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Abstract Hypoxia-inducible factor-1o. (HIF-1a) has been
reported to regulate over 100 gene expressions in response
to hypoxia and other stress conditions. In the present study,
we found that arsenite could induce HIF-1ua protein accu-
mulation in both mouse epidermal Cl41 cells and mouse
embryonic fibroblasts (MEFs). Knockout of p85«, a regu-
latory subunit of PI-3K, in MEFs (p850'") dramatically
decreased the arsenite-induced HIF-1a¢ accumulation,
indicating that p85« is crucial for arsenite effects on the
stabilization of HIF-1o protein. Our further studies suggest
that arsenite could induce inducible Hsp70 expression, and
transfection of inducible Hsp70 into p85x~'~ MEFs could
restore HIF-1a protein accumulation. Moreover, the results
using EMSA and Supershift assays indicate that p85« is
crucial for arsenite-induced activation of the heat-shock
transcription factor 1 (HSF-1), which is responsible for
transcription of inducible Hsp70. Taken together, p85a-
mediated HIF-1o stabilization upon arsenite exposure is
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Abbreviations
DMEM  Dulbecco’s modified Eagle’s medium

EMSAs  Electrophoretic mobility shift assays

FBS Fetal bovine serum

JNKs c-Jun N-terminal kinases

HIF-1 Hypoxia-inducible factor-1

HSF Heat-shock transcription factor

Hsps Heat shock or stress proteins

MEFs Mouse embryonic fibroblasts

RT-PCR Reverse transcription polymerase chain
reaction

PI-3K Phosphatidylinositol-3-kinase

shRNA  Short hairpin RNA

Introduction

Hypoxia-inducible factor-1 (HIF-1) is an important tran-
scription factor that is responsible for regulating over 100
genes related to cellular growth and migration upon
hypoxia and other stresses [1-3]. The hypoxic condition is
reported to be involved in the pathogenesis of many dis-
eases, including cancers [4, 5]. The increased HIF-1
expression in cancer cells is associated with resistance to
radiotherapy and chemotherapy as well as poor prognosis
[6, 7]. The involvement of HIF-1 in pathophysiological
conditions and its value as a therapeutic target have
attracted considerable attention to obtain the understanding
of HIF-1 regulation.
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The HIF-1 transcriptional unit is a heterodimer that is
composed of the regulatory HIF-1o subunit and the
constitutively expressed HIF-1f subunit. The biological
function of HIF-1 is largely dependent on the expression of
HIF-1o. HIF-1a protein is maintained at low levels under
normoxia due to continuous degradation via the 26S pro-
teasome pathway [8], whereas the protein levels increase
rapidly in response to hypoxia and other stress conditions.
The regulation of HIF-1a has mainly been addressed at
translational and post-translational levels (reviewed in [9]).

Class IA phosphatidylinositol 3-kinase (PI-3K) is a
central component for transducing signals essential for
multiple cellular processes, including cell proliferation,
differentiation, motility, and survival [10]. PI-3K is a het-
erodimer consisting of a 110-kDa catalytic subunit (p110)
and a regulatory subunit, p85. Among several isoforms of
PI-3K, p110/p85« is predominantly expressed in most tis-
sues and is thought to be the major element responsible for
cellular response to most stimuli [11, 12]. In addition to
forming a complex with the pl10 catalytic subunit, p85«
also exists in a monomeric form due to the greater abun-
dance of p85x than p110 in many cell types [12]. In our
previous study, we have demonstrated that p85« plays an
important role in cellular apoptotic response due to UV
radiation in a PI-3K independent manner [13]. It has also
been reported that monomeric p85« is involved in activa-
tion of several signal pathways [14, 15]. Although a few
previous studies have reported that PI-3K/Akt pathway is
involved in the regulation of HIF-1o in some experimental
systems, there are contradictory results in some other
experimental systems [16-19]. Currently, the detailed
molecular mechanisms linking PI-3K and its major com-
ponent p85a to HIF-1a expression remain unclear.

Arsenic is a well-recognized human carcinogen [20] that
is distributed ubiquitously in soil and water [21]. Arsenic
exposure is related to an increased risk for many human
cancers, including lung, bladder, and skin cancers [22].
Unlike other carcinogens, arsenic itself does not induce
significant DNA damage or gene mutation [23]. Instead,
arsenic exposure promotes carcinogenesis by activating
several signaling pathways, which lead to trans-activation of
transcription factors and their downstream genes [23-25].
Although HIF-1« has been reported to be activated by arse-
nite in both in vivo and in vitro [26-28], the detailed
molecular mechanisms leading to HIF-1a expression and
activation due to arsenite exposure are not well understood at
this time.

In the current study, we found that arsenite exposure
induced HIF-1a protein accumulation in both mouse epi-
dermal Cl41 cells and mouse embryonic fibroblasts
(MEFs). Through the introduction of p850¢~'~ MEFs and
the corresponding wild-type p850™" MEFs into our
experimental system, we found that p85x was essential in

this process. Unlike its role in UV-induced cellular apop-
totic response, p85a exerted its effect on HIF-1a protein
accumulation by transcriptionally increasing inducible
Hsp70 expression through a PI-3K/Akt/HSF-1-dependent
pathway in cellular response to arsenite exposure.

Materials and methods
Plasmids, antibodies, and other reagents

pcDNA3-Asp70 plasmid was kindly provided by Dr. Hector
Wong from the Children’s Hospital Medical Center, Cin-
cinnati, OH, USA [29]. Hsp70-luciferase reporter was a
gift from Dr. Alice Liu (Rutgers State University of New
Jersey) [30]. Inducible Asp70 shRNAs were bought from
Open Biosystems (Huntsville, AL, USA) with the hairpin
sequence: (1) ccg ggce tga cga aga tga agg aga tct cga gat
ctc ctt cat ctt cgt cag ctt ttt, and (2) ggg aac ccg cag aac acc
gtg ttc tcg aga aca cgg tgt tct gcg ggt tet tttt. MG132 and
CHX were purchased from Calbiochem (San Diego, CA,
USA), and Wortmannin was bought from Sigma (St. Louis,
MO, USA). Antibodies specific against Hsp70, inducible
Hsp70, p-Akt473, p-Akt-308, and Akt were bought from
Cell Signaling (Beverly, MA, USA), antibodies against
HIF-1a were purchased from Bethyl (Montgomery, TX,
USA), anti-HSF-1 and anti-Hsp90 were purchased from
Stressgene (Ann Arbor, MI, USA), anti-f-actin and anti-
myc were purchased from Sigma, anti-Lamin B was bought
from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
and anti-GAPDH was purchased from Abcam (Cambridge,
MA, USA). The luciferase assay substrate was purchased
from Promega (Madison, WI, USA).

Cell culture and transfection

p85¢~'~ mouse embryo fibroblasts (MEF cells) and its
corresponding p850" MEFs were described in our pre-
vious study [13] and cultured in 37°C with 5% CO, using
DMEM containing 10% FBS, 1% penicillin/streptomycin,
and 2 mM L-glutamine (Life Technologies). Mouse epi-
dermal cell line Cl41 cells and their stable transfectants,
Cl41 Ap85x massl and Cl41 DN-Akt T308A/S473A [31],
were cultured with Eagle’s MEM with 5% FBS, 2 mM
L-glutamine, and 25 pg/ml gentamicin. HSF1~'~ and
HSF1™* MEF cells were kindly provided by Dr. Hector R.
Wong (Children’s Hospital Medical Center, Cincinnati,
OH, USA), and were cultured as previously described [32].
Cell transfections were conducted with FuGENE® HD
(Roche Applied Science) following the manufacturer’s
instructions. For stable transfection, cells were co-trans-
fected with pSUPERIOR.puro (Invitrogen, Carlsbad, CA,
USA), and subjected to selection with puromycin (Alexis,
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Plymouth, PA, USA) at a concentration of 2—4 pg/ml.
After selection for 4-6 weeks, the surviving cells were
cultured in normal medium for the ensuing experiments.

RT-PCR

Cells were treated with arsenite (20 uM) and MG132
(10 uM) for the indicated time. Total RNA was extracted
using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. First-strand
cDNA was synthesized with Oligo (dT),o primers using
SuperScriptTM IIT First-Strand Synthesis System for RT-
PCR (Invitrogen, Carlsbad, CA, USA), and the total RNA
quantities used to perform reverse transcription were 1 pg.
Specific primer pairs were designed for amplifying murine
hsp70 (forward: 5'-cga cct gaa caa gag cat ca-3’, backward:
5'-atg acc tec tgg cac ttg tc-3'), hsp90 (forward: 5'-gtg tgc
aac agc tga agg aa-3/, backward: 5’-aca gca gea ctg gtg tca
tc-3"), hifl-o (forward: 5'-tcc atg tga cca tga gga aa-3/,
backward: 5'-tgg caa gca tcc tgt act gt-3'), f-Actin (for-
ward: 5’-gac gat gat att gcc gea ct-3, backward: 5'-gat acc
acg ctt gct ctg ag-3'), respectively. The quantities of cDNA
templates used for specific amplifications were 50 ng.

Quantitative RT-PCR

The same cDNAs that were used for the above RT-PCR
were also analyzed for real-time PCR using the 7900HT
Fast Real-Time PCR System (Applied Biosystems). Spe-
cific primers pairs were designed for amplifying hifl-o
(forward: 5'-gaa gac aac gcg ggc acc ga-3’, backward: 5'-tgc
ttc gec gag ate ttg ctg c-3'), f-Actin (forward: 5'-cct gtg gca
tce atg aaa ct-3/, backward: 5'-gtg cta gga gee aga gea gt-3),
respectively. The real-time PCR was conducted following
the protocol for Fast SYBR Green Master Mix kit (Applied
Biosystems). In detail, an initial activation was performed at
95°C for 20 s, followed by 40 cycles of denaturation at
95°C for 1 s, and annealing and extension at 60°C for 20 s.
The relative transcription levels were obtained by expo-
nentially transforming ACr values to 272ACT and the mean
values were calculated with one standard deviation.

Western blotting

Whole-cell extracts were prepared with the cell lysis buffer
(10 mM Tris—HCI, pH 7.4, 1% SDS, and 1 mM Naz;VO,).
Cytoplasmic and nuclear proteins were prepared with the
Nuclear/Cytosol Fractionation Kit (BioVision, Mountain
View, CA, USA) following the manufacturer’s protocols.
Protein concentrations were determined either by the pro-
tein quantification assay kit (Bio-Rad Laboratories) or by
Nano Drop® 1000 (Thermo Scientific). Proteins with the
quantity 30-60 pg were resolved by SDS-PAGE, probed

with the indicated primary antibodies, and incubated
with the AP-conjugated second antibody (Cell Signaling).
Signals were detected by the enhanced chemifluorescence
Western blotting system as described in our previous
reports [33]. The images were acquired by scanning
with the phosphoimager (model Storm 860; Molecular
Dynamics).

Immunoprecipitation

P85™* and P85~ cells were treated by arsenite (20 uM)
and/or MG132 (10 uM) for 6 h. The cells were then
washed by PBS, and cell lysate was used for immunopre-
cipitation using an anti-HIF-1a antibody (Sigma, St. Louis,
MO, USA) as in our previous report [34]. The immuno-
precipitated samples were subjected to Western blotting
assay with an anti-ubiquitin antibody (Cell Signaling).

EMSA and super gel shift

Cells were cultured in 10-cm dishes until they reached
80-90% confluence. After incubation with 0.1% FBS
DMEM for 12 h, arsenite (20 pM) was added into the
medium for 6 h. Nuclear extracts were isolated with the
Nuclear/Cytosol Fractionation Kit (BioVision). The specific
probe pair designed for activated HSF-1 included 5'-aga cgc
gaaact gct gga aga ttc c-3" and 5'-gga atc ttc cag cag ttt cgc gte
t-3’. The probe was conjugated with biotin with the Biotin 3’
End DNA Labeling Kit (Pierce) following the manufac-
turer’s instructions. Nuclear extracts were incubated with
poly (dI-dC), 10x binding buffer, and specific probe for
about 20 min, and then a PAGE gel was run for separating
the activated transcription factor and the free probes.
Luminescent signal was developed with the LightShift®
Chemiluminescent EMSA Kit (Pierce, Rockford, IL, USA),
and detected by an automatic developing machine (Kodak).

Immunofluorescence staining

p85a* and p85a~'~ MEF cells were seeded in the cell
culture dishes. After reaching 90% confluence, the medium
was removed and cells were washed in PBS, and fixed with
4% paraformaldehyde. PBS with 0.1% saponin was then
used to facilitate cells permeable for antibody. The cells
were then stained with FITC conjugated Hsp70 antibody
and DAPI at room temperature for 30 min. After washing
off the excess antibody, the cells were observed with a
confocal microscope (Leica).

Luciferase assay

p85a™" and p85¢~'~ MEF cells stably transfected with
Hsp70 promoter luciferase reporter were seeded in 96-well
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plates. After exposure to arsenite as indicated, the cells
were lysed to detect firefly and internal TK signal with the
Dual-Luciferase Reporter Assay System according to the
manufacturer’s instructions (Promega, San Luis Obispo,
CA, USA).

Results

p85a was critical for HIF-1o induction by arsenite
in C141 and MEF cells independent
of transcriptional alteration

Since skin is a major tissue that is affected by arsenic
exposure, mouse epidermal cell line C141 cells were
chosen as the model for this study. Cl41 cells were treated
with arsenite at the dose of 20 uM for 0, 3, 6, and 12 h,
respectively; the result of Western blotting indicated that
HIF-1o accumulated upon arsenite exposure in a time-
dependent manner (Fig. 1a). A similar manner of HIF-1a
accumulation was also found in MEF cells upon arsenite
exposure (Fig. 1b). Because the PI-3K/Akt pathway had
been reported to be involved in the induction of HIF-1«
under some stress conditions, we proposed that PI-3K/Akt
and especially the predominant form of PI-3K, p85a/p110
heterodimer, could be at least partially involved in arsenite-
induced accumulation of HIF-la. To investigate our
hypothesis, p850 '~ and the paired wild-type (WT) MEF
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Fig. 1 Arsenite induced HIF-1a accumulation in both Cl41 cells and
p85¢™* MEFs, but not in p85x¢~'~ MEFs. Cl41 cells, p850*™"
and p850 '~ MEFs were exposed to 20 pM of arsenite as indicated.
HIF-1a protein levels in whole cellular extracts were determined by
Western blotting in Cl141 cells (a) and p850c+/+ MEFs (b). Identification

cells were introduced into the experimental system, and the
expression levels of p85x were checked in both cell lines
with or without the condition of arsenite exposure
(Fig. 1c). By treating both p850 " cells and WT coun-
terparts with 20 uM of arsenite for different periods, we
found that the absence of p85« abolished the induction of
HIF-1o by arsenite, as is shown in Fig. 1d. To test whether
p85« influenced the expression of HIF-1a protein at the
transcriptional level, total RNA from both p85«~'~ and
WT MEF cells post-arsenite exposure was extracted, and
the levels of hif-lo mRNA were checked by RT-PCR. As
shown in Fig. le, knockout of p85« did not show any
observable inhibition of hif-Io mRNA expression deter-
mined by RT-PCR assay in comparison to those in p850 ™"
MEFs (Fig. le). Although the result from real-time PCR
showed that arsenite exposure slightly increased hif-1o
mRNA level in p850* MEFs, the deficiency of p85u in
p85a~'~ cells did not lead to any reduction of hif-lu
mRNA expression as compared to those in p85a¢™+ MEFs
(Fig. 1f). These results lead us to conclude that p85c-
mediated HIF-1o up-regulation does not occur at the
transcriptional level.

p85a regulated HIF-1a protein expression through
inhibiting HIF-1a degradation upon arsenite exposure

Since the transcriptional regulation of HIF-1« by p85« had
been excluded, it was reasonable for us to attempt to
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MEFs (¢). Comparison of HIF-1a protein induction due to arsenite
(20 uM) exposure between p850(+/4r and p85a7/7 MEFs (d). hif-1o
mRNA levels were detected by RT-PCR (e) or quantitative PCR in both
p85a™ ™ and p850 '~ MEFs after 20 pM arsenite treatment (f)
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determine whether p85« regulated HIF-1o at the level of
protein modification and degradation. As shown in Fig. 2a,
pre-incubation of cells with both MG132 and arsenite led
to similar HIF-1a protein accumulation in both p85at'™
and p850 '~ MEFs. When MGI132 and arsenite were
removed from the culture followed by the addition of cy-
clohexamide (CHX), a protein synthesis inhibitor used to
block the de novo production of proteins, the pre-accu-
mulated HIF-1« was able to undergo a gradual degradation
(Fig. 2a). Although HIF-1o protein level in p850 '~ MEFs
at the O time point is slightly higher than that in p85o*'™
MEFs, and HIF-1o protein degradation was observed in
both p85¢™* and p85x~'~ MEFs, over 70% of HIF-la
protein was degraded at time point of 2 h in p850~'~ MEFs,
while less than 25% of HIF-1la protein was degraded in
p85¢™" MEFs under the same experimental condition
(Fig. 2a, b). Our results indicate that p85« provides an
inhibitory effect on HIF-1« protein degradation. This notion
was supported by our findings that similar levels of modi-
fication signal were observed in both p850™" and p85u '~
MEFs when they were exposed to MG132 or MG132 plus
arsenite (Fig. 2c), indicating that HIF-la protein might
degraded in p85¢~'~ MEFs after the protein modification.
The detection of ubiquitin levels in immunoprecipitated
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Fig. 2 p85« attenuated the degradation of HIF-1a protein in arsenite-
treated MEFs. a, b p85fx+/ * and p85a_/_ MEFs were pretreated with
MG132 (10 M) and arsenite (20 pM) for 6 h and then exposed to
CHX (10 uM) for the indicated time points after the removal of
MG132 and arsenite. Levels of HIF-1a were determined by Western
blotting (a), and normalized to the internal control of f-actin (b).
c—e p850™" and p850~'~ MEFs were treated with arsenite (20 pM),

protein by using an anti-HIF-1o antibody showed that HIF-
la protein modification is ubiquitination. Those results
suggest that arsenite is able to protect ubiquitinized hif-1o
protein undergoing to degradation, and such inhibition is
dependent on p85« protein expression. Furthermore, treat-
ment of cells with MG132 or MG132 plus arsenite did not
show any effect on Aif-10 mRNA level in either the p85a ™"
or p85x¢~'~ MEFs (Fig. 2e). Our results demonstrate that
p85a plays a crucial role in arsenite-induced up-regulation
of HIF-la protein expression through suppression of
HIF-1« protein degradation.

p85a inhibited HIF-1a protein degradation
via a PI-3K/Akt-dependent pathway
due to arsenite exposure

Although p85« is characterized as a regulatory subunit of
PI-3K, monomeric p85« has been reported to function
independently in some studies [13—15]. To evaluate whe-
ther p85a engages in the arsenite-induced accumulation of
HIF-1o in a PI-3K-associated manner or independently, the
activation levels of Akt, a major PI-3K downstream kinase,
were measured in both p850" and p850~'~ MEFs upon
the arsenite treatment. The knockout of p85c in p850 "~

p85oc-
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MG132 (10 uM), or a combination of these two reagents for 6 h. The
whole-cell extracts were probed with anti-HIF-1o, Akt, and phos-
phorylation of Akt at Ser473 antibodies (c); the ubiquitin levels of
HIF-1o protein in precipitants were subjected to Western blotting
assay using an anti-ubiquitin antibody (d); and hif-/o. mRNA was
assessed by RT-PCR (e)
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MEFs led to an increase in the basal level of Akt phos-
phorylation at Ser473, in comparison to that in p850*™"
MEFs (Fig. 3a). An explanation to this phenomenon would
be the compensatory activation of Akt by other alternative
signal pathways in response to the malfunction of PI-3K in
p850~'~ MEFs. This notion can be supported by the find-
ing of a similar situation of a high basal level of activated
Akt in Cl41 DN-AKkt transfectant in our previous study [35,
36]. Our results further showed that the phosphorylation of
Akt at Serd73 was induced by arsenite in a time-dependent
manner in p85a+/+ MEFs, while there was no inducible
Akt phosphorylation at Ser473 in p854¢ '~ MEFs under the
same experimental conditions (Fig. 3a). These results
suggest that PI-3K/Akt pathway might be associated with
p85a-mediated HIF-1a protein accumulation. Cl41 stable
Ap85a transfectant (Cl41 AP-1 Ap85 massl) and Cl41
stable domain-negative Akt (DN-Akt) transfectant (Cl41
AP-1 DN-Akt T308A/S473A) were used for further
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Fig. 3 The blockage of HIF-1o degradation by p85¢ depended on
activation of PI-3K/Akt in both Cl41 and MEF cells. a The
phosphorylation levels of Akt at Serine 473 were measured in
p85¢™* and p85¢~'~ MEFs after treatment of cells with arsenite
(20 pM) for the indicated time points; b, ¢ Cl41 cells stable
transfected with dominant negative mutants of p85a« (Ap85x) and
Akt (DN-Akt) or vector control (AP-1 massl) were treated with
arsenite (20 uM) for the indicated time spans. The induction of
HIF-1o and phosphorylation of Akt at Serine 473 and Tyrosine 308
were detected as indicated

verification. As shown in Fig. 3b, c, phosphorylation levels
at Serine 473 and Tyrosine 308 of Akt were suppressed to a
notable extent in both stable transfectants. Consistently,
inhibition of PI-3K activity by overexpression of Ap85 in
C141 AP-1 Ap85 massl impaired HIF-1a protein accu-
mulation in response to arsenite exposure (Fig. 3b).
Similarly, HIF-1o protein accumulation was also blocked
in the transfectant of Cl41 AP-1 DN-Akt T308A/S473A
(Fig. 3c). This result indicates that without the normal
function of Akt, p85« cannot mediate HIF-1o accumulation
due to arsenite exposure. Therefore, we conclude that
instead of functioning independently, p850 regulates arse-
nite-induced HIF-1o protein accumulation in the classical
PI-3K/Akt-dependent manner.

p85a regulated Hsp70, but not Hsp90 expression,
in cellular response to arsenite exposure

Previous studies have shown that Hsp90 is able to protect
HIF-1o from degradation [37, 38], and that Hsp70 could
bind to the ODD domain of HIF-1¢«, thus stabilize HIF-1«
protein under hypoxia in a PI-3K/Akt-dependent manner
[39]. Therefore, we were interested to learn whether
Hsp70 and/or Hsp90 are/is associated with the cellular
response to arsenite treatment. The expression levels of
Hsp70 and Hsp90 in both Cl41 and MEFs were measured
for this purpose. The results indicated that arsenite expo-
sure led to the increase of Hsp70 in a similar pattern to
HIF-1o protein accumulation in both Cl41cells and MEFs;
but it did not show any effect on Hsp90 protein expression
(Fig. 4a, b). Moreover, the induction of Hsp70 was largely
blocked as a result of the lack of p85c in p85« '~ MEFs
(Fig. 4b). Corresponding to the change of HIF-1a levels,
Hsp70 could also be induced by the treatment of either
MGI132 solely or MG132 and arsenite co-treatment in
both p85¢™* and p850~'~ MEFs, while it can only be
induced in p85x™" but not p85¢ '~ MEFs under arsenite
treatment (Fig. 4c). The result suggests that p85« regulates
the expression of Hsp70, but not Hsp90, in response to
arsenite exposure.

PI-3K/Akt pathway was required for inducible Hsp70
induction due to arsenite exposure

The human Hsp70 family has eight members. Hsp70-1«
and Hsp70-1f are 99% identical in terms of amino acid
sequence and were initially identified to be inducible dur-
ing the process of cellular response to heat shock, and thus
was named accordingly Hsp70-1 or inducible Hsp70 [40].
Previous studies have shown that inducible Hsp70 func-
tions as an important chaperone in the maintenance for
protein natural structure and maturation [40]. To identify
whether the increased level of Hsp70 that we observed here
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Fig. 4 Inducible Hsp70, but not constitutive Hsp70 or Hsp90, was
up-regulated by arsenite in a PI-3K/Akt-dependent manner. a, b The
induction of overall Hsp70 was evaluated in Cl41 cells (a) and p85a™
* and p85a~'~ MEFs (b) upon 20 uM of arsenite treatment. ¢ The
induction of overall Hsp70 was determined in p850™* and p85x~"~
MEFs upon treatment of cells for 6 h with arsenite (20 uM) or
MG132 (10 uM), or combination of both; d p85x*'* and p85x¢~'~

is inducible Hsp70, antibodies specifically against overall
Hsp70 or inducible Hsp70 were used to measure overall
Hsp70 and inducible Hsp70 levels in paired MEFs or Cl41
cells. In the Western blotting result using overall-Hsp70
specific antibody in both Cl41 cells and MEFs, two major
bands were detected, an upper one with an approximate
molecular weight of 72 kDa, and a lower one with an
approximate molecular weight 70 kDa (Fig. 4a, b). Arse-
nite exposure induced an increase of the lower band but not
the upper one (Fig. 4a—f). Then the sample was incubated
with the inducible Hsp70-specific antibody; only the lower
band was detected this time (Fig. 4d—f), suggesting that the
induced expression of the inducible Hsp70 counted for the
overall increase of Hsp70. Furthermore, the results also
indicated that inhibition of PI-3K or Akt by either pre-
treatment of cells with Wortmannin (Fig. 4d) or by
transfection of Ap85 (Fig. 4e) or DN-Akt (Fig. 4f) led to a
dramatic reduction of the levels of arsenite-induced
inducible Hsp70 expression. Especially the expression of
inducible Hsp70 and HIF-1o share a similar tendency in
paired MEFs (Fig. 4d). Therefore, it would be interesting
to further investigate whether inducible Hsp70, the chap-
erone whose expression level is dramatically affected by
arsenite stimulation, is associated with the PI-3K/Akt
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MEFs were subject to pretreatment with 200 nM of Wortmannin for
30 min, and then exposed to 20 uM of arsenite for additional 6 h.
Overall Hsp70 and inducible Hsp70 were detected by Western
blotting. e, f The induction of overall Hsp70 and inducible Hsp70 was
assessed in Cl41 cells stable transfected with Ap85¢ (e) or DN-Akt
(f) in comparison to that in vector control transfectant

mediated up-regulation of HIF-1« in response to arsenite
exposure.

Hsp70 translocates into the nucleus
along with its accumulation in response
to arsenite exposure

Since inducible Hsp70 showed a similar pattern of
induction to HIF-la in response to arsenite, we were
interested to know whether it also had a similar location
pattern with HIF-1a. It is well known that HIF-la is
generally accumulated within the nucleus, thus the
immunostaining method was adopted to detect the sub-
cellular localization of Hsp70 under arsenite stimulation.
It was found that in p85(x+hL MEFs, inducible Hsp70,
once induced, localized mainly in the nucleus, while there
was no increase of Hsp70 in p85«~'~ MEFs exposed to
arsenite (Fig. 5a). It has been noted that a certain level of
Hsp70 expression was observed in the cytoplasm in both
cell types with or without arsenite treatment, which should
be the constitutively expressed sub-types of Hsp70. To
further confirm the localization of inducible Hsp70,
nuclear and cytoplasmic fractions of p85«*' ™ MEFs were
isolated, and the levels of Hsp70 and HIF-la were
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Fig. 5 PI-3K/Akt pathway regulated both Hsp70 nuclear transloca-
tion and the level of inducible Asp70 mRNA. a Immunofluorescence
staining was conducted as described in ‘Materials and methods’ on
both p85a™* and p850~'~ MEFs with or without 20 UM of arsenite
treatment. The representative DAPI, inducible Hsp70 staining and
merged pictures are shown, respectively. b The cytoplasm and
nucleus fractions were isolated from p85x** MEFs with arsenite
treatment for different time spans (0-6 h). HIF-1a and overall Hsp70

measured via Western blotting. As shown in Fig. 5b, both
Hsp70 and HIF-1o that were induced by arsenite mainly
existed in the nucleus. These results suggest that induced
Hsp70 shared a similar pattern of response to arsenite
treatment with HIF-1o, not only in terms of temporal
tendency but also in terms of localization.

p85a regulated inducible Hsp70 transcription through
the PI-3K/Akt/HSF-1 pathway upon arsenite exposure

To identify whether p85a was able to regulate inducible
Hsp70 expression at the mRNA level in cellular response
to arsenite, semi-quantitative reverse transcriptase (RT)-
PCR was applied to compare inducible Asp70 mRNA
levels between p85x" and p85x~'~ MEFs upon arsenite
exposure. Consistent with the protein levels previously
measured via Western blotting (Fig. 4b, c), the results
showed that arsenite could notably induce increases in
inducible hsp70 mRNA in p85x¢™" MEFs, but not in
p85¢~'~ MEFs (Fig. 5¢, d), indicating that p85o-medi-
ated up-regulation of inducible Hsp70 protein expression
occurs at the mRNA level. Moreover, it was observed
that the hsp70 mRNA induction could be detected in
p85¢~'~ MEFs with either MG132 treatment or MG132
plus arsenite co-treatment (Fig. 5d). The phenomenon
that MG132 was able to induce inducible hsp70 mRNA
expression (Fig. 5d) could be explained by the finding
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were detected with specific antibodies in each fraction as well as in
whole cellular extract (input). GADPH was used here as an indicator
of isolation efficacy. ¢, d RT-PCR was employed to detect the
induction of inducible Hsp70 in both p85x*'* and p85x~'~ MEFs,
under the conditions of 20 uM arsenite treatment for indicated time
points (c¢), or under the treatment of cells with arsenite (20 uM),
MG132 (10 uM) or combination of both for 6 h (d)

that MG132 itself serves as a heat-shock sponsor [41],
and as an Akt activator [42]. This possibility could be
supported by the result that MG132 could phosphorylate
and thereby activate Akt in both p850™ and p85u~'~
MEFs (Fig. 2c). As a consequence, MG132 could pos-
sibly induce the expression of inducible Hsp70 via the
activation of Akt.

Typically, the elevation of mRNA could result from
two reasons: one is the transcriptional activation; the
other is the increase in mRNA stability. To find whether
p85a regulation of inducible Asp70 mRNA occurs via the
transcriptional activation, the inducible Hsp70-promoter-
luciferase reporter was transiently transfected into both
p85¢™* and p85«~'~ MEFs. Exposure of the transfec-
tants to arsenite led to a significant change in the level of
hsp70 transcription in a dose-dependent manner in
p850¢+/ *+ MEFs, while there was no observable induction
in p85«~’~ MEFs (Fig. 6a). This result suggested that
p85a elevated the level of hsp70 mRNA via transcrip-
tional transactivation.

Heat-shock inducible factor 1 (HSF-1) has been reported
to be a transcriptional factor responsible for transcriptional
regulation of hsp70 [43]. Therefore, the translocation of
HSF-1 and its association with Hsp70 expression were
compared between p85x'* MEFs and p850 '~ MEFs. As
shown in Fig. 6b, arsenite exposure induced the nuclear
translocation of HSF-1 and interestingly, a notable upwards
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Fig. 6 HSF-1 plays an indispensable role in transcriptional up-
regulation of inducible Hsp70. a Hsp70 promoter-luciferase reporter
was transiently transfected into p850'" and p85«~'~ MEFs, and
were then subject to luciferase assay as described in the Materials and
methods section. The relative intensities of fluorescence were shown
proportionally in comparison between p85¢™" and p850~'~ trans-
fectants. b The cytoplasm and nucleus isolation assay was conducted
in both p85¢™" and p85x¢~'~ MEFs with or without 20 uM of
arsenite treatment for 6 h. The levels of HSF-1, HIF-1a, overall
Hsp70, and inducible Hsp70 were evaluated, respectively. Lamin B
and GAPDH were used as indicators of isolation efficacy. ¢ The

shift of HSF-1 bands in p85x™" MEFs. Both the translo-
cation of HSF-1 and the change of its molecular weight
suggested arsenite-induced activation of HSF-1. In con-
trast, all changes were not observed in p850 '~ MEFs
(Fig. 6b). Moreover, the differential activation of HSF-1
between p850™" and p85«~'~ MEFs is consistent with
HIF-1o0 protein accumulation (Fig. 6b). Lamin B and
GAPDH were used as the controls for nuclear and cyto-
plasmic proteins, respectively (Fig. 6b).

To address the function of the nuclear translocated HSF-1
as a transcriptional factor binding to the hsp70 promoter
region, an oligo-nucleotide segment was synthesized based
on the sequence of HSF-1 binding sites as reported in
previous studies [43] and used as a probe in the gel shift
assay. This oligo-nucleotide probe bound efficiently with
the nuclear proteins extracted from the arsenite-treated
p85¢™" MEFs (lane 2 in Fig. 6¢c), but the formation of
the retarded DNA-protein complexes did not appear in
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binding efficiency of HSF-1 on the promoter region of the isp70 gene
was determined by EMSA and super gel shift assay, as described in
the Materials and methods section. Briefly, the sequences of HSF-1
binding sites on the Hsp70 promoter region were designed and
incubated with nuclear extract from p85x¢™" or p850¢~'~ MEFs with
or without 20 uM of arsenite treatment; each sample was subjected to
PAGE gel. d, e HSF-1"* and HSF-17/~ MEFs were exposed to
arsenite as indicated. The levels of overall and inducible Hsp70 were
determined by Western blotting (d), and the levels of Asp70 mRNA
were detected by RT-PCR (e)

p85a¢~'~ MEFs (lane 4 in Fig. 6¢). At the same time, the
competition experiments and the super gel shift assay were
used to confirm the specific binding of HSF-1 protein with
the probe (lanes 5 and 6 of Fig. 6¢). The results suggest
that HSF-1 was activated by arsenite exposure in a p850-
dependent manner.

To provide direct evidence that shows the role of
HSF-1 in the transcriptional up-regulation of Hsp70, both
HSF-1""" and HSF-1"'~ MEFs were used for this pur-
pose. As expected, arsenite exposure led to a high level
of inducible Hsp70 protein expression in HSF-117"
MEFs, whereas the same treatment did not generate any
detectable increase of inducible Hsp70 in HSF-17'~
MEFs (Fig. 6d). Consistently, arsenite-induced increase
in inducible sp70 mRNA was also blocked in HSF-17/~
MEFs, but not in HSF-17"" MEFs (Fig. 6e). These
results demonstrate that HSF-1 is required for arsenite-
induced inducible Hsp70 expression.
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Inducible Hsp70 was a protective chaperone to stabilize
HIF-1a due to arsenite exposure

Our result indicated that inducible Hsp70 and HIF-1« had a
similar tendency in terms of both location and expression
level during the arsenite treatment, and that the inhibition
of the activity of PI-3K-Akt pathway would deter the
induction of both of them. Therefore, we speculated that
inducible Hsp70 might physically interact with (and
thereby stabilize) HIF-1o. To address this notion, both
inducible Hsp70 expressing construct (induc Hsp70) and
constitutive Hsp70 expression construct (Hsc70) were
transfected into p850 '~ MEFs separately. The expression
efficiency of inducible Hsp70 in stable transfectant was
identified by Western blotting (Fig. 7a); while the level of
Hsc70 in the counterpart was determined indirectly by
measuring the conjugated Myc-Hsp70 expression level
with anti-Myc antibody (left panel of Fig. 7b). As
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Fig. 7 Inducible Hsp70-specific stabilized HIF-1a protein upon
arsenite exposure. a The construct expressing inducible Hsp70 and
vector construct (as control) were introduced separately into p85a '~
MEFs, and the corresponding stable transfectant was established. The
induction of HIF-lo due to arsenite exposure was determined as
indicated in p85a~'~ (Vector), p85«~'~ (Induc Hsp70), and p850+'*
MEFs. The expression levels of inducible Hsp70 were verified by
Western blotting. b p85a_/ ~ MEFs were stably transfected with
constitutive Hsp70 (Hsc70) expressing construct or the control vector.
The success of transfection was confirmed by Western blotting (left
panel). The arsenite-induced HIF-1o was detected in both transfec-
tants (right panel). ¢ WT MEFs were stably transfected with nonsense
shRNA or two specific shRNAs targeting inducible Hsp70. The
efficiency of knockdown was identified by Western blotting and the
arsenite-induced HIF-1a protein expression was determined as
indicated

expected, arsenite induced both inducible Hsp70 expres-
sion and HIF-1o protein accumulation in p85e* MEFs,
and there was no observable induction of either of those
two protein expressions in p850~'~ (Vector) transfectant
(Fig. 7a). Most importantly, overexpression of inducible
Hsp70 in p850~'~ (induc Hsp70) transfectant led to an
increase in basal HIF-1a protein accumulations (Fig. 7a).
In contrast to p85x¢ '~ (induc Hsp70) transfectant, over-
expression of constitutive Hsp70 (Myc-Hsc70) in p85a '~
MEFs did not show any observable increase in HIF-1a
protein expression (Fig. 7b), dramatically demonstrating
that only inducible Hsp70, rather than constitutive form of
Hsp70, is responsible for stabilization of the HIF-1a pro-
tein. It should be noted that in p850 '~ (induc Hsp70)
MEFs, arsenite treatment appeared to induce HIF-1o pro-
tein expression in a dose-dependent manner, although
inducible Hsp70 is constitutively expressed. This might be
due to the involvement of other pathways in the regulation
of HIF-1o protein expression through an inducible Hsp70-
independent manner. This notion is under investigation in
our laboratory at present. To further confirm the role of
inducible Hsp70 in HIF-1a protein induction upon arsenite
exposure, shRNAs specifical for inducible hsp70 were
introduced into p850™" MEFs. The stable transfectants
with nonsense shRNA, and the inducible Asp70 shRNA 1
and shRNA 2, respectively, were exposed to different
concentrations of arsenite for 6 h. The levels of inducible
Hsp70 and HIF-1o measured by Western blotting indicated
that the intervention of inducible Hsp70 expression in WT
MEEF cells decreased the accumulation of HIF-1o (Fig. 7c).
Inducible Hsp70 was proven to function as a protective
chaperone in stabilizing HIF-1a protein under arsenite
exposure. Together with the results in Fig. 2c and d, we
speculated that different from the hypoxia situation, arse-
nite stabilizes HIF-loo by producing inducible Hsp70,
which chaperoned ubiquitinated HIF-1a and keep it from
degradation in the proteasome-dependent pathway.

Discussion

Arsenic-containing compounds play seemingly paradoxical
roles as both ubiquitous environmental contaminants and
tumor therapeutic agents [44, 45]. On one hand, exposure
to inorganic arsenite can induce adverse health effects like
hyperkeratosis, hyper-pigmentation, cardiovascular dis-
ease, reproductive defects, and cancers of several tissues
[46—48]. On the other hand, arsenic trioxide is considered
to be valuable because of its induction of apoptosis in
leukemia and pancreatic cancer cells [49, 50]. Our previous
studies have illustrated that the function of arsenite is
possibly dose-dependent, with the ability to promote cell
cycle via induction of cyclin D1 expression through the
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IKKf-NFkB pathway at low doses (i.e., 1.25-5 uM) [51,
52] and also the ability to signal programmed cell apoptosis
at high doses (i.e., >10 puM) [53]. Song et al. [53] found
that the relatively high-dose-arsenite-induced apoptosis is
linked to NF«xB p50- and Gadd45«-dependent promotion of
JNKSs activation. In this study, we have proposed another
arsenite-induced signaling pathway through PI-3K/Akt/
HSF-1/Hsp70-regulated accumulation of HIF-1a protein.

HIF-1a is characterized by up-regulation of its expres-
sion level in response to stress. HIF-1a combines with its
constitutively expressed partner HIF-1f to form a HIF-1
heterodimer that plays an important role in cellular
response to various stresses [9]. The most well-studied
regulation of HIF-1u is its post-translational accumulation
under hypoxic condition [8, 9, 54]. Under normoxia, the
oxygen-dependent degradation (ODD) domain of HIF-1a is
hydroxylated by specific prolyl hydroxylases (PHDI1, 2,
and 3). Hydroxylated HIF-1o recruits von Hippel-Lindau
tumor suppressor (pVHL) to the ODD domain, leading to
the recognition by E3 ubiquitin ligase and subsequent
ubiquitination and proteasome-dependent degradation of
HIF-1o protein [8]. However, under hypoxia condition, this
degradation route is suspended due to lack of oxygen, and
HIF-1a thereby accumulates. Recent studies indicate that
this hypoxia-induced accumulation of HIF-1o further
involves sumoylation [55] and/or even de-sumoylation
[54]. However, the arsenite-induced accumulation of HIF-
loo seems irrelevant with this classical hydroxylation-
dependent degradation model, because arsenic compounds
are normally associated with the accumulation of reactive
oxygen species within cells [56, 57], which is indicative of
a relatively hyperoxic environment rather than hypoxia.
Hence, it was of great interest to us to investigate the
underlying mechanism by which arsenite leads to HIF-1u«
protein accumulation.

As is shown in our studies, p85« is indispensable in
arsenite-induced HIF-1a protein accumulation. p85x, a
regulatory subunit of PI-3K, was reported to implement its
own function in a PI-3K-independent manner under certain
circumstances [13]. However, we prove here that this is not
the case in regulating arsenite-induced HIF-1u, but that
arsenite-induced HIF-1oo is via a PI-3K/Akt-dependent
manner. The PI-3K/Akt signaling pathway is another
important module reported to participate in the regulation
of HIF-1a expression level under various circumstances,
including insulin/interleukin-1f treatment [58], estrogen
stimulation [59], UVB exposure [60], and even hypoxia
[61]. According to the knowledge gathered so far, the
PI-3K/Akt pathway involves HIF-1o regulation mainly in
two post-transcriptional manners: either by enhancing the
translation rate of HIF-1o mRNA or by protecting HIF-1«
protein from degradation. Translational regulation of HIF-1«
happens under heregulin [62] or some growth factor

stimulation (e.g., insulin) [63]. To be specific, PI-3K/Akt
increases the synthesis of HIF-lo by activating FRAP
(FK506 binding protein-Rapamycin Associated Protein), a
kinase that enhances the translation rate of hif-/1a mRNA
[62]. The prevention of HIF-1o degradation by PI-3K/Akt
involves suppression of GSK3f activity, which in turn
decreases the phosphorylation of HIF-1o and thereby
enables HIF-1a to avoid being ubiquitinated [64]. Another
preventive function of PI-3K/Akt on HIF-1a degradation is
associated with the physical interaction between HIF-1o and
two heat-shock proteins, Hsp70 and Hsp90 [39]. Provoked
expression of both Hsp70 and Hsp90 contributes to HIF-1o
stabilization under the circumstance of either hypoxia or heat
shock [39]. Moreover, a study by Gao et al. [28] shows that
reactive oxygen species (ROS) induced by a relatively high
dose of arsenite (100 uM to 2 mM) might mediate phos-
phorylation of Akt and subsequent stabilization of HIF-1¢ in
DU145 human prostate carcinoma cells. However, the
linkage between phosphorylation of Akt and accumulation
of HIF-1o under arsenite treatment (especially at a lower
dose) still remained vague. In our present study, the consis-
tency of induction of HIF-la and inducible Hsp70 (but
neither Hsp90 nor constitutive Hsp70) under arsenite treat-
ment was observed in both Cl41 cells and MEEF cells, which
intrigued enough to cause us to investigate the new pathway
by which PI-3K/Akt regulates the level of HIF-1o protein
expression. Our data further demonstrated the indispensable
role of inducible Hsp70 in stabilizing HIF-1o. The Hsp70
family had eight members, among which hsp70-1a and
hsp70-1b are both inducible under various stress situations,
and are 99% identical in terms of amino acid sequences [65].
They are collectively called inducible Hsp70 (or Hsp70-1),
and function as important chaperones in the maintenance of
the proteins’ natural structure and maturation, and to atten-
uate the degradation of their clients [40]. Zhou et al. [39]
report that HIF-10o is one of the clients, with its ODD domain
assigned to be the binding region of Hsp70. However, they
do not distinguish inducible Hsp70 from the general term
Hsp70, which includes other members in Hsp70 family,
especially the constitutively expressed one named Hsp70-8
(or Hsc70) [65]. In the present studies, we show that the
inducible Hsp70 was up-regulated to a relatively high level
in comparison to constitutive Hsp70 (Hsc70), and that it
played a critical role in stabilizing HIF-la in cellular
response to arsenite stimulation; while Hsc70 did not change
its level during the whole process, and therefore played a
much less important role in such HIF-1o protein induction.
Similar to Hsp70, Hsp90 is another heat-shock protein
reported to physically interact with HIF-1a [66, 67]. Hsp90
was previously reported to cooperate with Hsp70 to stabilize
HIF-1o¢ under hypoxia or heat-shock circumstance [39].
Moreover, it has been reported that MG132 could induce
cellular apoptosis through the INK1 pathway [68]. Our most
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recent studies have also demonstrated that JNK1 activation is
crucial for HIF-1a protein accumulation due to hypoxia and
nickel exposure through induction of both Hsp90/Hsp70
[34]. However, there is no change in either protein or mRNA
level of Hsp90 upon arsenite exposure in both Cl41 and
MEFs from our studies. Interestingly, Hsp90 has been
reported by Somji et al. to be up-regulated by arsenite in the
human kidney and in human proximal tubule (HPT) cells
[69], indicative of the potential existence of diverse mech-
anisms by which different types of cells respond to arsenite
exposure. Since skin is a major tissue subject to the toxicity
of arsenite exposure, mouse epidermal Cl41 cells could be a
more plausible model to demonstrate how arsenite influences
the functions of skin tissue.

Our results show that the transcriptional up-regulation of
hsp70 by activated PI-3K/Akt pathway is strictly mediated
by heat-shock transcription factor-1 (HSF-1). This con-
clusion is supported by previous findings that PI-3K/Akt
can activate HSF-1 [70]. Since the activation of HSF-1
needs full phosphorylation, and PI-3K downstream signal
component PKC{ has been proven to phosphorylate HSF-1
[71], we anticipate that PKC{ might be a p85q/Akt
downstream mediator responsible for HSF-1 transactiva-
tion in arsenite exposure.

HSF-1 activates transcription of a set of genes encoding
heat-shock proteins, which share a common HSF binding
sequence in their promoter regions called the heat-shock
element (HSE) [72]. Because of their shared binding region
of HSE, inducible Hsp70 and Hsp90 were reported to be
activated simultaneously by HSF-1 under certain stress or
growth factor stimulation (e.g., hypoxia [73], heat shock
[74], and interleukin-6 [75]). However, inducible Hsp70
turns out to be the only one of the two that is enhanced by
activated HSF-1 under relative high-dose (20 uM) arsenite
exposure, and seemed to be sufficient in stabilizing HIF-1«
under this scenario. Moreover, under the situation of
arsenite exposure, a tendency of Hsp70 to translocate from
cytoplasm into nucleus was observed both in immune-
fluorescence assay and in immunoblot coupled with
cytoplasm-nucleus isolation, chronologically roughly
overlapped with the occurrence of HIF-1o accumulation in
the nucleus. Since HIF-1a is known to possess a nuclear
localization signal (NLS) in its C-terminal region, stabi-
lized HIF-1« can rapidly bind to nuclear pore proteins and
translocate into the nucleus [76]. It will be interesting to
determine whether inducible Hsp70 physical binds with
HIF-1o0 and thereby co-translocation into nucleus in the
instance of arsenite stimulation and whether that could
influence its other functions as a protein chaperone or
stabilizer.

In summary, the present study demonstrates that the
PI-3K/Akt pathway and inducible Hsp70 play a very
important role in the stabilization of HIF-1o upon relatively

high-dose arsenite exposure. Our study, together with other
recent findings, suggests the existence of complicated
mechanisms underlying the post-transcriptional regulation
of HIF-1a under different types of stress. The identified
PI-3K/Akt/HSF-1/inducible Hsp70 pathway in current
studies will enrich our understanding of regulation of
HIF-1o protein degradation.
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