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Background: AIRAP is a recently identified heat shock protein whose function and regulation are still not well defined.
Results: Proteasome inhibition causes abundant AIRAP expression in human primary cells.
Conclusion: The anticancer drug bortezomib regulates AIRAP expression through HSF1-HSF2 interplay.
Significance: This study reveals how persistent proteasomal inhibition by clinically relevant concentrations of bortezomib
affects heat shock response regulation and HSF-mediated AIRAP induction.

The zinc finger AN1-type domain 2a gene, also known as arsen-
ite-inducible RNA-associated protein (AIRAP), was recently iden-
tified as a novel human canonical heat shock gene strictly con-
trolled by heat shock factor (HSF) 1. Little is known about AIRAP
gene regulation in human cells. Here we report that bortezomib, a
proteasome inhibitor with anticancer and antiangiogenic proper-
ties used in the clinic for treatment of multiple myeloma, is a potent
inducer of AIRAP expression in human cells. Using endothelial
cells as a model, we unraveled the molecular mechanism regulating
AIRAP expression during proteasome inhibition. Bortezomib
induces AIRAP expression at the transcriptional level early after
treatment, concomitantly with polyubiquitinated protein accumu-
lation and HSF activation. AIRAP protein is detected at high levels
for at least 48 h after bortezomib exposure, together with the accu-
mulation of HSF2, a factor implicated in differentiation and devel-
opment regulation. Different from heat-mediated induction, in
bortezomib-treated cells, HSF1 and HSF2 interact directly, form-
ing HSF1-HSF2 heterotrimeric complexes recruited to a specific
heat shock element in the AIRAP promoter. Interestingly, whereas
HSF1 has been confirmed to be critical for AIRAP gene transcrip-
tion, HSF2 was found to negatively regulate AIRAP expression
after bortezomib treatment, further emphasizing an important
modulatory role of this transcription factor under stress condi-
tions. AIRAP function is still not defined. However, the fact that
AIRAP is expressed abundantly in primary human cells at bort-
ezomib concentrations comparable with plasma levels in treated
patients suggests that AIRAP may participate in the regulatory net-
work controlling proteotoxic stress during bortezomib treatment.

Protein homeostasis is essential for life in eukaryotes. The
26 S proteasome, a multicatalytic protease complex consisting
of a 20 S core particle with proteolytic activity and a 19 S regu-
latory particle (1, 2), represents the primary site for non-lyso-

somal protein degradation in mammalian cells and regulates
the turnover and quality control of proteins, consequently
affecting many aspects of cell physiology, including cell cycle
progression (3), signal transduction (4), differentiation (5), apo-
ptosis (6), and angiogenesis (7).

Because of its central role in protein homeostasis, over the
past decades the proteasome complex has emerged as an
important target in anticancer therapy, and a variety of hetero-
geneous reversible and irreversible inhibitors of the 26 S pro-
teasome have been identified (8 –10). Among these, the boronic
acid dipeptide bortezomib (Velcade, formerly PS-341) is used
in the clinic for treatment of multiple myeloma and several
other malignancies (11) on the basis of its direct proapop-
totic effects on cancer cells as well as its antiangiogenic
action (12–14).

A critical consequence of ubiquitin-proteasome network
down-regulation is the activation of the cellular heat shock
response (15–18). The heat shock response is regulated by a
family of heat shock (HS)3 transcription factors (HSFs) that are
expressed and maintained in an inactive state under non-stress
conditions. Mammalian genomes encode three homologues of
HSF (HSF1, HSF2, and HSF4) regulating heat shock protein
(HSP) expression (19). Among these, HSF1 is considered to be
the paralog responsible for regulating the heat-induced tran-
scriptional response (20). However, HSF2 has also been
reported to contribute to inducible expression of HS genes
through interplay with HSF1 (21, 22).

HSF1 is generally found in the cytoplasm as an inert mono-
mer lacking transcriptional activity. Upon exposure to heat and
other proteotoxic stresses, HSF1 is derepressed in a stepwise
process that involves HSF1 oligomerization to a trimeric state,
localization to the nucleus, inducible phosphorylation and
sumoylation, and binding to DNA sequences known as heat
shock elements (HSE). Functional HSE sequences are charac-
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terized by an array of inverted repeats of the pentameric motif
nGAAn and are usually located in the proximal region of HSF1-
responsive gene promoters. HSF1 binding to HSE sequences is
followed by a rapid shift in the transcriptional program, result-
ing in high rates of expression of cytoprotective heat shock
proteins, which include molecular chaperones of the HSP70
and HSP90 families, HSP27, and other proteins of the network
(20).

We recently identified the zinc finger AN1-type domain 2a
gene, also known as arsenite-inducible RNA-associated protein
(AIRAP), as a novel human heat shock gene (23). Little is known
about AIRAP gene regulation in human cells, and the func-
tional role of AIRAP protein is still not well defined. Because it
was found to associate with the proteasome 19 S cap (24), we
hypothesized that AIRAP may be part of the response to pro-
teotoxic stress induced by pharmacological proteasome inhibi-
tion. Therefore, we investigated the effect of the proteasome
inhibitor (PI) bortezomib on AIRAP expression in primary
human cells. Endothelial cells were selected as a model for this
investigation on the basis of several in vitro and in vivo studies
that identify the endothelium as an important component of
the response to bortezomib treatment through angiogenesis
control.

Here we report, for the first time, that bortezomib potently
induces AIRAP expression in human primary cells. We demon-
strate that, in endothelial cells, AIRAP expression is regulated
at the transcriptional level by a mechanism involving both
HSF1 and HSF2 transcription factors via the formation of
HSF1-HSF2 heterotrimeric complexes. Furthermore, we show
that, whereas HSF1 is critical for AIRAP gene transcription,
HSF2 negatively regulates AIRAP expression after bortezomib
treatment, further emphasizing an important modulatory role
of this transcription factor during proteotoxic stress.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment—Human umbilical vein endo-
thelial cells (HUVECs) (Cambrex) were grown at 37 °C with 5%
CO2 in EGM-2 (Endothelial Growth Medium-2) complete
medium (Cambrex). All experiments were performed using
HUVECs passages 2–5. Human peripheral blood monocytes
and lymphocytes, isolated and purified from buffy coats of
healthy blood donors as described previously (25) were grown
in RPMI 1640 medium supplemented with 10% FCS and anti-
biotics for 24 h before treatments. The PI bortezomib (Millen-
nium Pharmaceuticals) and MG132 (Calbiochem) were dis-
solved in dimethyl sulfoxide and diluted in culture medium
immediately before use. Control media contained the same
amount of dimethyl sulfoxide vehicle (�0.1%). For heating pro-
cedures, cells were subjected to HS at 43 °C for 40 min in a
precision water bath (W14, Grant Instruments). Cell viability
was determined in triplicate samples by 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to MTT
formazan conversion assay (Sigma-Aldrich), as described pre-
viously (26).

Cell Transfection and Reporter Assays—Transfections were
performed using FuGENE HD transfection reagent (Roche).
The different AIRAP constructs (23) were cotransfected with a
control plasmid (pRL-TK encoding Renilla luciferase, Pro-

mega) to normalize transfection efficiency. Transfected cells
were grown for 16 h before bortezomib and heat treatments,
and the luciferase activity of quadruplicate samples was mea-
sured in a microplate luminometer (Wallac, PerkinElmer Life
Sciences) using a Dual-Luciferase kit (Promega). AIRAP pro-
moter Firefly luciferase activity was normalized to Renilla lucif-
erase activity in the same sample.

Cell Extracts, Western Blot Analysis, and Immunoprecipitation—
Whole-cell extracts were prepared by lysis in buffer B (50 mM

Tris-HCl, pH 7.5, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton, 0.5% Nonidet P-40, 2 mM dithiothreitol, 10% glycerol)
(27) supplemented with 20 mM �-glycerolphosphate, 19 mM

p-nitrophenyl phosphate, 500 mM Na3VO4, 1 mM PMSF, and
protease inhibitor mixture (Roche), as described previously
(27). Nuclear and cytoplasmic extracts were prepared as
described previously (28). For Western blot analysis, equal
amounts of protein (35 �g/sample) from whole-cell extracts
were separated by SDS/PAGE and blotted to nitrocellulose.
After blocking with 5% skim milk solution, membranes were
incubated with rabbit polyclonal anti-HSF1 (catalog no.
sc-9144, Santa Cruz Biotechnology), anti-HSF2 (catalog no.
sc-13056, Santa Cruz Biotechnology), anti-ZFAND2A (Sigma)
antibodies or monoclonal anti-ubiquitin antibodies (catalog no.
sc-8017, Santa Cruz Biotechnology), anti-HSP70 antibodies
(Stressgene), and anti-�-actin antibodies (Sigma), followed by
decoration with peroxidase-labeled anti-rabbit or anti-mouse
IgG, respectively (Super-Signal detection kit, Pierce). For HSF1
and HSF2 immunoprecipitation, whole-cell extracts (200 �g)
were precleared at 4 °C for 1 h with 40 �l of protein A-agarose
beads in 300 �l of buffer B and incubated for 4 h with rabbit
polyclonal anti-HSF1 (catalog no. sc-9144, Santa Cruz Biotech-
nology) or anti-HSF2 (catalog no. sc-13056, Santa Cruz Bio-
technology) antibodies, followed by a 2-h incubation at 4 °C
with protein A-agarose beads. After extensive washing in buffer
B, immunocomplexes were analyzed by Western blot analysis.
Aliquots (25 �g) of extracts were used as input. Quantitative
evaluation of proteins was determined by Versadoc 1000 (Bio-
Rad) analysis.

EMSA—The 75-bp AIRAP-HSE DNA probe was prepared by
PCR amplification of the AIRAP promoter region containing the
HSF-binding site (from �164 to �238) using the following prim-
ers: sense, 5�-CAAGCGCGCCGCCTGC-3�; antisense, 5�-GCA-
GGCCCGCCCACTC-3�. The PCR-product was labeled at both
ends using [�-32P]ATP plus T4 nucleotide kinase. The 35-bp
HSP70-HSE DNA probe has been described previously (29).
Whole-cell extracts (15 �g) were incubated with 32P-labeled
probes, followed by analysis of DNA-binding activity by EMSA.
Binding reactions were performed as described previously (27).
Complexes were analyzed by nondenaturing 3% or 4% polyac-
rylamide gel electrophoresis for AIRAP-HSE or HSP70-HSE
probes, respectively. To determine the specificity of HSF-DNA
complexes, whole-cell extracts were preincubated with
different dilutions of anti-HSF1 or anti-HSF2 polyclonal
antibodies for 15 min before electromobility supershift assay
(30). Quantitative evaluation of HSF-HSE complex formation
was determined by Typhoon 8600 imager (Molecular Dyna-
mics) with the use of ImageQuant (Amersham Biosciences, Pis-
cataway, NJ).
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RNA Extraction, RT-PCR, and Real-time RT-PCR—Total
RNA was prepared using TRIzol (Invitrogen) as described in
the protocol of the manufacturer. For RT-PCR analysis,
extracted RNA (1 �g) was digested with 2 units of DNase I
(Invitrogen) for 30 min at 37 °C. Samples were reverse-tran-
scribed to cDNA with 200 units of M-MLV RT (Moloney
Murine Leukemia Virus Reverse Transcriptase) (Invitrogen)
using 5 �g of random primers (Invitrogen) for 1 h at 45 °C in a
total volume of 20 �l. RT was inactivated at 95 °C for 5 min. For
each sample, an aliquot of DNase I-digested RNA without RT
was used as negative control for PCR amplification. Real-time
RT-PCR analysis was performed with ABI PRISM 7000
(Applied Biosystem), using RealMasterMix ROX (Eppendorf)
to prepare the reaction mixes. The sequences of the HSF2 prim-
ers amplifying both � and � isoforms were as follows: sense,
5�-AAGCCAAGGGAGAGGATTTC-3�; antisense, 5�-GCTG-
GTTCATTCTGCTCTCC-3�. The AIRAP, AIRAPL, HSP70,
and �-actin primers have been described previously (23).

ChIP Assay—Cells were fixed by adding formaldehyde
(Sigma) to the medium to a final concentration of 1%. After 15
min, cells were washed with ice-cold PBS containing 1 mM

phenylmethylsulfonyl fluoride and shaken for 20 min at 4 °C in
lysis buffer 1 (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM

EDTA, 10% glycerol, 0.5% Nonidet P-40, 0.25% Triton X-100,
and protease inhibitor mixture) (31). After centrifugation (3000
rpm, 10 min) the pellet was resuspended in lysis buffer 2 (10 mM

Tris-HCl, pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
and protease inhibitor mixture) (31) and shaken at room tem-
perature for 10 min. Nuclei were resuspended in lysis buffer 3
(50 mM Tris-HCl, pH 8.0, 1% SDS, 5 mM EDTA) (31), and chro-
matin was sheared by sonication. After removal of nuclear
debris, lysates were diluted 10-fold with dilution buffer 3 (50
mM Tris-HCl, pH 8.0, 5 mM EDTA, 200 mM NaCl, 0.5% Nonidet
P-40) (31) and then precleared for 3 h using 80 �l of 50% salmon
sperm DNA-saturated protein A-agarose beads. Immunopre-
cipitation was carried out at 4 °C overnight, and immunocom-
plexes were collected with salmon sperm DNA-saturated pro-
tein A-agarose beads. Antibodies utilized included anti-HSF1
and anti-HSF2 (Santa Cruz Biotechnology) or preimmune rab-
bit serum as a control for nonspecific interactions. After wash-
ing three times with high-salt wash buffer 3 (20 mM Tris-HCl,
pH 8.0, 0.1% SDS, 1% Nonidet P-40, 2 mM EDTA, 0.5 M NaCl)
(31) and twice with TE buffer (10 mM Tris (pH 8.0) and 1 mM

EDTA), immunocomplexes were eluted with 1% SDS-contain-
ing TE. Protein-DNA cross-links were reverted by incubating at
65 °C overnight. After proteinase K digestion, DNA was
extracted with phenol-chloroform and precipitated with etha-
nol using 15 �g of tRNA as a carrier. Primers and PCR condi-
tions have been described previously (23).

siRNA Interference—Chemically synthesized 19-nucleotide
duplex siRNAs with 3� overhanging UU dinucleotides and their
scrambled control sequences were purchased from Qiagen
(Hilden, Germany). Two siRNA target sequences were used for
AIRAP: GGGAAGCATTGTTCAGAAA and CCTGGGAA-
GAAGAAAGAGA. The siRNA target sequences for HSF1 and
HSF2 were CCCAAGTACTTCAAGCACA and GTAGGACT-
GAAGGTTTAAA, respectively. All siRNAs and their scram-
bled controls were transfected using HIPerFect transfection

reagent (Qiagen). Briefly, for AIRAP down-regulation, conflu-
ent HUVECs growing on 6-well plates were cotransfected with
12.5 nmol/liter of each siRNA targeting sequence. For HSF1
and HSF2 down-regulation, HUVECs growing on 6-well plates
were transfected with 25 nmol/liter of HSF1 or HSF2 siRNA
targeting sequence or scrambled control sequences. After trans-
fection, the HSF1 or HSF2 siRNAs duplexes were removed, and
bortezomib treatment was started at the indicated times.

Confocal Microscopy—HUVECs grown on coverslips were
fixed with 4% paraformaldehyde and permeabilized in 0.1% Tri-
ton X-100-PBS for 10 min. After blocking with 1% BSA, fixed
cells were incubated with rabbit anti-AIRAP antibody for 1 h
and incubated with Cy3-conjugated anti-rabbit IgG for 30 min
at room temperature. Images were acquired on a Leica confocal
microscope TCS-4D system.

Statistical Analysis—Statistical analysis was performed using
Student’s t test for unpaired data. Data are expressed as the
mean � S.D. of at least duplicate samples. p � 0.05 was consid-
ered significant.

RESULTS

Proteasome Inhibition Leads to AIRAP Induction in Human
Endothelial Cells—To investigate the effect of proteasome inhi-
bition on HSF activation and AIRAP expression in human cells,
quiescent HUVECs were treated with different doses of the
reversible peptide-aldehyde PI MG132 or slow-reversible pep-
tide-boronate inhibitor bortezomib (8, 9). After 14 h, whole-cell
extracts were analyzed for HSF DNA-binding activity by EMSA
and for AIRAP levels by Western blot analysis. As shown in Fig.
1, both PI were found to strongly induce HSF activation, with
bortezomib being a much more potent inducer, starting to pro-
mote HSF DNA-binding activity at concentrations as low as 10
nM. Consistent with HSF activation, a dose-dependent increase

FIGURE 1. Dose-dependent induction of HSF DNA-binding activity and
AIRAP expression by proteasome inhibitors in human endothelial cells.
HUVECs were treated with different concentrations of the proteasome inhib-
itors bortezomib or MG132, and, at 14 h after treatment, whole-cell extracts
were analyzed for HSF DNA-binding activity by EMSA (top panels). The posi-
tions of the HSF DNA-binding complex (HSF), constitutive HSE-binding activ-
ity (CHBA), and nonspecific protein-DNA interaction (NS) are shown. The lev-
els of AIRAP protein and �-actin as a control were determined in the same
samples by Western blot analysis (bottom panels). Data from one representa-
tive experiment of two with similar results are shown.
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in AIRAP protein levels was detected starting at 10 nM for bort-
ezomib and 100 nM for MG132, demonstrating that AIRAP
expression is highly induced in human cells during proteasome
inhibition. Because of its clinical relevance and its potency in
activating AIRAP expression, bortezomib was selected for this
study.

To characterize AIRAP intracellular localization, HUVECs
were treated with bortezomib, and, after 14 h, nuclear and cyto-
plasmic fractions were isolated and analyzed by Western blot
for AIRAP and HSP70 levels and for TATA-binding protein
and GAPDH as a loading control for nuclear and cytoplasmic
fractions, respectively. In parallel, HUVECs growing on cover-
slips were examined by immunofluorescence. As shown in Fig.
2, an intense AIRAP immunofluorescent signal was found to be
distributed throughout the nucleus and cytoplasm in bort-
ezomib-treated cells. Consistent with the immunofluores-
cence, AIRAP was detected in both nuclear and cytoplasmic
fractions when analyzed by Western blot analysis.

Kinetics of HSF Activation and AIRAP Expression following
Bortezomib-induced Proteotoxic Stress—To investigate the kinet-
ics of HSF activation and AIRAP expression during proteasome
inhibition, confluent HUVEC monolayers were treated with bort-
ezomib at non-toxic (10 nM) concentrations (32, 33). At different
times after treatment, whole-cell extracts were analyzed for HSF
DNA-binding activity by EMSA (Fig. 3A, top panel) and for levels
of polyubiquitinated proteins, AIRAP, HSP70, HSF1, HSF2,
and �-actin by Western blot (Fig. 3A, bottom panels). In parallel
samples, total RNA was analyzed for the levels of AIRAP, con-
stitutively expressed AIRAP-like gene (AIRAPL), HSF2, and
HSP70 mRNA by real-time PCR (Fig. 3B).

As shown in Fig. 3A, bortezomib treatment causes progres-
sive accumulation of polyubiquitinated proteins starting at 3 h

after treatment. In parallel with polyubiquitinated protein
accumulation, HSF-HSE binding was detected between 3 and
6 h, increasing in the next hours up to 18 –24 h, and then it
started to decline (Fig. 3A). Minimal levels of HSF DNA binding
activity were still detected at 48 h. In concomitance with HSF
activation, AIRAP mRNA expression started to increase after
3 h of treatment, reaching maximal levels between 9 and 24 h,
with kinetics similar to HSP70 mRNA (Fig. 3B). No change in
AIRAPL mRNA levels was detected at any time (Fig. 3B).

As shown in Fig. 3A, a modest increase in the low-mobility
phosphorylated HSF1 isoform started to be detected at 6 h after
treatment. It should be emphasized that, as described previ-
ously for different PI (15, 16, 34), HSF2 levels were increased
dramatically in bortezomib-treated cells starting 6 h after treat-
ment and continuing up to 48 h. Interestingly, HSF2 mRNA
levels were also found to increase up to 24 h after bortezomib
treatment (Fig. 3B).

Following the increase in AIRAP mRNA, AIRAP protein was
detected after 6 h of treatment. Similar to HSP70, AIRAP was
expressed at high levels for the next 24 h. However, it should
be noted that, different from HSP70, accumulation of AIRAP
was found to decrease at 48 h after treatment. Hsp70 is
known to be a highly stable protein under stress conditions
(35, 36), whereas AIRAP protein stability has never been
investigated. To determine whether the effect described
above could reflect differences in protein stability, HUVECs
were treated with 10 nM bortezomib for 14 h, at which time
protein synthesis was arrested by adding 100 �g/ml cyclo-
heximide. At different times after cycloheximide treatment,
HSP70 and AIRAP levels were determined in whole-cell
extracts by Western blot analysis, followed by quantitative
determination by densitometric analysis. The results, shown

FIGURE 2. Cytoplasmic and nuclear distribution of AIRAP in bortezomib-treated endothelial cells. A, HUVECs were treated with 10 nM bortezomib (Btz) (�)
or vehicle (�) for 14 h, fractionated into nuclear (N) and cytoplasmic (C) extracts, and analyzed by Western blot for AIRAP and HSP70 protein levels. Equal
amounts of protein extracts were loaded in each lane. Antibodies against TATA-binding protein (TBP) and GAPDH were used as a loading control for nuclear
and cytoplasmic fractions, respectively. B, parallel samples were processed for immunofluorescence and labeled with anti-AIRAP antibodies (red). Nuclei were
stained with DAPI (blue). The overlay of the two fluorochromes is shown (MERGE). Images were captured with a Leica confocal microscope TCS-4D system
equipped with a �40 oil immersion objective. Scale bar � 50 �m. Data from one representative experiment of two with similar results are shown.
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in Fig. 4, indicate that, under the conditions described,
HSP70 degradation rate is minimal, whereas AIRAP has a
faster degradation rate with a half-life of 8 h.

The effect of repeated bortezomib treatment on HSF activa-
tion and AIRAP expression was also investigated. HUVECs
were treated with 10 nM bortezomib or vehicle for 24 h. At this
time, the medium was removed and replaced with fresh
medium containing the drug. Treatment was repeated every
24 h. For this study, both the classical HSE-containing sequence
derived from the HSP70 promoter (HSP70-HSE) and a large,
75-bp DNA fragment (from �164 to �238) containing the HSE
sequence of the human AIRAP promoter region (AIRAP-HSE)
were used. As shown in Fig. 5A (top panel), under these condi-
tions, HSF/HSP70-HSE complexes were detected up to 72 h
after treatment. Similar results were obtained using the AIRAP-
HSE sequence (Fig. 5A, bottom panel). In parallel with HSF
activation, high levels of AIRAP and HSP70 proteins were
detected up to 72 h. Interestingly, HSF2 was also found to accu-
mulate at high levels up to 72 h of continuous exposure to bort-
ezomib (Fig. 5B).

FIGURE 3. Kinetics of AIRAP expression following bortezomib-induced proteotoxic stress in endothelial cells. A, HUVECs were treated with bortezomib
(10 nM) or control diluent (C), and, at different times, whole-cell extracts were analyzed for HSF DNA-binding activity by EMSA (top panel). The positions of the
HSF DNA-binding complex (HSF), constitutive HSE-binding activity (CHBA), and nonspecific protein-DNA interaction (NS) are shown. The levels of HSF1, HSF2,
AIRAP, HSP70, polyubiquitinated proteins, and �-actin as a control were determined in the same samples by Western blot analysis (bottom panels). B, in parallel
samples, total RNA was analyzed for AIRAP, constitutively expressed AIRAP-like gene AIRAPL, HSP70, HSF2, and �-actin expression by real-time PCR. Relative
quantities of AIRAP, AIRAPL, HSP70, and HSF2 RNAs were normalized to �-actin. All reactions were made in duplicate using samples derived from at least three
biological repeats. Error bars indicate mean � S.D. The fold increase was calculated by comparing the induction of the indicated genes in the treated samples
to the relative control, which was arbitrarily set to 1.

FIGURE 4. Estimation of AIRAP and HSP70 protein stability in bort-
ezomib-treated HUVECs. HUVECs were treated with 10 nM bortezomib, and,
after 14 h, the drug was removed, and cycloheximide was added at a con-
centration of 100 �g/ml. Samples were collected at various time points up
to 8 h after cycloheximide treatment, and AIRAP and HSP70 levels were
analyzed in whole-cell extracts by Western blot analysis and quantitated
by scanning densitometry. The logarithmic plot of percentage of initial
AIRAP (A) and HSP70 (B) protein levels versus time is shown. The degrada-
tion rate of AIRAP was calculated to be 8%/h, whereas the HSP70 degra-
dation rate was found to be 	1%/h. Data represent the mean � S.D. of
three independent experiments.
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Both HSF1 and HSF2 Are Recruited to the AIRAP Promoter
and Regulate Bortezomib-induced AIRAP Expression—Down-
regulation of proteasome function is known to induce DNA-
binding activity of both HSF1 and HSF2 (18, 34). However, the
level of HSF1 contribution to the activity induced may vary
among cells of different species and tissue origins (15). To
determine the composition of the HSF complex binding to the
AIRAP promoter, whole-cell extracts from HUVECs treated
with 10 nM bortezomib for 18 h or exposed to HS at 43 °C for 40
min were subjected to supershift analysis using specific anti-
HSF1 and HSF2 antibodies. HSF-DNA complexes were found
to contain both HSF1 and HSF2, as detected by the appearance
of slower-migrating HSF1 and HSF2 antibody-containing ter-
nary complexes in native gel electrophoresis (Fig. 6A). It should
be noted that the supershift of HSF-DNA complexes was com-
plete at high concentrations of anti-HSF1 but not of anti-HSF2
antibodies, suggesting that the bortezomib-induced HSF-DNA
complex may contain a mixture of HSF1-HSF2 heterotrimers
and HSF1-HSF1 homotrimers. Similar results were obtained
for the HSP70 promoter (Fig. 6A). As expected (15), different
from bortezomib, a supershift analysis confirmed that heat

induced HSF1 (but not HSF2) DNA-binding activity for both
the AIRAP-HSE and HSP70-HSE sequence (Fig. 6B).

The possibility that HSF1 and HSF2 interact physically to
form heterocomplexes was verified by coimmunoprecipitation
experiments. HUVECs treated with bortezomib (10 nM, 18 h) or
exposed to HS (43 °C, 40 min) were subjected to coimmunopre-
cipitation with anti-HSF1 or HSF2 antibodies, followed by
Western blot. As shown in Fig. 6C, coimmunoprecipitating
HSF1 and HSF2 were detected after HSF2 or HSF1 immuno-
precipitation in bortezomib-treated cells. The results con-
firmed that high levels of HSF2 accumulate in cells treated with
the PI, whereas, as expected, in heat-shocked cells HSF2 levels
are hardly detectable because of heat-induced HSF2 degrada-
tion (34, 37–39). It should be noted that, given the high levels of
HSF2 in bortezomib-treated cells, we cannot exclude that the
HSF2/HSF1 interaction detected in coimmunoprecipitation

FIGURE 5. Analysis of HSF-AIRAP promoter complex formation and AIRAP
expression during long-term bortezomib treatment. A, HUVECs were
treated with 10 nM bortezomib (Btz) (�) or vehicle (�), and at 24, 48, and 72 h,
whole-cell extracts were analyzed for HSF DNA-binding activity by EMSA in a
4% polyacrylamide gel using an HSP70-HSE ideal probe (29) (top panel) or a
3% polyacrylamide gel using a 75-bp (from �164 to �238) DNA fragment
containing the HSE element of the AIRAP promoter region (23) (bottom
panel). The positions of the HSF DNA-binding complex (HSF), constitutive
HSE-binding activity (CHBA), and nonspecific protein-DNA interaction (NS)
are shown. B, in parallel samples, whole-cell extracts were analyzed for levels
of AIRAP, HSP70, HSF2, and �-actin proteins by Western blot analysis. Data
from one representative experiment of two with similar results are shown.

FIGURE 6. In vitro characterization of AIRAP promoter-HSF complexes in
bortezomib-treated endothelial cells. HUVECs were treated with 10 nM

bortezomib for 18 h (A) or subjected to heat shock (HS) at 43 °C for 40 min (B).
Whole-cell extracts were preincubated with different dilutions of anti-HSF1 or
anti-HSF2 polyclonal antibodies and analyzed for supershift assay using the
same probes as in Fig. 5A. Positions of the HSF DNA-binding complex (HSF),
constitutive HSE-binding activity (CHBA), and nonspecific protein-DNA inter-
action (NS) are shown. C, control. C, HUVECs treated as in A were used for HSF1
and HSF2 coimmunoprecipitations. Cell extracts from untreated cells or cells
treated with bortezomib or heat shock were used to detect HSF1 or HSF2
proteins by immunoblot (IB) analysis before (INPUT) or after immunoprecipi-
tation (IP) with anti-HSF1 or anti-HSF2 antibodies. Arrows indicate the low-
mobility phosphorylated HSF1 isoform. Data from one representative exper-
iment of two with similar results are shown.
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experiments could reflect a nonspecific, dose-dependent effect.
It should also be noted that, under the conditions used, in heat-
shocked cells HSF1 reached higher levels of phosphorylation
compared with bortezomib-treated cells.

To investigate whether both HSF1 and HSF2 were recruited
to the AIRAP-promoter in vivo, HUVECs were treated with
bortezomib (10 nM, 18 h) or subjected to HS (43 °C, 40 min),
and HSF1 and HSF2 recruitment to AIRAP and HSP70 promot-
ers was analyzed by ChIP assay. HSF1- and HSF2-coprecipitat-
ing DNA was analyzed by PCR with promoter-specific primers
amplifying the AIRAP and HSP70 promoters, respectively, and
the rate of amplification was verified using cross-linked, non-
immunoprecipitated chromatin. The specificity of chromatin
immunoprecipitation was determined by using an unrelated
control antibody (Fig. 7A). Consistent with the supershift anal-
ysis described above, both HSF1 and HSF2 were found to be
recruited to the AIRAP and HSP70 promoters in bortezomib-
treated cells, whereas mainly HSF1 was detected after HS.
These data confirm that, upon proteasome inhibition, both fac-
tors bind to the AIRAP promoter. The fact that both HSF1 and
HSF2 were also recruited to the HSP70 promoter suggests that

HSF2 activation and recruitment to different HS genes may
represent a general response to bortezomib treatment in endo-
thelial cells.

We have previously identified an HSE located at �211 from
the transcription start site (HSE2) in the human AIRAP pro-
moter as the critical element for heat-induced AIRAP tran-
scription (23). To determine the functional role of HSFs in
bortezomib-driven AIRAP expression using luciferase reporter
activity analysis, HUVECs were transiently transfected with the
AIRAP PGL3-M210-HSE2 (M210) construct, in which the
functional HSE2 was mutated (23), and the wild-type WT-
AIRAP-PGL3 (WT) construct, and, after 24 h cells were treated
with bortezomib or subjected to HS (43 °C, 40 min). At 9 h after
bortezomib treatment and at 7 h of recovery at 37 °C after HS,
whole-cell extracts were analyzed for luciferase activity. As
shown in Fig. 7B, under these conditions, both bortezomib and
heat induced AIRAP promoter-driven transcription selectively
in cells transfected with the wild-type construct.

Role of HSF1 and HSF2 on Bortezomib-induced AIRAP
Expression—To better define how HSF1 and HSF2 contribute
to bortezomib-induced AIRAP expression, both factors were
down-regulated by siRNA. HUVECs were transiently trans-
fected with HSF2 (si-HSF2), HSF1 (si-HSF1), or control
(scrambled) siRNAs and, after 30 h, treated with 10 nM bort-
ezomib. After 12 h, whole-cell extracts were analyzed for HSF2,
HSF1, AIRAP, and HSP70 protein levels by Western blot anal-
ysis. As shown in Fig. 8A, transient transfection with si-HSF1 or
si-HSF2 resulted in specific down-regulation of HSF1 or HSF2,
respectively. It should be noted that transfection with si-HSF2
also prevented the bortezomib-induced increase in HSF2 levels.

As shown in Fig. 8A, following bortezomib treatment, AIRAP
and HSP70 proteins were down-regulated in HSF1-depleted
cells compared with the control. Interestingly, HSF2 silencing,
instead, resulted in an increase in AIRAP level, suggesting a
regulatory role of HSF2 in AIRAP expression during protea-
some inhibition.

On the basis of this observation, the kinetics of AIRAP
expression was investigated in HSF2-depleted cells. HUVECs
transiently transfected with HSF2 siRNAs were treated with 10
nM bortezomib. At different times after treatment, whole-cell
extracts were analyzed for HSE-binding activity by EMSA and
for HSF2, AIRAP, and HSP70 protein levels by Western blot
analysis. The results shown in Fig. 8B confirm that si-HSF2
silencing results in an increase in AIRAP levels at all times ana-
lyzed. A modest increase in HSP70 levels was detected at early
time points (12 h) after bortezomib treatment (Fig. 8, A and B).

Finally, the role of HSF1 in bortezomib-induced AIRAP
expression was investigated using a stable human cervical car-
cinoma cell line (HeLa-HSF1i) with HSF1 loss of function, gen-
erated previously by using stable RNA-mediated interference
(26). HeLa wild-type (HeLa-pS) and HeLa-HSF1i cells were
treated with bortezomib (25 nM), and, at different time points
after treatment, whole-cell extracts were analyzed for HSF
DNA-binding activity by EMSA using the HSE-AIRAP probe
and for AIRAP levels by Western blot analysis. HSF1 and �-ac-
tin levels were determined as a control. As shown in Fig. 8C, in
the absence of HSF1, no DNA-binding activity was observed,
and AIRAP expression was almost completely abrogated, con-

FIGURE 7. In vivo analysis of AIRAP promoter occupancy by HSF1 and
HSF2 transcription factors after bortezomib treatment. A, HUVECs were
treated with 10 nM bortezomib (Btz) for 18 h or subjected to heat shock (HS) at
43 °C for 40 min or left untreated (Control). Recruitment of HSF1 and HSF2 to
the AIRAP and HSP70 promoters was analyzed by ChIP assay. ChIP-enriched
DNAs using preimmune serum (IP NS IgG), anti-HSF1 (IP anti-HSF1), or anti-
HSF2 (IP anti-HSF2) as well as input DNAs (INPUT) were prepared, and DNA
fragments of the AIRAP gene (�208 to �45) and HSP70 gene (�262 to �70)
were amplified by PCR. Data from one representative experiment of three
with similar results are shown. B, HUVECs were transfected with the AIRAP-
PGL3 construct (WT) and the AIRAP-PGL3-M210-HSE2 (M210) point-mutated
(G to T) construct (23). After 16 h, cells were treated with bortezomib, sub-
jected to heat shock (43 °C for 40 min), or left untreated. 9 h after bortezomib
treatment and at 7 h of recovery at 37 °C after HS, whole-cell extracts were
analyzed for luciferase activity. Data, expressed as fold induction of untreated
control, represent the mean of quadruplicate samples from two independent
experiments. Error bars indicate mean � S.D. *, p � 0.05.
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firming that HSF1 is critical for AIRAP gene transcription fol-
lowing proteasome inhibition.

Effect of Bortezomib on AIRAP Expression in Human Primary
Blood-derived Cells—To investigate whether AIRAP induc-
tion is a general response of human cells to proteasome inhi-
bition, the ability of bortezomib to trigger AIRAP expression
was evaluated in human blood-derived primary cells. Periph-
eral blood monocytes and lymphocytes from healthy donors
and HUVECs were treated with 10 nM bortezomib, and, after
14 h, whole-cell extracts were analyzed for the levels of
polyubiquitinated proteins, AIRAP, HSF2, and �-actin by
Western blot. As shown in Fig. 9, bortezomib increased
AIRAP levels in all cells analyzed, indicating a general
response of human cells to the drug. It should be noted that
HSF2 levels were also increased in bortezomib-treated
monocytes and lymphocytes.

DISCUSSION

AIRAP was originally identified as an arsenite-inducible, cys-
teine- and histidine-rich RNA-associated protein that is con-
served among mammals, Drosophila, and Caenorhabditis
elegans (40). We have shown recently that the human AIRAP
gene behaves as a canonical heat shock gene whose expression
is strictly controlled by HSF1 in a temperature-dependent fash-
ion. Transcription is triggered at temperatures above 40 °C in
different types of human primary and cancer cells (23). An HSE
located at �211 from the transcription start site was identified
in the human AIRAP promoter as the critical element for heat-
induced AIRAP transcription (23).

We have shown now that the selective PI bortezomib, a drug
in current clinical use for treatment of multiple myeloma and
other chemotherapy-resistant cancers, is a potent inducer of
AIRAP expression in human cells. In endothelial cells, bort-
ezomib is 10 times more active than the peptide-aldehyde
MG132, being effective at concentrations as low as 10 nM,
which is comparable with plasma concentrations in treated
patients (Millennium, Velcade prescribing information).

Pharmacokinetic/pharmacodynamic studies have shown that
bortezomib is distributed rapidly into patient tissues after
administration of a single dose, with proteasome inhibition
occurring within 1 h and recovering within 72–96 h after
administration (41). Analysis of AIRAP expression kinetics in
vitro after a single bortezomib treatment has shown that AIRAP
mRNA started to increase between 3– 6 h of treatment, follow-
ing polyubiquitinated protein accumulation and HSF activa-
tion, reaching maximal levels at 18 h and continuing up to 48 h
with kinetics similar to HSP70 mRNA. Following the increase
in AIRAP mRNA levels, AIRAP protein expression was
detected after 6 h of treatment. The protein was expressed at
high levels for the next 24 h both in the nucleus and cytoplasm

FIGURE 8. Effect of HSF1 and HSF2 silencing on bortezomib-induced
AIRAP protein expression. A, HUVECs were transiently transfected with
HSF2 (si-HSF2), HSF1 (si-HSF1), or control (scrambled) siRNAs and, after 30 h,
cells were treated with 10 nM bortezomib (Btz) (�) or vehicle (�). After 12 h of
bortezomib treatment, whole-cell extracts were analyzed for levels of HSF2,
HSF1, AIRAP, HSP70, and �-actin proteins by Western blot analysis. Data from
one representative experiment of two with similar results are shown. B,
HUVECs were transiently transfected with HSF2 or scrambled siRNAs, and,
after 10 h, cells were treated with 10 nM bortezomib or left untreated (C24 and
C48). 12, 24, 36, and 48 h after bortezomib treatment, whole-cell extracts were
analyzed for HSF DNA-binding activity by EMSA (top panel). The positions of
the HSF DNA-binding complex (HSF), constitutive HSE-binding activity
(CHBA), and nonspecific protein-DNA interaction (NS) are shown. The levels of
HSF2, AIRAP, HSP70, and �-actin as a control were determined in the same
samples by Western blot analysis (bottom panels). C, wild-type (HeLa-pS) and
HSF1-silenced (HeLa-HSF1i) HeLa cells were treated with 25 nM bortezomib,
and, at different times after treatment, whole-cell extracts were analyzed for
HSF DNA-binding activity by EMSA using the AIRAP-HSE probe (top panel).
The levels of HSF1, AIRAP, and �-actin as a control were determined in the
same samples by Western blot analysis (bottom panels).

FIGURE 9. Induction of AIRAP expression by bortezomib in human pri-
mary blood-derived cells. HUVECs, peripheral blood monocytes (M
), and
lymphocytes (LY) from healthy donors were treated with 10 nM bortezomib
(Btz) (�) or vehicle (�) for 14 h. Levels of AIRAP, HSF2, polyubiquitinated
proteins, and �-actin as a control were determined by Western blot analysis.
Data from one representative experiment of three with similar results are
shown.
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of treated cells. Different from HSP70, accumulation of AIRAP
was found to decrease at 48 h after treatment. This is likely a
consequence of the lower stability of AIRAP compared with
HSP70.

Because little is known about the effect of persistent protea-
some inhibition on heat shock response regulation, we investi-
gated the effect of repeated bortezomib treatments for a 72-h
period. Under these conditions, sustained HSF DNA-binding
activity and AIRAP expression were detected until 72 h. Inter-
estingly, heat shock response attenuation was not observed,
despite the high levels of HSP produced (42).

It is important to note that HSF2 protein levels were
increased dramatically in bortezomib-treated cells starting at
6 h after treatment and continuing up to 48 h in single-treat-
ment experiments and 72 h after repeated treatments. Inhibi-
tion of protein degradation coupled with an increase in HSF2
protein synthesis has been reported previously to be responsi-
ble for the accumulation of HSF2 protein following proteasome
inhibition in different cell lines (15, 16). We now report, for the
first time, an increase in HSF2 mRNA levels in bortezomib-
treated human primary cells, suggesting that transcriptional/
posttranscriptional regulation of HSF2 messages may also par-
ticipate in increasing HSF2 protein levels during proteasome
inhibition. Because of its regulatory role in differentiation and
development (43), it should be emphasized that the dramatic
increase in HSF2 detected in human primary endothelial
cells, monocytes, and lymphocytes after bortezomib treat-
ment may have relevant effects and should be considered in
clinical regimens.

HSF1 and HSF2 differ in the nature of their transcriptional
responses as well as in their pathways of activation. Whereas
HSF1 is activated upon a wide variety of stress conditions (20,
34, 44), HSF2 is more selective, being induced during differen-
tiation (43) and in early development (43) in addition to down-
regulation of the ubiquitin-proteasome pathway (15). Unlike
HSF1, which is a stable protein expressed evenly and constitu-
tively, HSF2 is a labile protein, and its levels vary in different
types of tissues and may fluctuate during developmental pro-
cesses (43, 45). HSF2 expression levels are regulated both tran-
scriptionally and by mRNA stabilization (46).

Upon activation, HSF1 undergoes a monomer-to-trimer
transition, whereas HSF2 usually undergoes a dimer-to-trimer
transition and, different from HSF1, does not appear to require
phosphorylation (47, 48). Although both HSFs are able to rec-
ognize similar HSEs (49 –51), different from HSF1, the mecha-
nism of HSF2 recruitment to stress-inducible promoters has
not yet been elucidated (21). Differences in HSE sequences and
in the number of canonical and non-canonical nGAAn pen-
tamers appear to be important for the type of HSF recruited.
HSF1 binding has been shown to utilize a higher degree of
cooperativity than HSF2, which appears to be more confined to
short HSEs containing a small number of GAA blocks (49, 50).

It has been shown that, under specific conditions, including
proteasome inhibition, HSF1 and HSF2 may interact because of
the highly homologous trimerization domains and form het-
erocomplexes that could be recruited to specific promoters (21,
52). We now show that, after bortezomib treatment, both HSF1
and HSF2 are recruited to the AIRAP promoter. We also

show that the two factors interact directly and form hetero-
complexes. In addition, supershift analysis suggests that
HSF-AIRAP promoter complexes may contain a mixture of
HSF1-HSF2 heterotrimers and HSF1-HSF1 homotrimers.
The possibility that different complexes may bind to the
AIRAP promoter is supported by the presence of a contigu-
ous array of seven units of the 5�-nGAAn-3� consensus motif
in the promoter that could adapt occupancy by at least two
HSF trimers (23).

The fact that bortezomib is not able to induce AIRAP expres-
sion in human cells depleted of HSF1 indicates that HSF1 has a
primary role in AIRAP transcription that cannot be compen-
sated by HSF2 alone. Regarding HSF2, the potential impact of
HSF2 on stress-induced heat shock gene expression and HSP
accumulation is not yet well defined. At the transcriptional
level, HSF2 has been reported to positively and/or negatively
modulate the expression of specific heat shock genes (21, 22).
On the other hand, a role of HSF2 in the regulation of protea-
some activity with a consequent increase in HSP stability has
also been described (53). In the case of AIRAP, we now report
that HSF2 negatively regulates AIRAP expression after bort-
ezomib treatment, further emphasizing an important modula-
tory role of this transcription factor during proteotoxic stress. A
negative regulatory role of HSF2 on selected HSF1 target genes
is of particular interest in the case of bortezomib because high
levels of the factor can be reached with clinically relevant con-
centrations of the drug.

As indicated above, AIRAP biological function is still not well
defined. Arsenite-induced AIRAP has been found to associate
with the 19 S cap of the proteasome and has been suggested to
alter the 19 S cap biochemical properties to facilitate substrate
transit through the particle (24). It has been discovered recently
that mammals have a second, constitutively expressed, AIRAP-
like gene (AIRAPL) that also encodes a proteasome-interacting
protein that shares with AIRAP the property of enhancing pep-
tide accessibility to the proteasome active site (54). Bortezomib
did not alter the expression of AIRAPL at concentrations that
strongly induced AIRAP. On the other hand, inhibition of
AIRAP expression by siRNA silencing only modestly (20%)
decreased HUVEC viability at 48 h after 10 nM bortezomib
treatment (Fig. 10). In addition, AIRAP silencing did not cause
a significant change in proteasome function in the first 24 h
after a single treatment with 10 nM bortezomib under condi-
tions where chymotrypsin-like activity is inhibited by 	80%
(data not shown). It should be noted that, if AIRAP participates
in accelerating polyubiquitinated protein transit through the
particle, during bortezomib treatment, it could only act on the
residual 20% proteasome activity, and only a modest protea-
some regulatory effect could be expected under these condi-
tions. It cannot be excluded that AIRAP may act at a different
level during proteotoxic stress. AIRAP was discovered as an
RNA-binding protein and, because of its nuclear and cytoplas-
mic localization in endothelial cells, the possibility that it may
participate in mRNA and pre-mRNA protection/rescue and/or
stabilization (55, 56) during proteotoxic stress should be
considered.

Finally, in addition to endothelial cells, bortezomib was
found to induce an abundant expression of AIRAP in human
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peripheral blood-derived cells and in multiple myeloma cells
(data not shown). Because inhibition of proteasome activity in
peripheral blood mononuclear cells and accumulation of pro-
teasome-targeted polypeptides in tumor tissue are pharmacody-
namic markers of bortezomib activity after intravenous adminis-
tration (57, 58), the results described suggest that AIRAP may
represent a new biomarker of bortezomib activity.

In conclusion, we have identified AIRAP as a novel bort-
ezomib target gene in human cells. Differently from heat stress,
bortezomib-induced AIRAP expression involves the interplay
between HSF1 and HSF2, which should be taken into consider-
ation when planning proteasome inhibitor-based therapies.
AIRAP function in the endothelium remains to be elucidated,
and its role in cancer is totally unexplored. However, the abun-
dant presence of this recently identified heat shock protein in
cells treated with clinically relevant concentrations of the drug
suggests that AIRAP may be a novel component of the regula-
tory network controlling proteotoxic stress during proteasome
inhibition and may, therefore, contribute to the outcome of
bortezomib treatment.
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