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Abstract p26, an abundantly expressed small heat shock protein, is thought to establish stress resistance in ovipa-
rously developing embryos of the crustacean Artemia franciscana by preventing irreversible protein denaturation, but
it might also promote survival by inhibiting apoptosis. To test this possibility, stably transfected mammalian cells pro-
ducing p26 were generated and their ability to resist apoptosis induction determined. Examination of immunofluores-
cently stained transfected 293H cells by confocal microscopy demonstrated p26 is diffusely distributed in the cytoplasm
with a minor amount of the protein in nuclei. As shown by immunoprobing of Western blots, p26 constituted approxi-
mately 0.6% of soluble cell protein. p26 localization and quantity were unchanged during prolonged culture, and the
protein had no apparent ill effects on transfected cells. Molecular sieve chromatography in Sepharose 6B revealed p26
oligomers of about 20 monomers, with a second fraction occurring as larger aggregates. A similar pattern was observed
in sucrose gradients, but overall oligomer size was smaller. Mammalian cells containing p26 were more thermotolerant
than cells transfected with the expression vector only, and as measured by annexin V labeling, Hoescht 33342 nuclear
staining and procaspase-3 activation, transfected cells effectively resisted apoptosis induction by heat and stauro-
sporine. The ability to confer thermotolerance and limit heat-induced apoptosis is important because Artemia embryos
are frequently exposed to high temperature in their natural habitat. p26 also blocked apoptosis in transfected cells
during drying and rehydration, findings with direct relevance to Artemia life history characteristics because desiccation
terminates cyst diapause. Thus, in addition to functioning as a molecular chaperone, p26 inhibits apoptosis, an activity
shared by other small heat shock proteins and with the potential to play an important role during Artemia embryo
development.

INTRODUCTION

Oviparously developing embryos of the crustacean Ar-
temia franciscana possess an abundant small heat shock
protein (sHSP) termed p26, which is thought to have an
important role in stress resistance (Clegg et al 1995; Jack-
son and Clegg 1996; Liang et al 1997a, 1997b; Liang and
MacRae 1999; Viner and Clegg 2001; Crack et al 2002;
Day et al 2003; MacRae 2003; Sun et al 2004). As examples
of stress tolerance, encysted Artemia embryos (cysts) sur-
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vive diapause, a genetically predetermined process in
which development and metabolism are arrested (Clegg
et al 1996; Jackson and Clegg 1996; Clegg and Jackson
1998; MacRae 2001, 2003, 2005). The embryos are indif-
ferent to desiccation, which normally kills most organ-
isms but is probably required for diapause termination in
Artemia (Drinkwater and Crowe 1987), and they endure
anoxia-imposed quiescence lasting several years (Clegg
1997; Clegg and Jackson 1998; Clegg et al 2000; Warner
and Clegg 2001). Like sHSPs from other species (MacRae
2000; Haslbeck 2002; Narberhaus 2002; Laksanalamai and
Robb 2004; Sun and MacRae 2005a, 2005b), p26 forms
oligomers and functions as a molecular chaperone in vi-
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tro, preserving citrate synthase, insulin, and tubulin
against denaturation and aggregation (Viner and Clegg
2001; Day et al 2003; Sun et al 2004, 2005; Sun and
MacRae 2005c). p26 confers thermotolerance on trans-
formed bacteria (Liang and MacRae 1999; Crack et al
2002, Sun et al 2004, 2005; Sun and MacRae 2005c), and
with the reducing sugar trehalose, it protects transfected
mammalian cells during drying and rehydration (Ma et
al 2005).

p26 represents approximately 10% of the soluble pro-
tein in Artemia cysts, an amount sufficient to prevent ir-
reversible denaturation of key proteins required for em-
bryo growth on termination of diapause and quiescence.
However, sHSPs function in other ways that might occur
in Artemia. They bind membranes in Mycobacterium tuber-
culosis (Zhang et al 2005), Synechocystis sp (Török et al
2001; Tsvetkova et al 2002), and the mammalian lens
(Cobb and Petrash 2000) by influencing fluidity. sHSPs
interact with cytoskeletal elements such as actin (Mounier
and Arrigo 2002; Panasenko et al 2003), tubulin (Day et
al 2003), and intermediate filaments (Wang et al 2003;
Duverger et al 2004), shielding against insult, modulating
polymerization, and affecting cell motility. Intact cyto-
skeletal elements are essential to mitosis and cell division,
both of which are delayed during Artemia postdiapause
development until larvae emerge from the cyst shell
(Nakanishi et al 1962; Olson and Clegg 1978). p26 might
bind tubulin in encysted Artemia embryos and prevent
microtubule formation until the sHSP is sufficiently de-
pleted during postdiapause development (Day et al 2003).
sHSPs, including p26, reversibly enter nuclei, in which
they associate with splicing-associated speckles, nucleoli,
and lamins with uncertain cellular consequences (Liang
and MacRae 1999; Willsie and Clegg 2002; Adhikari et al
2004; den Engelsman et al 2004). Another important pro-
cess influenced by sHSPs is apoptosis (Arrigo et al 2005;
Fan et al 2005; Kamradt et al 2005). In this paper, the
crustacean small heat shock protein p26 is shown to con-
fer thermotolerance on stably transfected mammalian
cells and inhibit apoptosis induction on exposure to heat
shock, drying/rehydration, and staurosporine. By extrap-
olation, p26 suppresses apoptosis in Artemia, increasing
the protective capacity of the sHSP during diapause and
on exposure to other physiological stresses experienced
by encysted embryos.

MATERIALS AND METHODS

Eukaryotic cell transfection

Purified p26 cDNA excised from pRSETC-p26-3-6-3
(Liang et al 1997b) with BamHI and XhoI was inserted
into linearized pSecTag2A (Invitrogen, Burlington, ON,
Canada) and used to transform Escherichia coli DH5a (In-

vitrogen). The identity of the cDNA insert was confirmed
by sequencing (DNA Sequencing Facility, Centre for Ap-
plied Genomics, Hospital for Sick Children, Toronto, ON,
Canada). The p26 cDNA-containing construct was used
to transfect 293H human kidney cells maintained at 378C
under 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen) containing 10% fetal bovine serum
(FBS; Invitrogen) and 1% antibiotic-antimycotic (Invitro-
gen) as reported previously (Ma et al 2005). Transfection
mixtures containing 250 mL of DMEM lacking FBS and
antibiotic; 1 mg of pSecTag2A plasmid, either with or
without p26 cDNA; and 3 mL of Lipofectamine 2000 (In-
vitrogen) were mixed, incubated at room temperature for
20 minutes, then added to each well of a 6-well plate
containing 293H cells grown to 80–85% confluence before
incubation at 378C for 24 hours. The transfection mixtures
were replaced with fresh DMEM containing FBS, and in-
cubation continued 24 hours. The cells were trypsinized;
collected by centrifugation at 80 3 g for 5 minutes; re-
suspended in DMEM supplemented with FBS, antibiotic-
antimycotic, and 200 mg/mL Zeociny (Invitrogen); and
incubated at 378C for 2 weeks in 100-mm tissue culture
plates. Individual colonies, transferred to 96-well plates
and maintained in selection medium containing Zeocin,
were expanded and screened for p26.

Immunodetection of p26

Cells grown to 60% confluence on coverslips for immu-
nofluorescent staining were rinsed twice with phosphate-
buffered saline (PBS; 140 mM NaCl, 2.7 mM KCl, 8.0 mM
Na2HPO4, 1.5 mM KH2PO4, pH 7.4), fixed with 4% para-
formaldehyde for 20 minutes at room temperature, rinsed
twice with PBS, and permeabilized with PBS containing
0.2% Triton X-100 (Sigma, Oakville, ON, Canada) for 8
minutes. The cells were rinsed twice with PBS containing
0.2% Triton X-100 and incubated for 20 minutes with
anti-p26 antibody (Liang et al 1997a) diluted in PBS con-
taining 0.2% Triton X-100. Three washes of 3 minutes
each with PBS containing 0.2% Triton X-100 preceded in-
cubation for 20 minutes in AlexaFlourt488-labeled, anti-
rabbit IgG secondary antibody (Molecular Probes, Eu-
gene, OR, USA) diluted in PBS containing 0.2% Triton X-
100. The cells were washed 3 times with PBS containing
0.2% Triton X-100, incubated with 5 mg/mL RNaseA
(Amersham Biosciences, Baie d’Urfé, Quebec, Canada)
for 10 minutes, washed twice in PBS, and incubated for
2 minutes with 0.40 mg/mL propidium iodide (Sigma).
The coverslips were rinsed with PBS, dipped in H2O, in-
verted onto 12 mL of mounting medium (0.2 M 1,4-dia-
zabicyclo[2.2.2]octane [DABCO] in 80% glycerol), sealed
with clear nail polish, and viewed with a Zeiss confocal
laser scanning microscope.

For immunoprobing of Western blots, transfected mam-
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malian cells grown to 100% confluence in 100-mm tissue
culture plates were rinsed with PBS; suspended in 100
mL of PBS containing 0.04 mg/mL each of soybean tryp-
sin inhibitor (Sigma), leupeptin (Sigma), and pepstatin A
(Sigma) and 0.08 mg/mL phenylmethylsufonyl fluoride
(PMSF; Sigma); and sheared with a 25-gauge needle be-
fore centrifugation at 12 000 3 g for 10 minutes at 48C.
Supernatant protein concentrations were determined
with the Bio-Rad protein assay (BioRad, Mississauga, ON,
Canada). Protein samples, including Artemia cyst extracts
(Sun et al 2004), were electrophoresed in 12.5% sodium
dodecyl sulfate (SDS) polyacrylamide gels and either
stained with Coomassie blue or blotted to nitrocellulose.
Western blots were blocked with 5% low-fat Carnation
milk powder in TBS-Tween (10 mM Tris-HCl, 140 mM
NaCl, 0.1% Tween 20, pH 7.4) for 30 minutes and incu-
bated for 15 minutes in anti-p26 antibody (Liang et al
1997a) diluted in TBS-Tween. The blots were washed 5
times for 3 minutes with TBS-Tween, incubated for 15
minutes with HRP-conjugated goat anti-rabbit IgG anti-
body (Jackson Immunologicals) diluted in HST (10 mM
Tris-HCl, 1 M NaCl, 0.5% Tween 20, pH 7.4), and washed
5 times for 3 minutes in TBS-Tween, followed by 1 wash
for 5 minutes in TBS (10 mM Tris-HCl, 140 mM NaCl,
pH 7.4). p26 was detected with the Western Lighting
Chemiluminescence Reagent Plus (Perkin Elmer Life Sci-
ences, Boston, MA, USA) and Super RX FujiFilm.

p26 was quantified in protein extracts prepared from
transfected mammalian cells by electrophoresing concur-
rently in 12.5% SDS polyacrylamide gels with protein ex-
tracts from nontransfected cells to which known amounts
of bacterially produced p26 had been added (Sun et al
2004). Proteins were transferred to nitrocellulose mem-
branes and probed with antibody, and p26 band density
was measured at 400 dpi with a UMAX Astra 1200S scan-
ner (UMAX Technologies, Inc, Dallas, TX, USA) for com-
parison to a standard curve generated each time p26 was
measured. Standard curves were produced with the
Trendline function of Microsoft Excel by plotting p26
band pixel densities obtained with the AnalystPro300
Soft Imaging System GmbH program (Lakewood, CO,
USA) against known amounts of bacterially produced
p26.

p26 oligomerization

p26 oligomer mass was determined by chromatography
of cell-free protein extracts in 0.1 M Tris-glycine buffer,
pH 7.4, at a flow rate of 5–10 mL/h in a Sepharose 6B
(Sigma) column (48 cm 3 1.0 cm) with collection of 1-
mL samples. Protein extracts from transfected mamma-
lian cells were also centrifuged at 288,000 3 g for 15
hours at 48C in 10 mL, 10–50% continuous sucrose gra-
dients in 0.1 M Tris-glycine buffer, pH 7.4, with a Beck-

man SW41 Ti rotor and Beckman Ultra-Cleary tubes (14
3 89 mm) (Beckman Coulter Canada Inc, Ville Saint-Lau-
rent, Quebec, Canada). The tubes were bottom-punctured
with an 18-gauge needle, and 1-mL samples were col-
lected. Pellets were recovered in the first sample. Samples
from gradients and columns were electrophoresed in
12.5% SDS polyacrylamide gels, blotted to nitrocellulose,
and probed with anti-p26 antibody.

Thermotolerance of transfected cells

Stably transfected mammalian cells were seeded at 5 3
105 cells/mL in 30-mm dishes and incubated at 378C for
24 hours. The dishes were sealed with Parafilm, heated
in a VWR programmable water bath (VWR International,
Mississauga, ON, Canada) at 468C for up to 1 hour and
then incubated for 24 hours at 378C. Nonattached and
trypsinized cells were pooled, centrifuged at 80 3 g for
5 minutes and suspended in 2 mL of cold PBS. To ascer-
tain cell viability, 0.5 mL of the PBS cell suspension was
added to 24 mL of DMEM supplemented with FBS, an-
tibiotic-antimycotic, and Zeocin in a T75 vented tissue
culture flask and incubated 2 weeks. The cells were
rinsed in PBS, stained with crystal violet (0.5% crystal
violet [Sigma], 50% methanol) for 15 minutes, rinsed
gently with PBS, air dried, and scanned with a UMAX
Astra 1200S scanner at 400 dpi. Scan density, in arbitrary
units, was determined with the AnalystPro300 Soft Im-
aging System GmbH program. Percentages were calcu-
lated by comparing the scan density of each flask with
the flask density after heating for 1 hour, which killed all
cells. Experiments were done in triplicate.

Apoptosis in heat-stressed cells

Heat-stressed mammalian cells, prepared as described,
were examined for entry into apoptosis by suspension
in 100 mL of annexin V binding buffer (10 mM HEPES,
140 mM NaCl, 25 mM CaCl2, pH 7.4), followed by ad-
dition of 25 mL of annexin V-Alexa Fluort488 conjugate
(Molecular Probes) and 2 mL of 10 mg/mL propidium
iodide (Molecular Probes). The cells were placed on
poly-L-lysine–coated coverslips, incubated for 15 min-
utes in the dark at room temperature, rinsed with an-
nexin V binding buffer, fixed in cold 4% paraformal-
dehyde for 30 seconds, rinsed with PBS, and inverted
on 12 mL of mounting medium. Alternatively, 0.5 mL
of cell suspension was applied to poly-L-lysine–coated
coverslips for 15 minutes, rinsed in PBS, fixed 30 sec-
onds in cold 4% paraformaldehyde, and rinsed with
PBS before staining. The cells were also stained with
10 mg/mL Hoescht 33342 (Molecular Probes). All cov-
erslips were sealed with clear nail polish and viewed
with a Leitz Aristoplan fluorescence microscope. Ex-
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Fig 1. Immunostaining of E119L cells. E119L cells immunostained
with antibody to p26 and Alexa FluorT488-labeled anti-rabbit IgG
secondary antibody (green) were incubated with propidium iodide to
reveal nuclei (red) and examined by confocal microscopy. c, chro-
mosomes; d, dividing cell. Bar 5 25 mm (D). All figures are the same
magnification.

periments were performed at least in triplicate, and 500
or more cells were counted each time.

Apoptosis in transfected cells during drying and
rehydration

Stably transfected mammalian cells, vacuum dried in the
presence of trehalose at room temperature in 50-mL
round droplets to 0.35 g H2O per gram dry weight, were
rehydrated with DMEM supplemented with 10% bovine
calf serum, 1% penicillin/streptomycin, 1% MEM non-
essential amino acids solution, 0.05% Zeocin, and 1% HE-
PES buffer solution (Ma et al 2005). Cells were then in-
cubated in either the presence or absence of 30 mM OPH-
109, a pan-caspase inhibitor (MP Biomedicals, Irvine, CA,
USA) at 378C for 24 hours in medium containing 100 mM
trehalose. To quantitate apoptosis and viability, cells were
stained with FITC-DEVD-FMK, a fluorescently labeled
inhibitor of activated caspase-3 (Oncogene Research
Products, San Diego, CA, USA), and propidium iodide
before analysis in a Beckman Coulter Cytomics FC 500
flow cytometry system.

Apoptosis in staurosporine-exposed cells

Transfected mammalian cells seeded at 5 3 105 cells/mL
in 30-mm dishes were incubated at 378C for 24 hours.
Growth medium was removed, fresh medium containing
0.2 mM staurosporine (Sigma) was added, and cells were
incubated at 378C for up to 30 hours. Nonattached and
trypsinized cells were pooled, centrifuged at 80 3 g for
5 minutes, suspended in 2 mL of cold PBS, and stained
with either annexin V-Alexa Fluort488 conjugate and 2
mL of 10 mg/mL propidium iodide or 10 mg/mL Hoescht
33342.

Inhibition of procaspase-3 activation

Nonattached and trypsinized cells, obtained 6 hours after
either heat shock or staurosporine exposure, were pooled,
centrifuged at 80 3 g for 5 minutes, rinsed with cold PBS,
resuspended in 23 treatment buffer (0.25 M Tris, 5.5 M
glycerol, 3 M 2-mercaptoethanol, 8% SDS), and heated in
a boiling water bath for 3 minutes. The samples were
electrophoresed in 12.5% SDS–polyacrylamide gels, blot-
ted to nitrocellulose, and probed with a mouse monoclo-
nal antibody to caspase-3 (IMGENEX, San Diego, CA,
USA) followed by HRP-conjugated goat anti-mouse IgG
antibody.

RESULTS

p26 in stably transfected mammalian cells

Transfection of 293H cells with the p26 cDNA–containing
eukaryotic expression vector pSecTag2A, followed by se-

lection in Zeocin, yielded several stably transfected cell
lines that varied in staining intensity on exposure to anti-
p26 antibody. The clone designated E11‘L, shown previ-
ously to possess enhanced dehydration tolerance in the
presence of trehalose (Ma et al 2005), was selected for
further examination because it reacted strongly with anti-
p26 antibody and fluorescence was relatively constant
from cell-to-cell, although a few cells stained weakly or
failed to react with antibody. Nontransfected cells and
those transfected with vector only lacked immunofluo-
rescent staining with antibody to p26. The E11‘L line con-
tained single cells, some with morphologically complex
nuclei (Fig 1A), small clumps of cells (Fig 1B), and larger
clumps of varying size (Fig 1C, D), as well as cells in
monolayer sheets that looked very much like nontrans-
fected lines (see Fig 3C). p26 was mainly cytoplasmic
with minor quantities in nuclei. As revealed by propi-
dium iodide, some transfected cells contained chromo-
somes, an observation indicative of growth and division
(Fig 1C, D). Immunoprobing of Western blots containing
E11‘L protein extract resolved in SDS polyacrylamide
gels revealed a reactive band of the size expected for p26,
confirming synthesis of the protein (Fig 2A). p26 re-
mained at 0.6% 6 0.2% of total soluble protein during
extended culture of the E11‘L line (Fig 2B), and the pro-
tein caused no apparent detrimental effects on the cells.
p26 oligomers in E11‘L cell extracts reached approxi-
mately 400 kDa in mass (20 subunits) as determined by
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Fig 2. p26 from E119L cells. (A) Protein extracts from E119L cells were electrophoresed in 12.5% SDS polyacrylamide gels and either
stained with Coomassie blue (upper panel) or blotted to nitrocellulose and immunostained with antibody to p26 (lower panel). Lane 1: 10.0
and 5.0 mg of Artemia embryo protein for gel and blot, respectively; lane 2: 30 mg of protein extract from 293H cells transfected with vector
only; lane 3: 30 mg of protein extract from E119L cells early in culture; lane 4: 30 mg of protein extract from E119L cells after 50 days in
culture. (B) E119L protein extract and purified p26 produced in bacteria were electrophoresed concurrently in 12.5% gels, blotted to nitro-
cellulose, probed with anti-p26 antibody, and scanned with the UMAX Astra 1200S scanner. The amount of p26 was determined by comparing
the p26 band pixel density in the E119L lane to the standard curve derived with bacterially produced p26. Insert lane 1: 0.2 mg; lane 2: 0.3
mg; lane 3: 0.4 mg; lane 4: 0.5 mg; lane 5: 0.6 mg; lane 6: 0.7 mg of protein. Lane 7 contained 40 mg of E119L cell protein. (C) Protein extracts
from E119L cells were either chromatographed in Sepharose 6B columns (upper panel) or centrifuged in 10–50% continuous sucrose gradients
(lower panel). Collected fractions were electrophoresed in 12.5% SDS polyacrylamide gels, blotted to nitrocellulose, and immunostained with
antibody to p26 (inserts). Labeled arrowheads, molecular mass markers 3 1023.

Sepharose 6B chromatography, but only 150 kDa (6 sub-
units) if measured by sucrose density gradient centrifu-
gation (Fig 2C). Most p26 oligomers contained 4 to 8 sub-
units, with large aggregates eluting near the void volume
of Sepharose 6B columns and forming pellets on centri-
fugation. pSecTag2A, one of many vectors tested during
this work for p26 production in mammalian cells, is a
secretion vector, but p26 was not detected in medium
used for culture of E11‘L to confluence, even when me-
dium was concentrated 5-fold (Ma et al 2005). Addition-
ally, E11‘L cell cytoplasm lacked discrete staining foci in-
dicating p26 was not in membrane-bound cytoplasmic or-
ganelles.

Enhanced thermotolerance of E119L cells

E11‘L cells were significantly more resistant to heating
than cells transfected with vector only (Fig 3). Almost
100% of E11‘L cells were viable after 15 minutes at 468C
compared with 58% of controls transfected with vector

only. Enhanced survival of E11‘L cells occurred at other
time points, with the most pronounced disparity at 30
minutes, but there was no difference after 1 hour at 468C.
Variation in survival was readily apparent on visual ex-
amination of culture flasks stained with crystal violet (Fig
3B), and cells lacking p26 were more rounded and gran-
ular after heating than were those possessing the protein
(Fig 3C).

p26 reduces apoptosis in heat-stressed cells

Less than 20% of E11‘L cells exposed to a 30-minute heat
shock and then incubated for 24 hours showed annexin
V staining, whereas under the same conditions, over
40% of cells transfected with vector only were apoptotic
(Fig 4A, C, D). Similar results were seen after 45 minutes
of heat shock, but after 60 minutes, apoptosis was almost
identical in both cell types. The findings were compa-
rable to those obtained by staining with Hoescht 33342
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Fig 3. p26-dependent thermotolerance in transfected mammalian
cells. (A) E119L cells and cells transfected with vector only were heat
shocked for 0, 15, 30, 45, and 60 min at 468C; incubated in T75
vented tissue culture flasks for 2 weeks; and stained with crystal
violet. Nonshaded bar, E119L; shaded bar, cells lacking p26. The
data are the mean 6 standard error of 3 independent experiments.
(B) Crystal violet–stained flasks containing E119L (left side) and con-
trol (right side) cells heat shocked for 30 min before incubation for
2 weeks. (C) Nomarski images of cells either containing (E119L) or
lacking (control) p26 after heat shock for 30 minutes. The bar in the
lower right panel represents 50 mm, and all pictures are the same
magnification.

Fig 4. p26 reduces heat-induced apoptosis. E119L and cells trans-
fected with vector only were heat shocked at 468C for the times
indicated, incubated at 378C for 24 hours, and stained with either
annexin V-Alexa FluorT488 conjugate (A) or Hoescht 33342 (B).
Nonshaded bar, E119L cells; shaded bar, cells lacking p26. The data
are the mean 6 standard error of 3 independent experiments. Cells
heat shocked for 30 minutes were either double-stained with propi-
dium iodide (red) and annexin V-Alexa FluorT488 conjugate (green)
(C, D) or stained with Hoescht 33342 (E). Arrows in panel E indicate
apoptotic cell nuclei. Bar 5 40 mm (D), which has the same mag-
nification as (C). Bar 5 15 mm (E).

(Fig 4B, E), confirming that p26 inhibited heat-induced
apoptosis.

p26 limits apoptosis induction by dehydration and
rehydration

On drying and rehydration, apoptosis was significantly
reduced and viability increased in E11‘L cells compared
with cells transfected with vector only (Fig 5). Approxi-
mately 15% of trehalose-containing E11‘L cells were ap-
optotic after drying and rehydration, as shown by stain-
ing with FITC-DEVD-FMK and propidium iodide, in con-
trast to approximately 45% of cells lacking p26 (Fig 5A,
C, E). OPH-109 had little effect on E11‘L cells, presumably
because p26 suppressed caspase activation (Fig 5C–E),
whereas exposure to this pan-caspase inhibitor tended to

decrease apoptosis and increase viability in cells lacking
p26 (Fig 5A, B, E).

p26 decreases apoptosis in cells exposed to
staurosporine

E11‘L cells were more resistant to staurosporine expo-
sure, a commonly used apoptosis inducer, than were cells
lacking p26 (Fig 6). After a 6-hour exposure to stauro-
sporine, approximately 12% of E11‘L cells exhibited an-
nexin staining, whereas 55% of 293H cells transfected
with vector only were apoptotic (Fig 6A). This difference
was transient and not observed following 12 hours or
more of staurosporine treatment, reflecting increased dif-
ficulty in detecting annexin-stained cells because of mem-
brane fragmentation. Staining with Hoescht 33342 veri-
fied that p26 inhibited staurosporine-induced apoptosis
with approximately 2 to 3 times more apoptotic cells after
6 hours or more of staurosporine exposure in cells lacking
p26 compared with those with the protein (Fig 6B).
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Fig 5. p26 blocks apoptosis on cell drying and rehydration. E119L
cells and cells transfected with vector only were vacuum dried to
0.35 g H2O per gram dry weight, rehydrated, incubated in either the
presence or absence of the pan-caspase inhibitor OPH-109, then
stained with FITC-DEVD-FMK, a fluorescently labeled inhibitor of
activated caspase-3, and propidium iodide before analysis by flow
cytometry. (A) 293H cells transfected with vector only; (B) 293H cells
transfected with vector only and incubated with OPH-109; (C) E119L
cells; (D) E119L cells incubated with OPH-109. (E) Experiments in
panels A–D were done in triplicate; the results were averaged and
plotted with standard error. N1, dead cells; N2, apoptotic and dead
cells; N3, live cells; N4, apoptotic cells.

Inhibition of procaspase-3 activation by p26

Reduction in apoptosis suggested that procaspase-3 ac-
tivation is inhibited. This possibility was investigated by
probing cell-free protein extracts for procaspase-3 frag-
mentation, which is indicative of enzyme activation. Heat
shock and staurosporine exposure generated a 12-kDa
caspase fragment in 293H cells lacking p26, but not in
E11‘L cells, demonstrating that lower levels of apoptosis
were accompanied by reduced caspase-3 activation (Fig
7). The 17-kDa fragment increased moderately in heated
E11‘L cells, but the 12-kDa fragment was not observed
even after 1 hour at 468C. In contrast, procaspase-3 frag-
mentation reached its maximum in cells lacking p26 after
15 minutes of heat treatment and then declined. Procas-
pase-3 fragmentation was also different after exposure to
staurosporine for 6 hours, the only time tested.

DISCUSSION

p26 is thought to function as a molecular chaperone, pre-
venting irreversible protein denaturation in oviparously
developing Artemia embryos (Liang et al 1997a; Liang
and MacRae 1999; Viner and Clegg 2001; Crack et al 2002;
Day et al 2003; Sun et al 2004; Sun and MacRae 2005c).
Protection is important because encysted Artemia embry-
os must survive greatly reduced metabolic activity asso-
ciated with diapause, as well as high temperature, anoxia,
and desiccation (Clegg et al 1996; Jackson and Clegg 1996;
Clegg 1997; Clegg and Jackson 1998; Clegg et al 2000;
Warner and Clegg 2001; MacRae 2003). In vitro experi-
ments indicate protection is due to chaperoning; however,
p26 might function in other ways, including insertion into
membranes and inhibition of apoptosis, properties not
previously investigated for this sHSP. The purpose of this
study was to determine whether p26 possesses anti-ap-
optotic activity, thereby indicating a second way the pro-
tein shields oviparous Artemia embryos while contribut-
ing to the general appreciation of sHSP function.

Several vectors were employed in conjunction with im-
munofluorescent staining to obtain stably transfected
mammalian cells synthesizing p26, and unexpectedly, the
pSecTag2A vector designed for secretion of exogenous
protein proved most successful. The E11‘L line chosen for
experiments described in this paper exhibited diffuse p26
distribution within the cytoplasm. Moreover, the protein
was not detected extracellularly by immunoprobing of
Western blots with the enhanced chemiluminescence pro-
cedure, even though cell confluence was reached in cul-
ture dishes and growth medium used in experiments was
concentrated 5-fold before electrophoreses and blotting
(Ma et al 2005). Why p26 failed to exit transfected cells
is unknown but might reflect the general properties of
sHSPs, such as oligomerization and interaction with pro-

tein substrates, or a characteristic peculiar to p26. Ap-
proximately 0.6% of the soluble protein from E11‘L cells
was p26 compared with 0.05–0.22% for sHSPs, including
murine fibrosarcoma L929 cell Hsp27 (Paul et al 2002),
human aA- and aB-crystallins in human lens epithelial
cells (Mao et al 2004), and mouse lens epithelial cell aB-
crystallin (Andley et al 2000). p26 production was main-
tained during long-term culture with no apparent effects
on cells, which is of interest because p26 binds tubulin
and could disrupt cell activities by inhibiting microtu-
bule-dependent processes (Day et al 2003). However, be-
cause transfected cells grow and divide, interaction with
p26 appears to protect tubulin in stressed cells but not
provide a mechanism to modulate cell growth and divi-
sion per se. Oligomerization is important for sHSP func-
tion (Sun and MacRae 2005b), and the predominant size
for p26 in E11‘L cells is 4–8 subunits, although as indi-
cated by Sepharose 6B chromatography, some oligomers
consisted of 20 subunits. p26 maximum oligomer size
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Fig 6. p26 reduces staurosporine-induced apoptosis. E119L cells
and cells transfected with vector only were treated with 0.2 M stau-
rosporine for the times indicated and then stained with either annexin
V-Alexa FluorT488 conjugate (A) or Hoescht 33342 (B). Nonshaded
bar, E119L cells; shaded bar, cells lacking p26.

Fig 7. Inhibition of procaspase-3 activation by p26. E119L cells (A)
and cells transfected with vector only (B) were either heat shocked
at 468C or exposed to staurosporine for 6 hours, as described in
Materials and Methods. Protein extracts were prepared from these
cells, electrophoresed in 12.5% SDS polyacrylamide gels, blotted to
nitrocellulose, and probed with anti–caspase-3 antibody. Lanes 1–
5: protein extracts from cells heat shocked for 0, 15, 30, 45, and 60
minutes, respectively. Lanes 6, 7: extracts from cells exposed to 0.0
and 0.2 mm, respectively, of staurosporine for 6 hours. Approxi-
mately equal amounts of protein were applied to each lane. Pro,
procaspase-3; 17 kDa, 17-kDa fragment from procaspase-3; 12 kDa,
12-kDa fragment from procaspase-3.

was smaller when determined by sucrose density gradi-
ent centrifugation compared with Sepharose 6B chroma-
tography, reflecting differences in the methods. Nonethe-
less, p26 oligomers smaller on average than those in en-
cysted Artemia embryos (Liang et al 1997a) prevent death

and apoptosis in heat-stressed mammalian cells. Previous
analysis demonstrated that other HSPs did not increase
in response to p26 in the E11‘L line (Ma et al 2005).

p26 is shown for the first time to confer thermotoler-
ance on eukaryotic cells and, in concert with trehalose, to
protect cells during dehydration (Ma et al 2005). Addi-
tionally, staining with annexin V-Alexa Fluort488 conju-
gate, which binds to the plasma membrane of cells early
in apoptosis, and Hoescht 33342, used to detect frag-
mented or condensed nuclei, demonstrated that p26 re-
duced apoptosis induction by heating more than 50%.
Similar results were obtained when cells were exposed
to staurosporine. Procaspase-3 fragmentation, indicative
of enzyme activation, was suppressed by p26 in cells on
heat shock or exposure to staurosporine, indicating a di-
rect association between levels of caspase-3 activity and
apoptosis. Dehydration/rehydration-induced apoptosis
was repressed substantially by p26 and, as shown by in-
difference to the pan-caspase inhibitor OPH-109, caspase
was inhibited in rehydrated cells containing p26.

Examination of other sHSPs suggests how p26 modu-
lates apoptosis, a process that might vary depending on
how apoptosis is induced. As one example, heat-induced
release of cytochrome c from L929 cell mitochondria, an
early apoptotic event, is decreased by Hsp27, repressing
caspase activation and cell death (Samali et al 2001; Paul
et al 2002). Hsp27 suppresses apoptosis in U937 human
leukemic cells on exposure to ectoposide, a topoisomerase
II–reactive chemical, by interacting with cytochrome c,
thus interfering with ATP-dependent activation of pro-
caspase-9 and subsequently procaspase-3 by apoptotic
protease activating factor (Garrido et al 1999; Bruey et al
2000). Hsp27 interferes with cytochrome c release caused
by the protein kinase inhibitor staurosporine, perhaps by
intracellular signaling related to microfilament damage,
as is thought to occur in transfected murine fibrosarcoma
L929 cell lines (Paul et al 2002). The ability of human
Hsp27 to prevent apoptosis initiation by staurosporine in
murine L929 cells is shared by Drosophila DHsp27 and
human aA- and aB-crystallins, suggesting that inhibition
depends on the conserved a-crystallin domain (Mehlen
et al 1996; Arrigo 1998; Andley et al 2000; Paul et al 2002).
Hsp27 also slows apoptosis by interacting directly with
procaspase-3 (Pandey et al 2000; Concannon et al 2003).

Human aB-crystallin hinders apoptosis in lens epithe-
lial cells exposed to UVA by suppressing the Raf/MEK/
ERK signaling pathway, whereas aA-crystallin prevents
apoptosis by activating AKT kinase (Liu et al 2004). As
another mechanism, human aA- and aB-crystallins inter-
act with the apoptosis-promoting Bcl-2 family members,
Bax and Bcl-Xs, preventing movement from cytosol into
mitochondria and inhibiting staurosporine-induced apo-
ptosis by preserving mitochondrial integrity and limiting
cytochrome c release (Mao et al 2004). aB-crystallin pro-
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tects cancer cells against caspase-3 activation and apopto-
sis on exposure to tumor necrosis factor–related apopto-
sis-inducing ligand by a mechanism that might depend
on aB-crystallin oligomerization (Kamradt et al 2005). aB-
crystallin averts apoptosis by H2O2 by interacting with
procaspase-3 and partially processed procaspase-3 in
rabbit lens epithelial cells N/N1003A (Mao et al 2001)
and human MDA-MB-231 cells (Kamradt et al 2001),
thereby antagonizing caspase-3 processing. The proteo-
lytic activation of caspase-3 caused by growth factor dep-
rivation of cultured murine myogenic C2C12 cells is re-
pressed by aB-crystallin (Kamradt et al 2002).

Relationships between sHSPs, development, and cell
differentiation are of interest in the context of p26 func-
tion during Artemia diapause, but studies on these rela-
tionships are limited. Early transient expression of Hsp27
counters apoptosis that occurs normally during dopa-
mine-dependent differentiation of rat olfactory neuro-
blasts, suggesting that Hsp27 influences the decision be-
tween death and differentiation (Mehlen et al 1999). Con-
stitutive overexpression of Hsp27 enhances the early
phase of CGR8 murine embryonic stem cell differentia-
tion accompanied by reduced cell proliferation, whereas
decreasing Hsp27 leads to greater cell death (Mehlen et
al 1997). In addition, growth factor deprivation in myo-
blasts causes either differentiation into multinucleated
myoblasts or apoptosis. Myogenic precursors must ac-
quire resistance to apoptosis if they are to develop, which
might depend on caspase-3 inhibition by aB-crystallin
but not Hsp27 early in differentiation (Kamradt et al
2002).

The sHSPs modulate apoptosis by reacting with cyto-
chrome c, signaling pathway molecules, mitochondrial in-
teractive proteins, and procaspase-3, clearly regulating
both mitochondrial and death receptor apoptotic path-
ways. Determining how p26 inhibits apoptosis in trans-
fected mammalian cells will provide an interesting per-
spective on sHSP function and indicate how p26 protects
encysting Artemia embryos from apoptosis, a capability
of the protein shown for the first time in this report.
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