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Overexpression of a conserved HSP40 chaperone reduces toxicity
of several neurodegenerative disease proteins
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ABSTRACT
TDP-43 and FUS are DNA/RNA binding proteins associated with neuronal inclusions in amyotrophic
lateral sclerosis (ALS) patients. Other neurodegenerative diseases are also characterized by neuronal
protein aggregates, e.g. Huntington’s disease, associated with polyglutamine (polyQ) expansions in
the protein huntingtin. Here we discuss our recent paper establishing similarities between
aggregates of TDP-43 that have short glutamine and asparagine (Q/N)-rich modules and are soluble
in detergents, with those of polyQ and PIN4C that have large Q/N-rich domains and are detergent-
insoluble. We also present new, similar data for FUS. Together, we show that like overexpression of
polyQ or PIN4C, overexpression of FUS or TDP-43 causes inhibition of the ubiquitin proteasome
system (UPS) and toxicity, both of which are mitigated by overexpression of the Hsp40 chaperone
Sis1. Also, in all cases toxicity is enhanced by the [PIN+] prion. In addition, we show that the Sis1
mammalian homolog DNAJBI reduces toxicity arising from overexpressed FUS and TDP-43
respectively in human embryonic kidney cells and primary rodent neurons. The common properties
of these proteins suggest that heterologous aggregates may enhance the toxicity of a variety of
disease-related aggregating proteins, and further that chaperones and the UPS may be key
therapeutic targets for diseases characterized by protein inclusions.
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Many neurodegenerative diseases are linked to a confor-
mational change of a protein from a soluble form to
an insoluble, amyloid-like aggregate that accumulates in
neurons. For each disease, different aggregating protein
(s) are involved. For example Alzheimer’s disease, Par-
kinson’s disease, amyotrophic lateral sclerosis (ALS),
Huntington’s disease and Creutzfeldt-Jakob disease
respectively are associated with aggregated forms of: Ab;
a-synuclein; TDP-43, FUS and others; huntingtin; and
PrP. Similar to prions, aggregates assembled from several
of these proteins seed conformational change and aggre-
gation of soluble forms of their protein [1¡3].

Although homologs of these proteins are not found
in yeast, when they are expressed in yeast they form
aggregates and are toxic, modeling disease [4¡8]. In
some cases, e.g. huntingtin, aggregation and toxicity in
yeast depends upon the presence of the prion form,
[PIN+], of the endogenous yeast protein RNQ1 that
contains a region rich in glutamines and asparagines
(Q/N) [9,10]. We previously showed that the [PIN+]
prion facilitates the de novo appearance of other yeast

prions and aggregates of proteins with Q/N-rich
domains, presumably by a cross-seeding mechanism
[11¡14].

Using the power of yeast genetics, modifiers of Ab,
FUS, TDP-43, a-synuclein and huntingtin toxicity have
been identified in yeast. Importantly, by virtue of the
modifiers’ homologies to human proteins, these modi-
fiers have successfully identified human risk-factors for
disease. These observations confirm the relevance and
value of yeast in the study of neurodegenerative disease.
Interestingly, there has been very little overlap between
the modifiers isolated for the different proteins, suggest-
ing some unique mechanisms for the various disease
proteins [15¡24].

TDP-43 is an RNA/DNA binding protein normally
found in cell nuclei, but also found in neuronal cyto-
plasmic aggregates characteristic of a number of disor-
ders including Alzheimer’s disease, ALS, frontotemporal
dementia, and chronic traumatic encephalopathy. A
region of TDP-43 has been identified as “prion-like” on
the basis of its amino acid sequence [25]. However
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TDP-43 aggregates are not typical amyloids and have
limited detergent resistance [8,26].

Although Sis1, a conserved Hsp40 chaperone, had not
been uncovered in large scale screens for modifiers of
TDP-43 or FUS toxicity in yeast [19,27,28], overexpres-
sion of Sis1 rescues yeast from toxicity associated with
polyQ-containing proteins whose toxicity and aggrega-
tion was dependent upon the presence of the [PIN+]
prion. Furthermore, ubiquitin-mediated protein degra-
dation is inhibited when two of these proteins, polyQ
and PIN4C, are aggregated [9,29,30].

In our recent paper [31] we showed that the pres-
ence of [PIN+] increases, while overexpression of Sis1
reduces, TDP-43 toxicity (Fig. 1a). Additionally, over-
expression of the mammalian homologue for Sis1,
DNAJB1 reduced the toxicity of overexpressed TDP-
43 in primary rodent neurons [31] (Fig. 1b). We also

showed that TDP-43 inhibits ubiquitin-mediated deg-
radation of a reporter protein especially in the pres-
ence of [PIN+], and that overexpression of Sis1
restores reporter degradation (Fig. 1c).

In the extra-view we now present similar data for the
FUS protein (Figs. 2–4). FUS, like TDP-43, is a nuclear
RNA/DNA binding protein that forms neuronal cyto-
plasmic aggregates in patients with ALS and frontotem-
poral dementia. Also like TDP-43, FUS has short
modular Q/N-rich domains and forms detergent-sensi-
tive aggregates [8,32]. This work highlights common
properties of these disease proteins.

[PIN+] Enhances Toxicity of Overexpressed FUS

A comparison of the growth of [pin¡] vs. [PIN+] cells
with a GAL1-controlled plasmid expressing FUS-YFP

Figure 1. Overexpression of Sis1 mitigates the effects of TDP-43 in yeast and primary rodent cortical neurons. (Adapted from [31) a.
Overexpression of TDP-43 is more toxic in the presence of the [PIN+] prion and is less toxic in the presence of overexpressed Sis1. The growth
of normalized suspensions of [PIN+] and [pin¡] versions of the same yeast strain transformed with pGAL1-TDP-43-YFP ("TDP-43) and
pGAL1-SIS1 ("SIS1), or empty control plasmids (No "), on plasmid selective galactose medium is shown. b. Expression of DNAJB1 reduces
toxicity of TDP-43 overexpression in rodent primary cortical neurons. A cumulative risk of death plot is shown for neurons transfected with
vectors shown. While DNAJB1 displays some toxicity in control neurons when overexpressed, it also reduces the risk of death in neurons
expressing TDP-43. �p < 0.005; ��p < 2 £ 10¡16, by Cox proportional hazards analysis. N = 725-979 neurons per condition, assembled
from three separate experiments. c. TDP-43 inhibits proteolysis of cytosolic misfolded proteins and this is reversed by overexpression of Sis1.
We used degradation of CG�-GFP, the mutant version of the secretory protein carboxypeptidase Y lacking its signal sequence (DssCPY�)
tagged with EGFP as a reporter to test for ubiquitin proteasome system (UPS) activity. New protein synthesis was inhibited with cyclo-
heximide, after which levels of CG�-GFP were determined in cell lysates harvested at the times indicated. Data for a [PIN+] yeast strain is
shown. All cells expressed CG�-EGFP from a GAL1 plasmid and expressed TDP-43 and Sis1 as indicated. Normalized cell lysates run on
SDS-PAGE were immunoblotted with anti-GFP for CG�-EGFP level and anti-Pgk1 as an internal loading control. Quantification of three
blots showing normalized ratio of CG�-EGFP and Pgk1 is shown with standard error.
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showed that [PIN+] increased toxicity (Fig. 2a). This
difference was not due to an increase in the cellular
level of FUS in [PIN+] vs. [pin¡] cells (Fig. 2b). Also
no dramatic differences in the appearance of FUS-
YFP aggregates was noted in [PIN+] vs. [pin¡] cells
(Fig. 2e). After cells were cured of [PIN+] by growth
on plates containing guanidine hydrochloride
(GuHCl), FUS-associated toxicity was reduced to the
levels seen in [pin¡] cells (Fig. 2c). Likewise, cytoduc-
tion of [PIN+] (transfer of [PIN+] along with donor
cytoplasm) into recipient [pin¡] cells harboring FUS-
YFP, exacerbated FUS toxicity (Fig. 2d). Thus [PIN+]
aggravates FUS toxicity.

Sis1 and DNAJB1 Overexpression Respectively
Relieves FUS Toxicity in Yeast and Mammalian Cells

We co-overexpressed Sis1 and FUS in [pin¡] and [PIN+]
yeast cells to compare growth. Excess Sis1 relieved FUS
toxicity (Fig. 3a) without changing FUS levels (Fig. 3b).
We frequently observed a slightly increased rescue of
FUS toxicity by overexpressed Sis1 in [pin¡] vs. [PIN+]
cells. We observed the same phenomenon for TDP-43
rescue [31]. In both cases we believe the difference is
caused by enhanced toxicity in [PIN+] cells, making res-
cue by Sis1 less efficient. FUS is toxic in mammalian
HEK293T cells (Sun et al., 2011) and the mammalian

Figure 2. [PIN+] exacerbates FUS toxicity. a. [PIN+] exacerbates FUS toxicity. High [PIN+] (L1749) and isogenic [pin¡] (L2910) cells harbor-
ing GAL1-controlled URA3 FUS-YFP (p2043), or YFP (p1752) plasmids were grown in liquid plasmid selective raffinose (2%) medium over-
night. Cells were then transferred to plasmid selective Dextrose (2%) and Galactose (2%) media by serial dilution and photographed
after 4–5 days. b. The presence of [PIN+] does not significantly enhance expression levels of FUS-YFP. Lysates of [pin¡] or [PIN+] cells overex-
pressing FUS-YFP in 2% Galactose for 1 hour, or 24 hours were analyzed by western blot. Expression levels of FUS-YFP were detected by
a-GFP (Roche), while Pgk1 was used as an internal loading control. c. Curing of [PIN+] which converts [PIN+] cells into [pin¡] cells, relieves
FUS toxicity. [PIN+] cells harboring FUS-YFP were grown on YPD+5 mM guanidine hydrochloride (GuHCl) plates for three passages, which
causes loss of prions [36]. Two subclones of GuHCl-treated cells (middle two rows), untreated [PIN+] (top row) and [pin¡] cells with FUS-
YFP were transferred to plasmid selective galactose plates by serial dilution where they were allowed to grow. d. Cytoduction of [PIN+]
into [pin¡] cells exacerbates FUS toxicity. [PIN+] or [pin¡] donor cells (respectively, L1749 and L2910) were mated on YPD with recipient
[pin¡] cells (L2599) harboring FUS-YFP. Representative cytoductants (recipients containing some cytoplasm from the donor) that
became [PIN+] due to the [PIN+] donor (row 1) or remained [pin¡] due to the [pin¡] donor (row 2) as well as uncytoduced recipients
with FUS-YFP (row 3) or YFP (row 4) are shown for comparison as a serial dilution on plasmid selective galactose plates. e. FUS-YFP forms
similar aggregates in [PIN+] and [pin¡] cells. Isogenic [PIN+] and [pin¡] cells transformed with GAL-FUS-YFP plasmid were grown in 2%
galactose medium before being imaged.
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homolog of Sis1, DNAJB1 relieves this toxicity in a MTT
cell viability assay (Fig. 3c).

FUS Overexpression Inhibits the Degradation
of Cytosolic Misfolded Proteins and Overexpression
of Sis1 Moderates this Effect

To ask if FUS aggregates affect clearance of misfolded
cytosolic proteins, we monitored the degradation of a
reporter protein— CG�-GFP, a GFP-tagged mutant
version of the secretory protein carboxypeptidase Y
lacking its signal sequence (ΔssCPY�)— in the pres-
ence and absence of FUS. Normally, CG�-GFP is rap-
idly degraded via the ubiquitin proteasome system
(UPS), dependent on Hsp40 and Hsp70 chaperones
[29]. We measured the stability of CG�-GFP in cells
overexpressing control vector or FUS by detecting the
CG�-GFP level after adding cycloheximide to inhibit
new protein synthesis (Fig. 4). CG�-GFP levels
decreased over time after cycloheximide treatment in
control cells, while the degradation of CG�-GFP was

almost entirely blocked by FUS overexpression. This
suggests that aggregates of FUS, like aggregates of
TDP-43, interfere with the UPS. In addition, when
Sis1 was concurrently overexpressed with FUS, degra-
dation of CG�-GFP returned to about the level seen
in the absence of FUS. (Fig. 4).

Discussion

The formation of neuronal protein aggregates is a com-
mon characteristic of neurodegenerative diseases, suggest-
ing a similar underlying pathogenic mechanism [33].
However, important differences exist. While many of these
aggregates exhibit properties characteristic of amyloids,
including detergent-insolubilities, others such as TDP-43
and FUS aggregates remain soluble in detergents [8,26].
Also, some disease proteins contain large, easily-identifi-
able Q/N-rich regions (e.g. huntingtin), while other disease
proteins (e.g. Ab, PrP and a-synuclein) are capable of
aggregating and forming amyloid without a Q/N-rich
segment.

Figure 3. Excess Sis1 or DNAJB1 respectively relieve FUS toxicity in yeast and HEK cells. a. Overexpressed Sis1 rescues FUS associated toxic-
ity. Isogenic [PIN+] and [pin¡] versions of W303 yeast cells containing GAL1-controlled FUS-YFP (p2043) in addition to GAL1-controlled
Sis1 (p1767) or vector (p1768), were grown overnight in plasmid selective raffinose (2%) media. Serial dilutions of cells were spotted
and grown on plasmid selective non-inducing raffinose (2%) or inducing galactose (2%) plates. In this experiment [PIN+] and [pin¡] cells
were spotted on different plates and are not directly comparable. b. Sis1 overexpression does not enhance FUS protein levels. W303 [pin¡]
cells transformed with different plasmids were grown in plasmid selective galactose for 48 hours. Cells were then lysed and equal
amounts of proteins were loaded on SDS-PAGE. Control vectors in lane 1 did not express either FUS or Sis1; FUS-YFP was overexpressed
in lane 2; and FUS-YFP and Sis1 were co-overexpressed in lane 3. The blot was probed with anti-GFP (1:10,000, Roche) to detect FUS-
YFP, anti-Sis1 (1:1000, Gift from E. Craig) and anti-Pgk1 (1:10,000) as an internal loading control. c. Mammalian DNAJB1 relieves FUS toxic-
ity in human embryonic kidney (HEK) cells. HEK293T cells were transfected with plasmid(s) shown in the horizontal axis of the graph
according to the manufacturer’s instructions (Life technologies). Cell viability was measured with the MTT assay at 48 h post-transfec-
tion. Values represent means § S.D. (n = 3). Empty vector (pcDNA) was used as a negative control, and eIF4A was used as the positive
control since previous studies [28] demonstrated its ability to rescue FUS associated toxicity in HEK293T cells (�p < 0.05 using one way
ANOVA with Dunnett’s).
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Although Q/N-rich regions were not initially identi-
fied in FUS and TDP-43, it now appears that small mod-
ular Q/N-rich domains in these proteins are involved in
their ability to aggregate [32]. In our recent paper [31]
and this extra-view, we respectively establish additional
similarities between aggregates of TDP-43/FUS and
those of huntingtin polyQ/PIN4C. We show that overex-
pression of TDP-43 or FUS, like that of polyQ or PIN4C,
result in several shared downstream events, including: a)
inhibition of the UPS that is rescued by simultaneous
overexpression of the Hsp40 chaperone, Sis1; b) toxicity
that is rescued by Sis1; and c) enhanced toxicity in the
presence of the [PIN+] prion.

Proteasomal impairment has been associated with the
appearance of protein aggregates in neurodegenerative
diseases, and our results support and extend this correla-
tion [2,3]. [PIN+], the aggregated prion form of RNQ1, a
protein with a Q/N-rich region, dramatically enhances
the aggregation of several Q/N-rich proteins, including
polyQ and PIN4C [9,29,30]. Since these proteins have

large Q/N-rich aggregating regions, it is likely that
[PIN+] cross-seeds their aggregation. There is less simi-
larity between [PIN+] and the small Q/N modules in
TDP-43 or FUS. Also, we could not detect [PIN+]-
induced enhanced aggregation of TDP-43 or FUS, which
already aggregate very efficiently in [pin¡] cells. None-
theless, there could be a subtle cross-seeding effect of
[PIN+] leading to the appearance of more toxic TDP-43
and FUS aggregates. Indeed, [PIN+] enhances aggrega-
tion of the prion protein HET-S [34], which does not
contain a Q/N-rich region, establishing that [PIN+] can
act on proteins lacking Q/N-rich domains.

Alternatively, the toxicity of TDP-43 and FUS could
be enhanced by [PIN+] because [PIN+] aggregates
sequester Sis1 and other essential chaperones [35]. In
support of this hypothesis, Sis1 overexpression reduces
TDP-43 and FUS toxicity. Possibly the reduced amount
of free Sis1 chaperone in [PIN+] cells makes the cells
more susceptible to proteasome inhibition mediated by
TDP-43 or FUS. Indeed we showed that Sis1

Figure 4. Degradation of UPS reporter protein CG�-GFP, is inhibited in yeast in the presence of FUS and overexpression of Sis1 mitigates
this effect. Cells were grown in liquid plasmid selective 2% galactose medium for 48 hours to overexpress control (p2039) or FUS
(p2049). In b and c GAL1-controlled Sis1 (p1767) or vector (p1768) were also expressed. Cycloheximide (0.5 or 0.7 mg/mL) was added,
and cells were collected at the minutes (Min) indicated. Protein was extracted, and run on SDS-PAGE. The blots were probed with anti-
GFP (1:10,000, Roche) to detect CG�-GFP levels (left) and anti-Pgk1 (1:10,000) as an internal loading control (right). Strains used were
L1749 [PIN+] (a and b) and L2910 [pin-] (c).
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overexpression relieves UPS inhibition caused by TDP-
43 or FUS. However, it is important to remember that
Sis1 overexpression could enhance proteasome function
independently of TDP-43 or FUS.

In summary, our results suggest that the presence of
heterologous aggregates in mammalian cells may influ-
ence the toxicity of a variety of disease-related proteins.
Our work also highlights chaperones and the UPS as key
therapeutic targets with broad neuroprotective potential
not only in ALS, but also in other neurodegenerative dis-
eases characterized by protein inclusions.
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