luciferase activity by 20% compared to that of
GFP-wtCAT at 37°C (Fig. 4B). With increasing periods
of time at 42°C heat shock, the difference between
luciferase activities of both GFP vs. GFP-degron and
GFP-wtCAT vs. GFP-!9CAT pairs disappeared. Similar
phenomena were observed with MG-132, consistent with
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the proteasomal clearance of an extensive amount of
mistranslated-misfolded proteins already at nonstress conditions (28). Hsp70 overexpression promoted luciferase
folding by *25% for all constructs even in the presence of
MG-132 (data not shown), establishing that global manipulations of the proteostatic buffer were efficiently monitored by firefly luciferase. None of the interventions
affected the activity of #-galactosidase (data not shown).
We conclude that in contrast to global proteotoxic stresses
(heat shock and MG-132), short-term expression of single
misfolded proteins exerts a modest effect on chaperonemediated protein folding.
Misfolded proteins inhibit cell proliferation
We next investigated the consequences of protein
misfolding on cell growth. Incorporation of the thymidine analog bromodeoxyuridine (BrdU) into genomic
DNA is an indicator of cell division. To analyze rates of
BrdU uptake in transfected and untransfected subpopulations we immunostained the cells with both
anti-GFP and anti-BrdU antibodies. Image analyses of
dual immunofluorescence data revealed that both GFPdegron& and GFP-!9CAT& cells incorporated less
BrdU than their wild-type counterparts (Fig. 5). Induction of cell proliferation arrest was more pronounced
with GFP-degron, suggesting a stronger effect of GFPdegron on cell growth. MG-132 (2 $M, 20 h) treatment
completely blocked BrdU uptake (data not shown).
Thus, similarly to proteasome inhibition, misfolded
proteins arrest cell proliferation.
Misfolded proteins promote stress-induced cell death
Although misfolded proteins inhibited cell proliferation (Fig. 5B), we detected neither any necrosis by
propidium iodide exclusion nor apoptosis by sub-G1
peak of DNA (data not shown). However, treatment of
transfected cells with MG-132 resulted in an altered
histogram with a distorted sub-G1 peak containing cell
771

Figure 4. Opposing effects by GFP-degron and GFP-!9CAT on chaperone-mediated folding. GFP-degron compromises (A),
while GFP-!9CAT enhances (B) firefly luciferase folding at 37°C. Along with the indicated protein models, cells were
cotransfected with TK-luc and #-gal plasmids. After treatment with or without MG-132 (2 $M, 20 h), cells were either incubated
at 37°C or given a heat shock at 42°C for the indicated periods of time. Immediately after the heat shock, cells were cooled on
ice, lysed, and analyzed, as described in Materials and Methods. Charts show normalized luciferase (luc/#-gal) activities as a
percentage of the value obtained in the respective wild-type controls at 37°C without MG-132 treatment. Data represent means (
se of 3 independent experiments and were compared to the respective wild-type controls subjected to the same treatment. *P )
0.05; **P ) 0.01; ***P ) 0.001.

debris along with a marked decrease in the number of
intact cells (Fig. 6A). Therefore, as a more appropriate
marker of the number of intact (live) cells, a joint
measure of cell proliferation and death, we calculated the
area below the G1-S-G2/M peaks of GFP& cells (labeled by
peaks in Fig. 6A). GFP-degron and GFP-!9CAT transfection combined with MG-132 treatment resulted in a lesser
amount of intact GFP& cells compared to their wild-type
controls already at 37°C (Fig. 6B). Notably, there was a

further sharp decrease in the number of GFP-degron- or
GFP-!9CAT-transfected intact cells when they were given
a moderate heat shock (43°C, 30 min) that did not affect
GFP and GFP-wtCAT controls.
To obtain an independent measure of cell death, we
performed annexin staining, detecting cell death from
early apoptosis through late necrosis. GFP& cells displayed enhanced annexin staining compared with GFPnegative population and MG-132 treatment resulted in

Figure 5. Misfolded proteins induce cell proliferation
arrest. Transfected cells were pulse-labeled with BrdU
(100 $M) for 3 h, fixed, and immunostained with
anti-GFP and anti-BrdU antibodies, followed by a nuclear staining (DAPI). A) Fluorescence microscopy
pictures show merged images of GFP (green), BrdU
(red), and nuclei (blue) stainings. Arrows indicate cells
that are positively stained for both GFP and BrdU.
Image for each construct is representative of 12 different regions from 2 independent experiments. B) Quantification of dual immunofluorescence data. Six different areas
randomly selected from each protein model with an average of 600 –700 cells/area were first counted for single DAPI, GFP,
and BrdU signals. Double positives for both GFP and BrdU signals were then counted, and calculations were done
accordingly to determine percentages of BrdU positivity in GFP& (dark bars) and GFP-negative (light bars) subpopulations.
Data represent means ( se of 2 independent experiments and were compared to the respective wild-type controls. n.s., not
significant. *P ) 0.05; **P ) 0.01.
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Figure 6. Misfolded proteins promote stressinduced cell death. A) Cell cycle alterations observed during flow cytometric analyses of our
protein models after treatment with MG-132.
Combination of G1-S-G2/M peaks (representing
intact cells) was chosen as the parameter for
analysis of the following assay. B) Misfolded proteins diminish survival of proteasome-inhibited
cells upon a concomitant heat stress. Cells treated
with MG-132 (2 $M, 20 h) were either incubated
at 37°C (dark bars) or at 43°C for 30 min (light
bars). The next day, cells were harvested and
fixed overnight in ethanol at '20°C. After extraction of fragmented DNA, cells were stained with
propidium iodide, and the remaining DNA content was analyzed by flow cytometry. Chart displays percentage of GFP& cells with an intact cell
cycle out of the total cell population. Data represent means ( se of 3 independent experiments
and were compared with the respective wild-type controls for 37°C data and with their own 37°C controls for 43°C data.
C) Misfolded GFP-degron, but not GFP-!9CAT, induces annexin positivity upon proteasome inhibition. Cells treated with
or without MG-132 (2 $M, 42 h) were stained with annexin V, and analyzed by flow cytometry. The chart shows the
percentage of annexin positivity in GFP& (dark bars) and GFP-negative (light bars) subpopulations for each protein model.
Data represent means ( se of 3 independent experiments, and GFP& values were compared to GFP and GFP-wtCAT
controls (asterisks on columns) and GFP-degron/GFP-!9CAT to their respective MG-132-treated wild-type control (linked
bars). n.s., not significant. **P ) 0.01; ***P ) 0.001.

an increase in annexin-positivity from 10 to 25%,
consistent with a general proteotoxicity induced by
proteasome inhibition (Fig. 6C). Similarly to the previous propidium iodide data, there was no significant
difference between annexin staining of GFP-degronand GFP-!9CAT-transfected cells compared to that of
their wild-type counterparts. However, MG-132 treatment of cells expressing GFP-degron, but not GFP!9CAT, yielded a significantly higher annexin positivity
compared to controls (Fig. 6C). These results confirm
the GFP-degron-related findings presented in Fig. 6B
and suggest that some form of GFP-!9CAT-induced cell
death may escape detection by annexin in our experimental conditions. Nevertheless, when GFP-!9CAT
cells underwent a moderate heat shock, they also
displayed an increased annexin positivity comparable
to that of GFP-degron (data not shown). Moreover, we
obtained similar results with 2 other misfolded protein
models, GFP-cBSA and GFP170*, upon MG-132 treatment (Supplemental Fig. S2). Thus, diverse misfolded
proteins sensitize cells to manifest enhanced cytotoxicity in response to stress.
MISFOLDED PROTEINS IN MAMMALIAN CELLS

HSF1, Hsp70, and SIRT1 protect from GFP-degroninduced cytotoxicity
We next addressed how genetic activation of stressresponsive mechanisms would combat the cytotoxicity
induced by GFP-degron. HSF1 and Hsp70 are important determinants of the heat-shock response, ameliorating toxicity of neurodegenerative models (10, 29 –
30). SIRT1 is an NAD&-dependent protein deacetylase,
which was reported to control HSF1 activity by prolonging its DNA binding through deacetylation (31). It was
also shown to be protective in initial studies against
polyglutamine-induced cytotoxicity in both C. elegans
and mammalian neurons (32), though its general role
in invertebrate longevity has been questioned (33).
SIRT6 is a nuclear sirtuin paralog implicated in dietary
restriction and the metabolic syndrome; however, there
are no data on its role in proteostasis (34).
All the HSF1, Hsp70, SIRT1, and SIRT6 constructs
were strongly overexpressed upon transfection
(Fig. 7A). None of the constructs caused any significant
difference in the number of GFP-degron& cells (i.e.,
773

Figure 7. HSF1, Hsp70, and SIRT1 protect from
GFP-degron-induced cytotoxicity. A) HSF1, Hsp70,
SIRT1s, and SIRT6 are strongly overexpressed on
transfection. Cells were transfected with mock (ctr),
HSF1, Hsp70, wtSIRT1, deacetylase-deficient H363Y
mutant SIRT1 (ddSIRT1), and SIRT6 constructs,
respectively, for 24 h, lysed, and analyzed by Western
blotting for the respective proteins. Images are representatives of 2 independent experiments. B) Cell
death of MG-132-treated (2 $M, 42 h) cells. Cotransfections of the constructs were done at a ratio of 1:1
(misfolded protein construct:modulator). Annexin
assay was performed as described in Materials and
Methods. Chart shows the percentage of annexin
positivity in GFP& (dark bars) and GFP-negative
(light bars) subpopulations for each cotransfection. Renilla luciferase plasmid served as mock. Data represent means ( se of 3 independent
experiments. Statistical comparisons were made between the respective GFP& samples compared to mock-cotransfected sample. n.s., not
significant. *P ) 0.05; **P ) 0.01.

cells expressing and not degrading GFP-degron) in the
absence or presence of MG-132 (data not shown), suggesting they did not alter the turnover of GFP-degron.
HSF1, Hsp70, and SIRT1 constructs were all found to
prevent cell death in MG-132-treated GFP-degron-expressing cells (Fig. 7B). Interestingly, SIRT1-mediated recovery
from GFP-degron-induced cytotoxicity was independent
of the deacetylase activity of SIRT1, as both wild-type
(wtSIRT1) and the deacetylase-deficient H363Y mutant
(ddSIRT1) were protective. In contrast, SIRT6 did not
exert a protective effect, giving an independent evidence for the specific action of SIRT1. This finding is in
line with a recent study where SIRT1-induced neuroprotection was found to be independent of its deacetylase activity (35), suggesting a novel, noncatalytic mechanism of cytoprotection for SIRT1.

helix conferring destabilization to the extended proteins
(18, 37). GFP-degron appears to be a Janus-faced molecule, i.e., both an in vivo ubiquitin-proteasome system
(UPS) reporter (6, 38) and a misfolded protein (Fig. 1
and ref. 18). This dual behavior can be explained by
considering a primary misfolding of GFP-degron and its
chaperone-mediated disposal by the UPS (Fig. 8 and ref.
18), a pathway identical to that of global protein misfolding (13). This model is supported by the similar phenotype (exhibiting aggregation, chaperone induction,
growth inhibition) of GFP-degron to several misfolded
proteins: YFP point mutants in yeast (26), GFP170* (present study and ref. 9), and GFP-!9CAT (present study),
respectively. In addition, yeast Ura3p fused to degron
requires the Hsp70/Hsp40 orthologs Ssa1p/Ydj1p for
both its proteasomal degradation and solubility (39), in
agreement with a degron-induced misfolding of Ura3p.

DISCUSSION
Conformational diseases share common features: the
accumulation of non-native protein species and a consequent cytotoxicity. Here we have isolated the general
effects elicited by single misfolded polypeptides by
expressing 2 bona fide misfolded proteins not occurring
in the mammalian cytosol. Both GFP-fused degron and
C-terminally truncated chloramphenicol acetyltransferase lost solubility and exhibited aggregation, transiently associated with and induced the expression of
the chaperone Hsp70, underwent a proteasomal degradation in the majority of cells, induced growth arrest,
and caused cytotoxicity in response to stress, which was
ameliorated by stress-responsive mechanisms (Fig. 8).
These features obtained with diverse misfolded proteins are consistent with an inherent toxicity of the
misfolded ensembles per se.
Loss of a stabilizing interaction mediated by a C-terminal residue in !9CAT disrupts its stability and results
in inclusion body formation in E. coli (19, 36). Our
results indicate that GFP-!9CAT instability also induces
its misfolding in mammalian cells (Figs. 1 and 2, and
Supplemental Fig. S1). The 16-residue degron peptide
supplements proteins with a C-terminal amphipathic +
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Figure 8. Misfolded proteins in mammalian cells. Misfolded
proteins induce the heat-shock response and are turned over by
the UPS in the majority of cells. In cells that are incompetent to
degrade them, they form aggregates and cause growth arrest.
Upon various stresses, such as the inhibition of UPS or heat
shock, misfolded proteins promote cell death. The genetic
up-regulation of the heat-shock response (HSF1 or Hsp70) and
the sirtuin SIRT1, independently of its deacetylase activity (ddSIRT1), protects from stress-induced cytotoxicity.

The FASEB Journal ! www.fasebj.org

ARSLAN ET AL.

Our findings suggest that aggregate formation prevails
if the level of misfolded proteins exceeds the proteostatic
capacity of the cell. Upon transient transfection in our
study (Fig. 1B) and in that of Link et al. (18) misfolded
proteins were efficiently cleared from the majority of cell
population and formed aggregates in GFP& cells. These
effects were augmented by proteasome inhibition (Fig. 2).
Overexpression of Hsp70 or HSF1 did not decrease the
number of GFP-degron& cells (i.e., did not increase the
turnover of the protein), which, along with the yeast study
on Ura3p-degron (39), suggests that chaperones are
required for but do not limit GFP-degron degradation.
These findings suggest that the UPS is a rate-limiting step
in the chaperone-mediated disposal of misfolded proteins
and offer a rationale for GFP-degron as an in vivo marker
measuring UPS capacity.
The roles of Hsp70 and HSF1 in cells expressing
misfolded proteins (Fig. 7) corroborate the well-documented role of the heat-shock response in the recognition and defense against proteotoxicity (22, 40). The
decreasing order of intensity of Hsp70 induction by
GFP-degron , GFP-!9CAT , GFP-cBSA - GFP170*
indicates a proportional release of HSF1 from its repressing chaperone complex in response to misfolding.
This effect is consistent with the previously reported,
dose-dependent effect of cytosolic BSA on HSF1 activation (24). Considering the *1–2% maximal level of
misfolded proteins induced by proteasome inhibition
and an induction of Hsp70 in the heat-shock range, we
speculate that misfolded ensembles at the 0.02– 0.04%
threshold level may elicit a signal potent enough to
provoke a significant threat, namely, cell cycle arrest.
This threat, however, appears to be compensated in our
experimental conditions by a highly efficient recognition/disposal (demonstrated by the negligible effects
of misfolded protein expression on thermotolerance
and on cytotoxicity). Recent studies demonstrate a
specific, HSF1-mediated cytosolic unfolded protein response within the wider heat-shock response/proteostatic network in yeast and plants (25–26, 41– 42). Our
results, by showing a selective activation of hsp70 vs. the
ER stress marker grp78 promoter (Fig. 3A and data not
shown), extend the existence of this specific cytosolic
response to mammalian cells. The misfolded proteins
used in this study provide a tractable model to identify
the cytosolic unfolded protein response at the systems
level in mammalian cells.
We observed a differential, but modest, effect of
GFP-degron and GFP-!9CAT on firefly luciferase folding (Fig. 4). The reason for this difference is unknown.
It may be that GFP-degron and GFP-!9CAT differentially affect protein transcription/translation. Though
we did not test luciferase mRNA and protein levels, the
similar #-galactosidase activities and the equal residual
activities after heat shock or MG-132 treatment exclude
such a possibility. The GFP-!9CAT-induced luciferase
activation may be explained by its less pronounced
effects (i.e., higher ratio of GFP& cells, slower turnover,
smaller hsp70-promoter induction, and decreased inhibition of cell proliferation), suggesting less toxic misMISFOLDED PROTEINS IN MAMMALIAN CELLS

folded species formed by GFP-!9CAT, which in turn
may activate chaperone-mediated folding. Though
these data do not allow a clear conclusion, the modest
effects and the clear dissection from toxicity (Figs. 5
and 6) suggest chaperone-mediated folding is not the
major determinant of short-term action of individual
misfolded proteins.
Our results in COS-7 cells recapitulate the proliferation
arrest obtained with single misfolded mutants, including
polyQ103-GFP in HEK-293 cells (6), GFP170* in COS-7
cells (9), YFP mutants (26), and azetidine-carboxylate in
yeast (43), which suggests a conserved, general effect of
protein misfolding. This occurs in GFP& cells (i.e., cells
that are unable to degrade the misfolded proteins; Fig. 8).
The almost complete loss of BrdU incorporation may be
consistent with a G1 arrest. As in COS-7 cells, the SV40
large T-antigen inactivates both Rb and p53; it is tempting
to speculate that mechanisms distinct from these checkpoint responses may inhibit proliferation. Indeed, such
mechanisms arising from the inherent toxicity of misfolding have been demonstrated, such as sequestration of the
growth-promoting CBP into aggregates (5, 9). Alternatively, growth inhibition may be due to the adaptive
response, e.g., HSF1 mediating reversible cell cycle arrest
in yeast (43) or increased Hsp70 inhibiting growth (44 –
45). Though the molecular pathways induced by misfolded proteins remain to be analyzed, our findings on
transformed cells might have a potential effect in nontransformed mitotic cells or stem cells.
A number of studies demonstrated extensive apoptosis
using disease-associated mutants in cell (mostly neuronal)
culture and in animal models (1, 7). However, we have
not been able to detect death of immortalized COS-7 cells
expressing misfolded proteins in nonstress conditions
during the time scale of our experiments. Whether the
long-term expression of a single misfolded protein leads
to cell loss requires further studies. We also consider the
possibility that misfolded proteins may induce cytotoxicity
in neurons, where proteostatic defenses, such as the
heat-shock response, are inherently weaker (46 – 47).
Moreover, paralysis in the absence of apoptosis in C.
elegans muscle expressing GFP-degron (18) and proliferation arrest (our study) suggest that severe dysfunctionality does not necessarily need cell death. The augmentation of death observed upon proteasome inhibition or
heat shock by 4 misfolded mutants (Fig. 6 and Supplemental Fig. S2) indicates that already a short-term expression of misfolded ensembles compromise cells to mount
an efficient adaptive response to proteotoxic stress. Defective stress tolerance seems to be a deleterious consequence of misfolding, as up-regulation of 2 stress-responsive mechanisms, the heat-shock response (HSF1 and
Hsp70), as well as the sirtuin SIRT1, conferred protection
(Fig. 7). Our findings extend earlier studies on the
beneficial role of chaperones in various models (18, 40).
The cytoprotective effect by chaperones may either lie in
the restoration of protein homeostasis and/or the negative regulation by Hsp70 of death signals via p38 and JNK
(48 – 49).
Our findings on the SIRT1 overexpression protecting
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from GFP-degron-induced proteotoxicity confirm previous results involving neurodegenerative models (32, 50 –
51). Moreover, the lack of effect of SIRT6 overexpression
indicates divergent roles for sirtuin paralogs in mammals.
SIRT1-dependent deacetylation of key signaling molecules including HSF1 and consequent cellular events have
been extensively reported (31, 52). However, our study
did not demonstrate a requirement of deacetylase activity,
suggesting the SIRT1-mediated response did not demand
an increased deacetylation/activation of HSF1 in our
model (Fig. 7B). Recently, growing body of evidence
shows deacetylase-independent functions of SIRT1 (53–
55) including neuroprotection (35); however, the molecular mechanism of SIRT1 remains enigmatic. Our results
extend these functions to protein misfolding and recall
tests on the involvement of SIRT1 deacetylase activity in
protection from neurodegenerative disease models (32,
50 –51). Finding the proper role for SIRT1 is especially important in the light of our recent demonstration of the inability of SIRT1 orthologs to extend life
span in invertebrates (33), which has implications on
the development and use of SIRT1 activators as
potential drug candidates (56).
Our results show that the action of misfolded proteins
depends on the proteostatic balance and cellular heterogeneity. Protein misfolding is not limited to single genes/
proteins, but it rather involves a significant fraction of the
proteome probably due to destabilizing SNPs (57), mistranslation (2, 28, 58), and post-translational modifications. We note that the level of misfolded proteins in our
study is comparable to protein carbonyls in aged tissues
(3– 4). Lack of dilution of damage as well as the ageassociated collapse and/or intrinsic weakness of proteostasis precipitate symptoms particularly in postmitotic neurons during aging (16, 46 – 47). Our findings raise a
question whether protein misfolding would induce damage to the replicative compartment in situ, which may
have implications for aging of regenerating tissues. Indeed, dystrophy of hair follicles has been reported in a
mistranslation mouse model (2). Detrimental outcome of
misfolding may also shape the evolution of tumors, where
intensive growth (translation) and high stress are associated with the absolute reliance on HSF1 (59). These
hypotheses, as well as the long-term effects of misfolded
proteins on cellular fitness, are subjects of future studies.
As a conclusion, our study provides a mammalian cellular
model of misfolded proteins and reveals that short-term
expression of single misfolded proteins independently of
sequence and function inhibit proliferation and stress
adaptation in replicating cells.
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