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a b s t r a c t

Hsp105 is a major mammalian heat shock protein that belongs to the Hsp105/110 family, a diverged sub-
group of the Hsp70 family. Hsp105 not only protects the thermal aggregation of proteins, but also regu-
lates the Hsc70 chaperone system in vitro. Recently, it has been shown that Hsp105/110 family members
act as nucleotide exchange factors for cytosolic Hsp70s. However, the biological functions of Hsp105/110
family proteins still remain to be clarified. Here, we examined the function of Hsp105 in mammalian
cells, and showed that the sensitivity to various stresses was enhanced in the Hsp105-deficient cells com-
pared with that in control cells. In addition, we found that deficiency of Hsp105 impaired the refolding of
heat-denatured luciferase in mammalian cells. In contrast, overexpression of Hsp105a enhanced the abil-
ity to recover heat-inactivated luciferase in mammalian cells. Thus, Hsp105 may play an important role in
the refolding of denatured proteins and protection against stress-induced cell death in mammalian cells.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Heat shock proteins are a set of highly conserved proteins pro-
duced in response to physiological and environmental stresses that
serve to protect cells from stress-induced damage by preventing
protein denaturation and/or repairing such damage [1]. Mamma-
lian heat shock proteins are classified into several families on the
basis of their apparent molecular weight and function, such as
HSP105/110, HSP90, HSP70, HSP60, HSP40, and HSP27. The HSP
70 family is the major and best-characterized group of heat shock
proteins. Several different species of HSP70 family proteins are
present in different compartments of eukaryotic cells and play
important roles as molecular chaperones that prevent the irrevers-
ible aggregation of denatured proteins. Hsp70s also assist the fold-
ing, assembly, and translocation across the membrane of cellular
proteins [2,3].

Hsp105a and Hsp105b are mammalian members of the
Hsp105/110 family, a diverged subgroup of the Hsp70 family.
Hsp105a is expressed constitutively and induced by various forms
of stress, while Hsp105b is an alternatively spliced form of
Hsp105a that is specifically produced following heat shock at
42 �C [4–6]. These proteins suppress the aggregation of denatured

proteins caused by heat shock in vitro, as does Hsp70 [7]. Further-
more, Hsp105a and Hsp105b exist as complexes associated with
Hsp70 and Hsc70 in mammalian cells [8], and regulate the Hsc70
chaperone system [7,9]. Recently, it has been shown that mamma-
lian and yeast Hsp105/110 family members act as nucleotide ex-
change factors for cytosolic Hsp70s [10–12]. Furthermore, the
yeast Hsp105/110 homolog, Sse1p, has been shown to be an
important component of the folding machinery for newly synthe-
sized proteins [10] and heat-denatured proteins [11]. However, hu-
man and yeast Hsp105/110 proteins show significant differences in
their biochemical properties, such as thermostability and intrinsic
ATPase activity [13]. In addition, several evolutionarily unrelated
families of NEFs have been identified in mammalian cells, and it
is unclear whether mammalian Hsp105/110 family proteins act
as an important component of the protein folding machinery in
mammalian cells.

Here, we examine the function of Hsp105a in mammalian cells
using the Hsp105-deficient cells, and show that Hsp105a plays an
important role in protein refolding and protection against stress-
induced cell death in mammalian cells.

2. Materials and methods

2.1. Cell culture and stress treatments

Mouse fibroblast C3H10T1/2 cells were obtained from RIKEN
Bioresource Center Cell Bank (Tsukuba, Japan) and were cultured
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in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum in a humidified atmosphere of 5%
CO2 in air at 37 �C. Hsp105-deficient mouse embryonic fibroblasts
(hsp105�/� MEFs) and wild-type mouse embryonic fibroblasts
(hsp105+/+ MEFs) were prepared from day 13.5 hsp105 knockout
mouse embryos as described previously [14]. These cells were cul-

tured in DMEM containing a higher concentration of glucose
(4.5 mg/ml) supplemented with 10% fetal bovine serum in a
humidified atmosphere of 5% CO2 in air at 37 �C.

Staurosporine was dissolved in dimethylsulfoxide at a concen-
tration of 1 mM, and diluted with culture medium to concentra-
tions ranging from 0.05 to 0.8 lM. Cells were incubated in the
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Fig. 1. Deficiency of Hsp105 enhances the sensitivity to various stresses in mouse embryonic fibroblasts. Wild-type (hsp105+/+) MEFs and hsp105�/� MEFs were treated at
45 �C for 15–60 min and further incubated at 37 �C for 6 h (A), exposed to 0.2–0.8 lM staurosporine (B), or exposed to 0.2–0.8 mM H2O2 for 1 h and further incubated at 37 �C
for 6 h (C). Cell viability was then determined by neutral red assay. Values represent the means ± SD of three independent experiments performed in triplicate. The
significance of differences was assessed by an unpaired Student’s t-test. ⁄p < 0.05 for viability in hsp105+/+ MEFs vs. hsp105�/� MEFs. (D) hsp105+/+ MEFs and hsp105�/� MEFs
cells were grown on coverslips, treated at 45 �C for 15 min and further incubated at 37 �C for 6 h, exposed to 0.4 lM staurosporine for 6 h, or exposed to 0.5 mM H2O2 for 1 h
and further incubated at 37 �C for 6 h. Cells were washed with PBS, fixed with 3.7% formaldehyde, and stained with 10 lM Hoechst 33342. Nuclear morphology of cells was
observed using a fluorescence microscope. Arrows indicate the apoptotic cells. (E) Rates of apoptosis were calculated using at least 200 cells in each experiment. Values
represent the means ± SD of four independent experiments. The significance of differences was assessed with an unpaired Student’s t-test. ⁄p < 0.01 for viability in hsp105+/+

MEFs vs. hsp105�/� MEFs.
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