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Abstract
Protein homeostasis is essential for life in eukaryotes. Organisms respond to proteotoxic stress by activating heat shock 
transcription factors (HSFs), which play important roles in cytoprotection, longevity and development. Of six human HSFs, 
HSF1 acts as a proteostasis guardian regulating stress-induced transcriptional responses, whereas HSF2 has a critical role in 
development, in particular of brain and reproductive organs. Unlike HSF1, that is a stable protein constitutively expressed, 
HSF2 is a labile protein and its expression varies in different tissues; however, the mechanisms regulating HSF2 expression 
remain poorly understood. Herein we demonstrate that the proteasome inhibitor anticancer drug bortezomib (Velcade), at 
clinically relevant concentrations, triggers de novo HSF2 mRNA transcription in different types of cancers via HSF1 acti-
vation. Similar results were obtained with next-generation proteasome inhibitors ixazomib and carfilzomib, indicating that 
induction of HSF2 expression is a general response to proteasome dysfunction. HSF2-promoter analysis, electrophoretic 
mobility shift assays, and chromatin immunoprecipitation studies unexpectedly revealed that HSF1 is recruited to a heat 
shock element located at 1.397 bp upstream from the transcription start site in the HSF2-promoter. More importantly, we 
found that HSF1 is critical for HSF2 gene transcription during proteasome dysfunction, representing an interesting example 
of transcription factor involved in controlling the expression of members of the same family. Moreover, bortezomib-induced 
HSF2 was found to localize in the nucleus, interact with HSF1, and participate in bortezomib-mediated control of cancer 
cell migration. The results shed light on HSF2-expression regulation, revealing a novel level of HSF1/HSF2 interplay that 
may lead to advances in pharmacological modulation of these fundamental transcription factors.
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Introduction

Proteome homeostasis, or proteostasis, a finely regulated 
multi-compartmental process that coordinates protein syn-
thesis, folding and degradation [1], is fundamental for cell 
health. The 26S-proteasome, a multicatalytic ATP-depend-
ent proteolytic machine consisting of a 19S-regulatory par-
ticle and a 20S-core particle with proteolytic activity [2], 

represents the primary site for non-lysosomal protein deg-
radation in mammalian cells. As part of the ubiquitin–pro-
teasome system (UPS), the proteasome regulates the turno-
ver and quality control of proteins, consequently affecting 
many aspects of cell physiology, including cell prolifera-
tion and differentiation, apoptosis and signal transduction 
[3, 4]. Because of its central role in protein homeostasis, the 
26S-proteasome is considered an attractive target in antican-
cer therapy due to increased protein metabolism in tumor 
cells, and a variety of heterogeneous reversible and irrevers-
ible proteasome inhibitors (PI) have been identified [5–7]. 
Among these, the reversibly binding dipeptide boronate-
based bortezomib (Velcade, formerly PS-341) represents the 
first-in-class PI used in the clinic for treatment of multiple 
myeloma (MM) and relapsed mantle cell lymphoma [8], 
and is known to possess anticancer activity against several 
other malignancies based on its direct pro-apoptotic effects 
on cancer cells as well as its antiangiogenic action [9, 10]. 
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Next-generation PI, including the irreversibly binding pep-
tide epoxyketone-based carfilzomib and the orally available 
boronate-based ixazomib, have been developed to overcome 
intrinsic or acquired resistance, as well as off-target toxicity 
of bortezomib [11].

A critical consequence of the ubiquitin–proteasome net-
work down-regulation is the activation of the cellular heat 
shock response (HSR) [12]. Following its seminal discov-
ery in Drosophila by Ferruccio Ritossa in the early 1960s 
[13], the HSR, also known as proteotoxic stress response, 
is recognized as a fundamental highly conserved mecha-
nism evolved from yeast to humans to protect cells from the 
damaging effects of proteostasis disruption by triggering the 
expression of cytoprotective heat shock proteins (HSP) [14]. 
HSPs, which include members of the HSP70 and HSP90 
families, HSP27 and other proteins of the network, act as 
molecular chaperones that maintain cellular proteostasis 
through facilitation of folding, transport, ubiquitination, and 
proteasomal degradation of proteins [12, 14].

The HSR is regulated by a family of heat shock (HS) tran-
scription factors (HSFs) that are expressed and maintained 
in an inactive state under non-stress conditions. The human 
genome encodes six heat shock factors: HSF1, HSF2, HSF4, 
HSF5, HSFX and HSFY that have different functions and 
exhibit different and tissue-specific patterns of expression 
[15]. Among the different HSFs, HSF1 is considered to be 
the paralog responsible for regulating acute and severe pro-
teotoxic stress-driven transcriptional responses, including 
exposures to elevated temperatures [16]; although it lacks 
intrinsic stress-responsiveness HSF2, that exists in two 
alternative-splicing isoforms (α and β) [17], also contributes 
to inducible expression of HS genes through interplay with 
HSF1, acting as a fine tuner of the HSR [18–21].

HSF1 and HSF2 are multi-domain transcription factors 
both containing an amino-terminal DNA-binding domain, 
an adjacent multimerization domain, a central regulatory 
domain, a carboxyl-terminal coiled-coil domain and a tran-
scriptional activation domain [17]. HSF1 is generally found 
as an inert monomer in unstressed cells; upon exposure to 
proteotoxic stress, HSF1 is derepressed in a stepwise process 
that involves trimerization, nuclear translocation, phospho-
rylation/sumoylation, and binding to DNA sequences (heat 
shock elements, HSE); functional HSE sequences are char-
acterized by an array of inverted repeats of the pentameric 
motif -nGAAn-, which are usually located in the proximal 
region of HSF1-responsive gene promoters, but may vary 
in sequence and geometry in different target genes [16, 22]. 
In human cells, beyond HS genes, HSF1-binding sites have 
been described in a broad repertoire of genes encoding pro-
teins with non-chaperone function [23–25].

HSF2 DNA-binding domains are closely related to HSF1-
binding motifs, although the two factors are known to exhibit 
slight differences in HSE recognition and occupancy [26], 

and display distinct regulatory interactions [27, 28]. Oppo-
site to HSF1, HSF2 is not effective in activating the HSR 
under stress conditions and is, in fact, rapidly degraded by 
the proteasome during heat shock [29, 30]. HSF2 is instead 
mainly expressed during development and differentiation, 
in particular of brain and reproductive organs, and is recog-
nized as a critical factor in brain development [31–33]; as 
a consequence, HSF2 deficiency has been linked to embry-
onic and adult brain defects associated with central nervous 
system abnormalities [34, 35], and reduced size of testes 
together with decreased sperm count; specific mutations in 
HSF2 have been associated with idiopathic azoospermia 
[36–38]. In addition, an important role of HSF2 in erythroid 
differentiation has been shown in hemin-directed differentia-
tion studies [39].

Despite their similarity in the overall domain structure, a 
major difference between HSF1 and HSF2 is their relative 
stability: HSF1 is a stable protein evenly and constitutively 
expressed, whereas HSF2 is a short-lived protein and its lev-
els vary in different types of tissues and may fluctuate during 
the cell cycle as well as in developmental processes [21, 27, 
40]. HSF2 expression appears to be finely regulated both 
at the transcriptional and post-translational level; however, 
the mechanisms involved remain poorly understood. Dif-
ferently from HSF1, whose activity is mainly regulated by 
post-translational modifications (phosphorylation, sumoyla-
tion and acetylation) [15], it has been proposed that HSF2 
activity may depend on its intracellular level [30, 41]. In 
unstressed conditions HSF2 mainly exists as an inactive 
dimer [15, 28], and the mere increase in its concentration 
was shown to cause HSF2 translocation into the nucleus and 
binding to DNA after forming homotrimers or heterotrimers 
with HSF1 [18, 31, 42]; several studies have in fact revealed 
direct physical and functional interactions between HSF1 
and HSF2 [18, 20, 28].

In the case of cancer, HSF1 has been found to be highly 
expressed and constitutively localized into the nucleus of 
different types of cancer cells, and it has been associated 
with higher proliferation potential and increased cell sur-
vival [43–46]. On the other hand, very little is known on the 
role of HSF2 in cancer.

We have recently reported that treatment with the PI bort-
ezomib causes an increase in HSF2 RNA and protein levels 
in human primary cells [20]. Whereas it was expected that 
proteasome inhibition would lead to HSF2 protein stabiliza-
tion/accumulation, this was not the case for HSF2 mRNA, 
and suggested that the anticancer drug may regulate HSF2 
expression at the transcriptional or post-transcriptional 
level. We now demonstrate that bortezomib, at clinically 
relevant concentrations, induces de novo HSF2 transcription 
in human cancer cells. Analysis of the human HSF2 pro-
moter, electrophoretic mobility shift and supershift assays, 
and chromatin immunoprecipitation studies reveal that HSF1 



1115The proteostasis guardian HSF1 directs the transcription of its paralog and interactor HSF2…

1 3

is recruited to the HSF2 promoter after bortezomib treatment 
in cancer cells. The binding sequence, located at 1.397 bp 
upstream from the transcription start site, was identified. 
Surprisingly, we found that HSF1 plays a fundamental role 
in promoting the expression of its paralog HSF2 during 
proteasome inhibition. Furthermore, silencing experiments 
reveal that HSF2 is implicated in bortezomib-mediated con-
trol of breast and cervical carcinoma cell migration.

Materials and methods

Cell culture, treatments, plasmids and transfections

Human MDA-MB-231 and MCF7 breast carcinoma 
(ATCC), HeLa cervical carcinoma (ATCC), KMM-1 mul-
tiple myeloma (a kind gift of R. Piva, University of Turin, 
Italy) and M10 malignant melanoma cells derived from 
metastatic nodules (kindly provided by G. Zupi, Regina 
Elena Cancer Institute, Rome, Italy) were grown in DMEM 
(MDA-MB-231, MCF7 and HeLa) or RPMI-1640 (KMM-1 
and M10) medium supplemented with 10% FCS, 2 mM glu-
tamine and antibiotics at 37 °C with 5% CO2. Cell viability 
was determined by vital-dye exclusion assay (Trypan blue, 
0.1%), as described [47]. Bortezomib, ixazomib-citrate and 
carfilzomib (Selleckchem) were dissolved in dimethylsul-
foxide (DMSO) and diluted in culture medium immediately 
before use. Bortezomib was used at the concentration of 
25 nM, unless differently specified. Actinomycin D (Sigma-
Aldrich), dissolved in DMSO, was added to culture medium 
45 min before bortezomib treatment. Control media con-
tained the same amount of DMSO-vehicle (< 0.1%). Flag-
HSF1-pcDNA3 expression vector was kindly provided by 
S. Calderwood, Harvard Medical School [48]. Transfec-
tions were performed using jetPRIME Transfection Reagent 
(Polyplus-transfection), according to the manufacturer’s 
instructions.

Recombinant retroviral vectors and generation 
of stable HSF1‑silenced cell lines

Procedures for preparation of siRNAs-coding constructs and 
for generation of HeLa cells stably transfected with pSU-
PER-HSF1i (HeLa-HSF1i) or control vector (HeLa-WT) 
were described previously [49]. For generation of MDA-
MB-231, M10 and MCF7 cell lines stably silenced for HSF1 
(HSF1i) and their controls (WT), the RNAi-pSUPER-retro 
vector, containing a puromycin resistance gene for selection 
of stable transfectants, was used [50]; the human HSF1 gene 
sequence selected was reported previously [49]. Retroviruses 
were produced by transfection of 293T cells with plasmids 
expressing retroviral proteins Gag-Pol, G (VSV-G pseudo-
type), pSUPER-retro and HSF1i-pSUPER-retro constructs 

using Lipofectamine 2000 (Invitrogen). At 48 h after trans-
fection, supernatants containing the retroviral particles were 
collected and frozen at − 70 °C until use. Cells were infected 
with diluted supernatant in the presence of 8 μg/ml Poly-
brene overnight, and then selected with puromycin (1 μg/
ml) 48 h after infection. After 10 days in selective medium, 
different pools [HSF1i and control (WT)] for each cell line 
were isolated. Selected pools were cultured in DMEM 
(MDA-MB-231 and MCF7) or RPMI-1640 (M10) medium 
supplemented with puromycin (0.5 μg/ml). The puromycin 
selective pressure was removed 24 h before experimental 
procedures.

siRNA interference

Two siRNA duplex target sequences [5′-CCC​AAG​TAC​
TTC​AAG​CAC​A-3′ (siHSF1-1) and 5′-CAG​TGA​CCA​CTT​
GGA​TGC​TAT-3′ (siHSF1-2)] and their scrambled control 
(scrRNA) (QIAGEN) were used for HSF1-silencing. The 
siRNA target sequence used for HSF2-silencing was as fol-
lows: 5′-GTA​GGA​CTG​AAG​GTT​TAA​A-3′ [20]. Transfec-
tions were performed using jetPRIME Transfection Reagent, 
according to the manufacturer’s instructions. In brief, cells 
were plated on 35-mm wells (2 × 105 cells per well) and, 
after 24 h, were transfected with 50 nM of the indicated siR-
NAs (siHSF1-1, siHSF1-2, siHSF2), siRNA pools (25 nM 
siHSF1-1 + 25 nM siHSF1-2) or scrRNA. After 24 h, cells 
were washed twice with culture medium and transfection 
was repeated as above. At 12 h after the second transfection, 
siRNAs were removed, and cells were washed twice with 
culture medium before bortezomib treatment.

Western blot analysis

Whole-cell extracts (WCE) were prepared after lysis in 
high-salt extraction buffer (Buffer-B) [25]. Nuclear and 
cytoplasmic extracts were prepared as described [51]. 
Equal amounts of proteins (20 μg) were separated by SDS 
polyacrylamide gel electrophoresis (PAGE), transferred 
onto nitrocellulose membranes and incubated with rabbit 
polyclonal anti-HSF2 (sc-13056, Santa Cruz Biotechnol-
ogy), anti-HSF1 (sc-9144, Santa Cruz Biotechnology), anti-
HSF1 (phospho-S326) (EP1713Y, Abcam), anti-ZFAND2A 
(HPA019469, Sigma-Aldrich), anti-PARP (sc-7150, Santa 
Cruz Biotechnology), anti-Flag (2368, Cell Signaling), anti-
β-actin (A2066, Sigma-Aldrich) antibodies or monoclonal 
anti-HSP70 (SPA-810, Stressgen), anti-ubiquitin (sc-8017, 
Santa Cruz Biotechnology), anti-TBP (ab818, Abcam), anti-
α-tubulin (T5168, Sigma-Aldrich) antibodies, followed by 
decoration with peroxidase-labeled anti-rabbit or anti-mouse 
IgG, respectively (Super-Signal detection kit, Pierce). All 
the results shown are representative of at least three inde-
pendent experiments.
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Electrophoretic mobility shift assay (EMSA)

The 35-bp HSP70-HSE DNA probe was described previ-
ously [52]. The HSF2-HSE DNA probes containing the 
HSF-binding sites described in Fig. 4A were 5′-CAA​CTT​
TTG​AGT​CTC​AGA​ATC​TTC​TCT​GGG​-3′ (HSF2-HSEa) 
and 5′-AAA​AAA​AAA​AAG​TCG​AAT​TTT​GTA​GAC​TTC​
-3′ (HSF2-HSEb). The mutated HSF2-HSEa probe (HSF2-
HSEa mut, Fig. S3B) was 5′-CAA​CTT​TTG​AGT​CTCA​
TAAT​CTT​CTC​TGG​G-3′. WCE (15  μg) prepared after 
lysis in high-salt extraction buffer were incubated with a 
32P-labeled HSE DNA probe [53] followed by analysis of 
DNA-binding activity by EMSA. Binding reactions were 
performed as described [51]. Complexes were analyzed by 
nondenaturing 4% polyacrylamide gel electrophoresis. To 
determine the specificity of HSF-DNA complexes, WCE 
were preincubated with different dilutions of anti-HSF1 
(sc-9144, Santa Cruz Biotechnology) antibodies for 15 min 
before electromobility supershift assay [54].

RNA analysis

Total RNA was extracted using the TRIzol reagent (Life 
Technologies) as described in the manufacturer protocol. 
Reverse transcription-polymerase chain reaction (RT-PCR) 
(1 μg RNA) was performed as described [25]. Real-time 
PCR (qPCR) analysis was performed with CFX96 (Bio-
Rad), using SsoAdvanced Universal SYBR Green Super-
mix (Bio-Rad). Relative quantities of HSF2 and HSP70 
RNA were normalized to ribosomal L34 RNA levels. The 
sequences of the HSP70 primers and the HSF2 primers, 
amplifying both α and β isoforms, were described previously 
[20]. The sequences of the L34 primers were as follows: 
sense 5′-GGC​CCT​GCT​GAC​ATG​TTT​CTT-3′, antisense 
5′-GTC​CCG​AAC​CCC​TGG​TAA​TAGA-3′. All reactions 
were made in triplicate using samples derived from at least 
three biological repeats.

Newly synthesized (NS) RNA was isolated using the 
Click-iT® Nascent RNA Capture Kit (Life Technologies) 
following the manufacturer protocol. In brief, NS-RNA 
was labeled by adding 5-ethynyl uridine (EU) to growing 
cells. Total RNA, extracted as described above, was used 
as a template in a click reaction with an azide-modified bio-
tin; RNA was precipitated overnight at − 70 °C by adding 
100% ethanol (700 μl), UltraPure glycogen (1 μl) and 7.5 M 
ammonium acetate (50 μl). NS-RNA was isolated from total 
RNA using Dynabeads® MyOne™ Streptavidin T1 magnetic 
beads (Life Technologies) and after extensive washing, was 
subjected to reverse transcription using SuperScript® VILO 
cDNA Synthesis Kit (Life Technologies) and quantified by 
qPCR as described above.

Nuclear run-on (NRO) assay was performed as described 
by Roberts et al. [55]. In brief, cells were harvested and 

lysed in NP-40 lysis buffer [10 mM Tris–HCl (pH 7.4), 
10 mM NaCl, 3 mM MgCl2, 0.5% NP-40], and after centrif-
ugation, nuclear pellets were resuspended in nuclei storage 
buffer [50 mM Tris–HCl (pH 8.3), 0.1 mM EDTA, 5 mM 
MgCl2, 40% glycerol]. In vitro run-on transcription in iso-
lated nuclei was performed in the presence of a non-radi-
oactive labeled ribonucleotide precursor (5-Bromouridine 
5′-Triphosphate; Sigma-Aldrich) for 30 min at 30 °C. Total 
RNA was extracted with MEGAClear Transcription Clean-
Up Kit (AM1908, Life Technologies) and bromouridylated-
NRO-RNA was isolated from total RNA using anti-BrdU 
monoclonal antibodies (sc-32323, Santa Cruz Biotechnol-
ogy) and Protein G Dynabeads (10003D, Life Technolo-
gies), and extracted using TRIzol reagent. NRO-RNA was 
subjected to reverse transcription and quantified by qPCR 
as described above.

All reactions were made in triplicate using samples 
derived from at least three biological repeats.

In silico HSF2 promoter analysis

The sequence of a 2500-bp region upstream of the transcrip-
tion start site of the human HSF2 gene has been analyzed by 
JASPAR 2018 [56] to identify putative heat shock elements 
(HSE) in the HSF2 promoter. Two putative HSE located at 
− 1.397 bp (HSEa) and − 1.016 bp (HSEb) upstream of the 
transcription start site were detected (Fig. 4A, B).

Chromatin Immunoprecipitation (ChIP) assay

ChIP assay was performed as described by Carey et al. [57]. 
In brief, cross-linking was performed by adding 1% for-
maldehyde to cell medium for 10 min. After quenching by 
addition of glycine to a final concentration of 0.137 M, cells 
were washed with PBS, harvested and lysed with cell lysis 
buffer [5 mM PIPES (pH 8), 85 mM KCl and 0.5% NP-40]. 
After centrifugation the pellet was resuspended in nuclei 
lysis buffer [50 mM Tris–HCl (pH 8), 10 mM EDTA, 1% 
SDS] supplemented with protease inhibitors. Chromatin was 
sheared by sonication and precleared for 2 h at 4 °C using 
protein A-magnetic beads (Bio-Rad). Immunoprecipitation 
was performed at 4 °C overnight with 5 μg of anti-HSF1 (sc-
9144, Santa Cruz Biotechnology) antibodies, or control IgG. 
After collection with protein A-magnetic beads (Bio-Rad), 
immunocomplexes were washed four times with high-salt 
wash buffer [50 mM HEPES (pH 7.9), 500 mM EDTA, 0.1% 
SDS, 1% Triton X-100, 0.1% deoxycholate], twice with TE 
buffer [50], and eluted in elution buffer (50 mm Tris–HCl, 
10 mM EDTA, 1% SDS) supplemented with Proteinase K 
(66 μg/ml) for 2 h at 55 °C. Subsequently, the elutes were 
placed at 65 °C overnight to reverse cross-linking, and the 
DNA fragments were extracted with phenol:chloroform, pre-
cipitated with ethanol using 15 μg of tRNA (Sigma-Aldrich) 
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as carrier and analyzed by PCR and qPCR as described 
[50]. The fold enrichment was calculated by comparing the 
enrichment in the IP samples to the IgG control antibodies, 
which was arbitrarily set to 1. Sequences of primers ampli-
fying the HSF2 promoter regions were as follows: Region 
1 (R1), sense: 5′-CTC​CCA​TTT​ACT​TGC​TGT​GACTG-3′, 
antisense: 5′-CCT​CAC​AAC​AAC​CCA​ATG​AAC-3′; Region 
2 (R2), sense: 5′-ACT​TAT​CCT​TGT​CAC​TGC​CCTTA-3′, 
antisense: 5′-CAA​ATG​AGC​AAT​ATC​ACT​TAT​CAG​G-3′ 
(see Fig. 4A for details).

Immunofluorescence microscopy

MDA-MB-231 and HeLa cells grown on coverslips were 
fixed as described [58] before incubation with rabbit anti-
HSF2 antibody (Santa Cruz Biotechnology) for 1 h and incu-
bated with anti-rabbit Alexa Fluor 555 (Thermo Fisher Sci-
entific) for 30 min at room temperature. Nuclei were stained 
with DAPI. Images were acquired on Olympus Fluoview 
FV-1000 confocal laser scanning system (Olympus America 
Inc., Center Valley, PA). Images (resolution, 800 × 800 pix-
els) were analyzed using Imaris (v6.2) software (Bitplane, 
Zurich, Switzerland). Three-dimensional (3D) isosurface 
reconstructions of confocal sections were obtained using 
Imaris (v6.2) software. Images shown in all figures are rep-
resentative of at least three random fields.

Proximity ligation assay (PLA)

For PLA-assay, MDA-MB-231 and HeLa cells were grown 
on coverslips and processed as described in the previous sec-
tion. After incubation with the primary antibodies, Duolink 
in situ PLA (Sigma-Aldrich) was performed as described 
[25]. In brief, PLA probes were incubated for 1 h at 37 °C, 
followed by hybridization, ligation (30 min at 37 °C) and 
amplification (100  min at 37  °C). Nuclei were stained 
with DAPI in Duolink In Situ Mounting Medium (Sigma-
Aldrich). The following antibodies were used: monoclonal 
anti-HSF2 (sc74529, Santa Cruz Biotechnology) and poly-
clonal anti-HSF1 (sc-9144, Santa Cruz Biotechnology). 
Images were captured using an Olympus Fluoview FV1000 
confocal laser scanning system (Olympus America Inc.) as 
described above. Images shown in all figures are representa-
tive of at least three random fields.

Transwell migration assay

MDA-MB-231 and HeLa cells were silenced for HSF2 
and treated with 25 nM bortezomib as described above. 
The ability of cells to migrate was assessed in a Boyden 
chamber. Cells were seeded in FBS-free medium, on 8-μm 
uncoated transwell filters, while media containing 10% FBS 
were added, as a chemoattractant, to the lower migration 

chamber. Cells were incubated for 3 or 24 h; non-migratory 
cells, that had not penetrated the filter, were removed with 
a cotton-tipped swab. Cells that had migrated to the lower 
surface of the filter were fixed and stained with a mixture of 
6% glutaraldehyde and 0.5% crystal violet for 30 min. Pic-
tures of at least 4 fields per transwell insert (up, down, left, 
right) were taken under a Leica DM-IL microscope equipped 
with a 10X objective using a Leica DC300 camera with the 
Leica-IM500 software. The number of migrated cells in each 
sample was counted. The experiment was made in triplicate 
using samples derived from five biological repeats.

Statistical analysis

Statistical analysis was performed using the Student’s t test 
for unpaired data or one-way ANOVA test (Prism 5.0 soft-
ware, GraphPad). Data are expressed as the mean ± SD of 
samples derived from at least three biological repeats and 
P values ≤ 0.05 were considered significant. All the results 
shown are representative of at least three independent exper-
iments, each in duplicate or triplicate.

Results

Proteasome inhibition induces HSF2 expression 
in cancer cells

Among the different HSFs, HSF2 is characterized as a labile 
protein whose intracellular levels fluctuate and accumulate 
following proteasome inhibition [29, 30]. As indicated 
above, we have recently shown that clinically relevant con-
centrations of the anticancer PI bortezomib (Fig. 1A), in 
addition to stabilizing HSF2 protein, also caused an increase 
in HSF2 mRNA in human primary endothelial cells [20], 
suggesting that the drug may regulate HSF2 transcription. 
This observation prompted us to investigate the effect of 
bortezomib on HSF2 expression in human cancer cells.

In a first set of experiments human multiple myeloma 
(KMM-1), cervical carcinoma (HeLa), melanoma (M10), 
luminal-like (MCF7) and mesenchymal-like (MDA-
MB-231) breast adenocarcinoma cells were treated with 
25  nM bortezomib and, after 14  h, whole-cell extracts 
(WCE) were analyzed for levels of HSF2, HSF1 and HSP70, 
as a marker of HSF1 activation, by Western blot, as well as 
for HSF2 mRNA levels by qPCR. In the absence of treat-
ment, high levels of HSF1 protein were detected in all cell 
lines tested, whereas HSF2 levels were found to be modest 
in KMM-1, HeLa, M10 and MCF7 cells and were barely 
detectable in MDA-MB-231 cells under the conditions ana-
lyzed (Fig. 1B, top).

Due to the ubiquitin–proteasome network down-regula-
tion, bortezomib is known to induce HSF1 activation [20]; 
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Fig. 1   Proteasome inhibitors induce HSF2 expression in human cancer 
cells. A Structure of proteasome inhibitors bortezomib, carfilzomib and 
ixazomib. B Western blot analysis of HSF2, HSF1, HSP70 and α-tubulin 
levels in human multiple myeloma (KMM-1), cervical carcinoma (HeLa), 
melanoma (M10) and breast cancer [MCF7 and MDA-MB-231 (MDA)] 
cells treated with 25 nM bortezomib (BTZ, +) or vehicle (−) for 14 h (top 
panels). In parallel samples, HSF2 RNA levels were analyzed by qPCR 
(bottom panels). C Analysis of HSF DNA-binding activity by EMSA in 
MDA-MB-231 cells at different times after BTZ (25  nM, +) treatment 
(top panel). Positions of the HSF DNA-binding complex (HSF), constitu-
tive HSE-binding activity (CHBA), and nonspecific protein–DNA inter-
action (NS) are shown. Levels of HSF1, HSF1-pS326, HSF2, HSP70, 
AIRAP, polyubiquitinated proteins and α-tubulin were determined in the 

same samples by Western blot (bottom panels). D Total RNA was ana-
lyzed for HSF2 (top panel) and HSP70 (bottom panel) RNA by qPCR in 
samples treated as in C. E Immunoblot of HSF2, HSF1-pS326, HSP70, 
polyubiquitinated proteins and α-tubulin levels in MDA-MB-231 cells 
treated for 14 h with different concentrations of carfilzomib or ixazomib 
(top panels). In parallel, total RNA was analyzed for HSF2 by qPCR (bot-
tom panels). In B, D and E, relative quantities of HSF2 or HSP70 RNA 
were normalized to ribosomal L34 RNA levels in the same sample. The 
fold increase was calculated by comparing the induction of HSF2 or 
HSP70 in each sample to the relative control (B, E) or to the control at 3 h 
(D), which were arbitrarily set to 1. All reactions were made in triplicate 
using samples derived from at least five biological repeats. Error bars indi-
cate mean ± S.D. Students’ t test (B), ANOVA test (D, E). *P < 0.05
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a slight shift in HSF1 molecular weight (a marker of HSF1 
phosphorylation), as well as an increase in HSP70 expres-
sion, was in fact detected after bortezomib treatment. Par-
allel to HSP70, bortezomib was found to cause a remark-
able increase in HSF2 protein levels in all cancer cell lines 
(Fig. 1B, top); this effect was particularly evident in MDA-
MB-231 cells. Bortezomib-induced HSF2 accumulation 
could be the result of its stabilization due to proteasome 
inhibition; however, analysis of KMM-1, HeLa, M10, MCF7 
and MDA-MB-231 cell RNA revealed that bortezomib treat-
ment significantly increased HSF2 mRNA level in all cell 
lines (Fig. 1B, bottom), reinforcing the possibility that the 
anticancer drug could regulate HSF2 expression also at the 
transcriptional or post-transcriptional level.

Among the different cell lines analyzed, breast cancer 
MDA-MB-231 cells were selected as a model to study bort-
ezomib-induced HSF2 expression, based on the marked 
increase in HSF2 levels induced by the drug in these cells 
(Fig. 1B). To investigate the kinetics of HSF2 expression, 
MDA-MB-231 cells were treated with 25 nM bortezomib 
and, at different times after treatment, WCE were analyzed 
for levels of HSF2, HSF1, HSP70, the newly identified 
human HSF1-target AIRAP [24] and polyubiquitinated 
proteins by Western blot, as well as for HSF1 DNA-binding 
activity by EMSA; since bortezomib was shown to induce 
HSF1 phosphorylation on serine 326 [59], the levels of 
HSF1 pS326 were also analyzed. In parallel samples, total 
RNA was analyzed for HSF2 and HSP70 by qPCR. As 
shown in Fig. 1C, bortezomib caused polyubiquitinated pro-
teins accumulation in MDA-MB-231 cells starting at 3 h 
after treatment, and triggered HSF1 activation, as detected 
by HSF1 DNA-binding activity and pS326 phosphorylation, 
as well as by induction of HSP70 and AIRAP expression, 
starting at 3–6 h after treatment; HSF1 DNA-binding activ-
ity was found to attenuate at 24 h after treatment, despite 
the high level of polyubiquitinated proteins at this time. 
Bortezomib was found to induce HSF2 expression, both at 
the mRNA and protein levels, starting at 6 h after treatment 
(Fig. 1C, D). It should be noted that levels of HSP70 mRNA 
started to increase earlier than HSF2 mRNA, being already 
elevated at 3 h after the addition of the drug (Fig. 1D). In 
addition to bortezomib, elevated HSF2 protein and mRNA 
levels were detected in MDA-MB-231 cells treated with the 
next-generation proteasome inhibitors ixazomib and carfil-
zomib (Fig. 1A, E).

HSF2 predominantly localizes in the nuclei 
of bortezomib‑treated cancer cells and interacts 
with HSF1

To characterize bortezomib-induced HSF2 intracellular 
localization, MDA-MB-231 cells were treated with the 
PI, and after 14 h, nuclear and cytoplasmic fractions were 

isolated and analyzed by Western blot for HSF2 and HSF1 
levels, and for TBP (TATA-binding Protein) and α-tubulin 
as loading control for nuclear and cytoplasmic fractions, 
respectively. In parallel, MDA-MB-231 cells growing on 
coverslips were examined by confocal immunomicroscopy. 
As shown in Fig. 2A, B, an intense HSF2 immunofluores-
cent signal, predominantly localized in the nucleus, was 
detected in treated cells. Consistently with the immunofluo-
rescence, HSF2 was detected only in the nuclear fraction 
of bortezomib-treated MDA-MB-231 cells when analyzed 
by Western blot (Fig. 2C). Similar results were obtained in 
HeLa cells, where high levels of HSF2 were found predomi-
nantly in the nuclei 14 h after bortezomib treatment (Fig. 
S1A), suggesting that HSF2 may participate in bortezomib-
regulated transcription in cancer cells.

Since down-regulation of proteasome function is known 
to induce DNA-binding activity of both HSF1 and HSF2, 
leading to the formation of HSF1/HSF2 heterotrimeric com-
plexes, HSF1-HSF2 colocalization was detected by in situ 
proximity ligation assay (PLA) in MDA-MB-231 cells 
treated with 25 nM bortezomib for 14 h. The results, shown 
in Fig. 2D, clearly indicate that bortezomib-induced HSF2 
interacts with HSF1 in the nuclei of MDA-MB-231 treated 
cells; the presence of well-defined foci suggests the possibil-
ity that HSF2 may interact with HSF1 in selected genomic 
loci, as previously described [18]. Finally, HSF1–HSF2 
interaction was also evident in the nuclei of HeLa cells 14 h 
after bortezomib treatment (Fig. S1B).

Bortezomib induces de novo HSF2 transcription

To determine whether the increase in HSF2 mRNA levels 
induced by bortezomib was due to mRNA stabilization or 
transcription, MDA-MB-231 cells were treated with bort-
ezomib in the presence or the absence of actinomycin D 
(5 μg/ml) and, after 14 h, HSF2 mRNA and protein levels 
were analyzed. As shown in Fig. 3A, actinomycin D prevents 
bortezomib-induced HSF2 mRNA expression, as reflected 
also at the protein level. Consistently with these observa-
tions, actinomycin D treatment prevented bortezomib-
induced HSF2 expression also in HeLa cells, both at the 
RNA and protein levels (Fig. S2A), suggesting an effect of 
the drug on HSF2 transcription. To verify this hypothesis, 
newly synthesized (NS) RNA, labeled by adding 5-ethy-
nyl uridine to growing cells and isolated as described in 
“Materials and methods” section, was analyzed for HSF2 
and HSP70 mRNA in MDA-MB-231 cells at different 
times after bortezomib treatment. As shown in Fig. 3B, 
bortezomib caused a significant increase in HSF2 NS-RNA 
at 12 and 24 h after treatment. As expected, high levels of 
HSP70 NS-RNA were detected in treated samples; it should 
be noted that, as also shown in Fig. 1D, HSP70 expression is 
upregulated at an earlier time point than HSF2. A significant 
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increase in HSF2 NS-RNA was also found in bortezomib-
treated HeLa cells (Fig. 3C). In addition, HSF2 and HSP70 
NS-RNAs accumulation was prevented by actinomycin D 
in bortezomib-treated MDA-MB-231 (Fig. 3D) as well as 
in HeLa cells (Fig. S2B).

To further investigate whether the bortezomib-induced 
HSF2 NS-RNA increase was the result of de novo gene 
transcription or the consequence of HSF2 NS-RNA sta-
bilization, an in vitro nuclear run-on (NRO) assay was 
performed on MDA-MB-231 nuclei isolated at different 
times after bortezomib treatment. A peak of HSF2 and 
HSP70 NRO-RNA was detected at 12 h after bortezomib 
treatment (Fig. 3E), demonstrating that the drug regulates 

HSF2 expression at the transcriptional level. Altogether, 
these results confirm that bortezomib is able to induce 
HSF2 transcription in different types of cancer cells.

HSF1 is recruited to the HSF2 promoter 
during proteasome inhibition

Regulation of HSF2 transcription is still not well understood. 
Analysis of the human HSF2-promoter nucleotide sequence 
(JASPAR 2018 database) [56] revealed the presence of two 
putative HSF1 consensus motifs (HSE), located at 1.397 bp 
(HSEa) and 1.016 bp (HSEb) upstream of the transcrip-
tion start site (Fig. 4A, B). As bortezomib triggers HSF1 

Fig. 2   HSF2 is mainly localized in the nuclei of bortezomib-treated 
cells and interacts with HSF1. A Confocal images of HSF2 (red) 
intracellular distribution in MDA-MB-231 cells treated with 25  nM 
bortezomib (BTZ) or vehicle (control) for 14 h. Nuclei were stained 
with DAPI (blue). Merge images are shown. Scale bar, 20 μm (zoom, 
3  μm). B Confocal 3D-reconstruction of HSF2 (red) intranuclear 
localization in MDA-MB-231 cells treated as in A. Nuclei were 
stained with DAPI (blue). Scale bar, 3 μm. The overlay of the fluoro-
chromes is shown. C Immunoblot of HSF2 and HSF1 in cytoplasmic 

and nuclear fractions of MDA-MB-231 cells treated with 25 nM BTZ 
(+) or vehicle (−) for 14  h. Antibodies against TATA-binding pro-
tein (TBP) and α-tubulin were used as a loading control for nuclear 
and cytoplasmic fractions, respectively. D HSF1/HSF2 interactions 
(visualized as red spots) detected at 14  h after BTZ treatment by 
in  situ proximity ligation assay in MDA-MB-231 cells treated as in 
A. Nuclei are stained with DAPI (blue). Merge and zoom images are 
shown. Scale bar, 20 μm (zoom, 5 μm)
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activation, the possibility that HSF1 could participate in the 
bortezomib-mediated regulation of HSF2 expression was 
investigated.

To this end, MDA-MB-231 cells were treated with 
bortezomib and, at different times after treatment, WCE 

were analyzed for HSF1 DNA-binding activity by EMSA, 
using the ideal HSP70-HSE DNA probe, as well as two 
DNA probes containing the HSF2-HSEa or the HSF2-
HSEb sequences described in Fig.  4B. As shown in 
Fig. 4C (top), activation of HSF DNA-binding activity 

Fig. 3   Bortezomib induces de novo HSF2 transcription in cancer 
cells. A Total RNA of MDA-MB-231 cells treated with 25 nM bort-
ezomib (BTZ) or vehicle (C) for 14 h in the presence (+) or absence 
(−) of actinomycin D (AMD, 5  μg/ml) was analyzed for HSF2 by 
qPCR (top panel). In parallel samples, levels of HSF2, HSP70 and 
α-tubulin were determined by Western blot (bottom panels). B Newly 
synthesized (NS) RNA, isolated by Click-iT Nascent RNA Capture 
assay, was analyzed for HSF2 and HSP70 by qPCR in MDA-MB-231 
cells at different times after treatment with 25 nM BTZ (+). C NS-
RNA, isolated as in B, was analyzed for HSF2 and HSP70 by qPCR 
in HeLa cells at 14 h after treatment with 25 nM BTZ. D NS-RNA 

isolated in MDA-MB-231 cells treated as in A was analyzed for 
HSF2 and HSP70 by qPCR. E Nuclear run-on RNA (NRO-RNA) 
was analyzed for HSF2 and HSP70 in MDA-MB-231 cells treated as 
in B by qPCR. In A–C, E, relative quantities of HSF2 and HSP70 
RNAs were normalized to ribosomal L34 RNA levels. Fold increase 
was calculated by comparing the induction of HSF2 or HSP70 in the 
treated samples to the relative control (A, C, D) or to control at 3 h 
(B–E), which were arbitrarily set to 1. All reactions were made in 
triplicate using samples derived from at least three biological repeats. 
Error bars indicate mean ± S.D. ANOVA test (A, B, D, E), Student’s t 
test (C). *P < 0.05



1122	 S. Santopolo et al.

1 3

by bortezomib was detected at 6 and 12 h after treatment 
when the HSP70-HSE and the HSF2-HSEa DNA probes 
were used; no DNA-binding activity was detected when 

the HSF2-HSEb probe was used. The specificity of HSF1-
DNA binding in HSF1/HSF2-HSEa complexes in borte-
zomib-treated cells was confirmed by supershift analysis 

Fig. 4   HSF1 binds directly to the HSF2 promoter. A Schematic rep-
resentation of the human HSF2 promoter. The transcription start 
site (bent arrow) and putative heat shock elements (HSEa, HSEb) 
are shown. Arrows indicate locations of the primers (R1, R2) used 
for ChIP analysis. B Sequence logo of the consensus motif for HSF1 
generated by the WebLogo program [80] using known HSF1-binding 
sites (TRANSFAC) [81] (top). Putative HSEa and HSEb sequences 
identified in the human HSF2 promoter by in silico promoter analysis 
(JASPAR 2018) [56] are shown (bottom). C Analysis of HSF DNA-
binding activity in whole-cell extracts (WCE) of MDA-MB-231 
cells at different times after 25  nM bortezomib (BTZ, +) treatment 
by EMSA using an HSP70-HSE ideal probe [50], or two 30-bp DNA 
fragments containing the HSEa element (from − 1378 to − 1408) or 
the HSEb element (from − 1000 to − 1030) of the HSF2 promoter 
region (top panels). WCE from samples treated with BTZ for 6  h 
were preincubated with different dilutions of anti-HSF1 antibodies 
and analyzed for supershift assay using the HSP70-HSE and HSF2-
HSEa probes (bottom panels). Positions of the HSF DNA-binding 
complex (HSF-HSE) are shown. D Analysis of HSF DNA-binding 
activity in WCE of wild-type (WT) and HSF1-silenced (HSF1i) 

MDA-MB-231 cells at 6  h after treatment with 25  nM BTZ (+) or 
diluent (−) by EMSA using the HSF2-HSEa probe. E Analysis of 
HSF DNA-binding activity in WCE of wild-type MDA-MB-231 cells 
at 6  h after 25  nM BTZ (+) treatment by EMSA using the HSF2-
HSEa probe (WT) or the G-to-T mutated HSF2-HSEa probe (mut) 
described in Fig. S3B. F, G Chromatin from wild-type (WT-MDA, 
F) and HSF1-silenced (HSF1i-MDA, G) MDA-MB-231 cells treated 
with 25  nM BTZ or vehicle (C) for 14  h was immunoprecipitated 
with anti-HSF1 (HSF1) or anti-IgG (IgG) antibodies. HSF2 promoter 
regions containing HSEa (R1) and control region (R2) were ampli-
fied by PCR in the HSF1 and IgG samples, and in the Input samples 
(F, top panels) and quantified by qPCR (F, G, bottom panels). HSF1 
and α-tubulin protein levels in wild-type (WT) and HSF1-silenced 
(HSF1i) MDA-MB-231 cells are shown (G, inset). In F, G, fold 
enrichment was calculated by comparing the enrichment in the HSF1 
IP samples to the IgG control, which was arbitrarily set to 1. All reac-
tions were made in triplicate using samples derived from at least three 
biological repeats. Error bars indicate mean ± SD. Student’s t test. 
*P < 0.05
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after preincubation with different dilutions of anti-HSF1 
antibodies (Fig.  4C, bottom). No DNA-binding activ-
ity was detected in HSF1-silenced MDA-MB-231 cells 
(Fig. 4D; Fig. S3A); in addition, the insertion of a single 
mutation (G-to-T, Fig. S3B) in the 5-bp ‘nGAAn’ unit of 
the HSEa element resulted in disruption of HSF1 DNA-
binding, as analyzed by EMSA (Fig. 4E and Fig. S3C). 
Taken together these results identify the HSF2-HSEa 
sequence as a possible HSF1-target in the HSF2 promoter.

The possibility that HSF1 may directly bind to the HSF2 
promoter in  vivo was then investigated. First, a stably 
HSF1-silenced MDA-MB-231 cell line (MDA-HSF1i) and 
a wild-type control cell line (MDA-WT) were generated 
using RNA-mediated interference as described in “Materi-
als and methods” section. The possibility that HSF1 could 
be recruited to the HSEa sequence in the HSF2 promoter 
was analyzed by ChIP assay in MDA-WT and MDA-HSF1i 
cells treated with 25 nM bortezomib for 14 h. HSF1-copre-
cipitating DNA was analyzed by PCR and qPCR with prim-
ers amplifying two different HSF2 promoter fragments (R1, 
containing the HSEa sequence, and the negative control R2 
fragment, described in Fig. 4A). The specificity of chro-
matin immunoprecipitation was determined using a control 
unrelated antibody. A similar analysis was performed in 
MDA-HSF1i cells, to further verify chromatin immunopre-
cipitation specificity. An enrichment of the HSEa-containing 
region (approximately eightfold) was found in bortezomib-
treated wild-type cells, whereas no enrichment of con-
trol region R2 (that does not contain HSEs) was detected 
(Fig. 4F); furthermore, no enrichment of the HSEa-contain-
ing region was found in HSF1-silenced MDA-MB-231 cells 
(Fig. 4G).

To verify whether HSF1 recruitment on the HSF2 pro-
moter was dependent on the cell type, a similar study was 
performed in HeLa cells. To this end, wild-type and stably 
HSF1-silenced (HSF1i) HeLa cells, described previously 
[49], were treated with bortezomib and analyzed by ChIP 
assay. Also in this case an enrichment of the HSEa-con-
taining region was found in wild-type, but not in HSF1i 
HeLa cells 14 h after bortezomib treatment (Fig. S4A 
and B). Altogether these results reveal that HSF1 can be 
recruited to the HSF2 promoter.

Bortezomib‑induced HSF2 transcription requires 
HSF1

The fact that HSF1, following activation by bortezomib 
treatment, is recruited to the HSF2 promoter in cancer 
cells, prompted us to investigate the effect of HSF1-silenc-
ing on bortezomib-induced HSF2 transcription. In a first 
set of experiments MDA-MB-231 cells were transiently 
transfected with two different HSF1-siRNA (siRNA1 and 

siRNA2) or scramble-RNA. The performance of each of 
the single siRNAs as well as the pool of two siRNAs was 
compared to select the best conditions for HSF1-silencing. 
After 36 h, cells were treated with bortezomib for 14 h, 
and WCE were analyzed for HSF1, HSF2 and HSP70 
levels by Western blot. An efficient HSF1-silencing was 
obtained with both HSF1-siRNAs and an optimal inhibi-
tion was obtained using the pool of siRNA1 and 2, as con-
firmed also by the lower levels of HSP70 in bortezomib-
treated cells (Fig. 5A). Interestingly, HSF1-silencing was 
found to inhibit bortezomib-induced HSF2 expression.

Next, we analyzed stably HSF1-silenced (MDA-HSF1i) 
cells as compared to wild-type (MDA-WT) cells at dif-
ferent times after bortezomib treatment. As expected, in 
HSF1 knockdown cells bortezomib-mediated expression 
of HSF1 target genes HSP70 and AIRAP was decreased 
(Fig.  5B, top). Similarly to HSP70 and AIRAP, bort-
ezomib-induced HSF2 expression was also decreased 
in HSF1 knockdown cells (Fig.  5B, top); in addition, 
no increase in HSF2 RNA level was detected in HSF1-
depleted cells (Fig. 5B, bottom). Finally, analysis of NS-
RNA from HSF1 knockdown cells confirmed the absence 
of HSF2 RNA transcription in bortezomib-treated MDA-
HSF1i (Fig. 5B, inset).

To establish whether HSF1 is required for bortezomib-
induced HSF2 expression independently of the cell type, 
HSF1 was stably silenced in different cancer cell lines, 
including, in addition to MDA-MB-231, HeLa cells, M10 
melanoma and MCF7 breast carcinoma cells. Wild-type and 
HSF1i cells were treated with bortezomib and HSF2 protein 
and mRNA levels were analyzed at 14 h after treatment. The 
results confirmed that HSF1-silencing prevents bortezomib-
induced HSF2 expression in HeLa cells (Fig. 5C); also in 
this case, analysis of NS-RNA from HSF1 knockdown cells 
confirmed the absence of HSF2 RNA transcription in bort-
ezomib-treated HeLa-HSF1i cells (Fig. 5D). Consistently 
with HSF1i MDA-MB-231 and HeLa cells analysis, HSF1-
silencing was found to prevent bortezomib-induced HSF2 
expression also in M10 and MCF7 cells as compared to the 
relative controls (Fig. S5).

Expression of HSF2 in HSF1‑depleted cells is rescued 
by exogenous HSF1 during proteasome inhibition

To further verify the role of HSF1 in bortezomib-induced 
HSF2 expression, MDA-HSF1i cells were transfected with 
the Flag-HSF1-pcDNA3 vector expressing the Flag-tagged 
form of HSF1, or with the empty pcDNA3 vector. After 
36 h, cells were treated with bortezomib for 14 h. At this 
time, WCE were analyzed for levels of HSF2, HSF1, Flag 
and HSP70 by immunoblot. As shown in Fig. 5E (top pan-
els), HSF1-silencing prevented bortezomib-induced HSF2 
expression as expected; however, this effect was markedly 
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reduced following exogenous HSF1 overexpression in 
HSF1-silenced cells, confirming that HSF1 is essential for 
bortezomib-induced HSF2 transcription in MDA-MB-231 
cells. In addition to MDA-MB-231 cells, exogenous HSF1 
overexpression was able to rescue the severely impaired 
HSF2 expression also in HSF1-silenced HeLa cells after 
bortezomib treatment (Fig. 5E, bottom panels).

Altogether these results demonstrate that HSF1 is criti-
cal for HSF2 gene transcription following proteasome 
inhibition.

HSF2‑silencing promotes cancer cell migration

As indicated in “Introduction”, differently from HSF1, there 
is very little information on the role of HSF2 in cancer. 
Recently, however, HSF2 was implicated in prostate cancer 
cell invasion [60]. Since MDA-MB-231 cells are known to 
have a high migratory potential [61], we analyzed the effect 
of HSF2-silencing on MDA-MB-231 cell migration in the 
absence or the presence of bortezomib.

Fig. 5   HSF1 is required for bortezomib-induced HSF2 expression in 
cancer cells. A Immunoblot of HSF1, HSF2, HSP70 and α-tubulin 
levels in MDA-MB-231 cells transiently transfected with two differ-
ent HSF1-siRNAs [HSF1-siRNA1 (1) and HSF1-siRNA2 (2)], with 
the combination of HSF1-siRNA1 and HSF1-siRNA2 (1 + 2) or 
with scramble-RNA (−) for 36 h and treated with 25 nM bortezomib 
(BTZ, +) or vehicle (−) for 14  h. B HSF1, HSF2, HSP70, AIRAP 
and α-tubulin levels determined in whole-cell extracts (WCE) of 
wild-type (MDA WT) or stably HSF1-silenced (MDA HSF1i) MDA-
MB-231 cells at different times after treatment with 25 nM BTZ (+) 
or vehicle (−) by Western blot (top panels). In parallel, total RNA 
was analyzed for HSF2 by qPCR (bottom panels). Newly synthesized 
(NS) RNA, isolated by Click-iT Nascent RNA Capture assay, was 
analyzed for HSF2 by qPCR in WT and HSF1i MDA-MB-231 cells 
treated with 25 nM BTZ (+) or vehicle (−) for 14 h (Inset). C Immu-
noblot of HSF1, HSF2, HSP70, AIRAP and α-tubulin levels in WCE 

of wild-type (WT) and stably HSF1-silenced (HSF1i) HeLa cells 
treated with 25 nM BTZ (+) or vehicle (−) for 14 h. In parallel, total 
RNA was analyzed for HSF2 by qPCR. D Levels of HSF2 NS-RNA 
analyzed by qPCR in WT- and HSF1i-HeLa cells treated as in C. E 
Western blot analysis of HSF1, Flag, HSF2, HSP70 and β-actin levels 
in WT and HSF1i MDA-MB-231 cells (top panels) and HeLa cells 
(bottom panels) transiently transfected with Flag-HSF1-pcDNA3 
vector (HSF1-Flag, +) or empty vector (−) for 36 h and treated with 
25 nM BTZ (+) or vehicle (−) for 14 h. In B–D, relative quantities 
of HSF2 RNA were normalized to ribosomal L34 RNA levels in the 
same sample. For each cell line, fold increase was calculated by com-
paring the induction of HSF2 in each sample to the relative control 
extracted at 3  h (B) or 14  h (B inset, C, D), which was arbitrarily 
set to 1. All reactions were made in triplicate using samples derived 
from at least five biological repeats. Error bars indicate mean ± S.D. 
ANOVA test (B), Student’s t test (B inset, C, D). * P < 0.05
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MDA-MB-231 cells were transiently transfected with 
HSF2-siRNA (siHSF2) or scrRNA and, after 36 h, were 
treated with 25 nM bortezomib (Fig. 6A). At 12 h after treat-
ment, WCE were analyzed for levels of HSF2, HSP70 and 
PARP, as a marker of apoptosis, by Western blot; in parallel 
samples, MDA-MB-231 cell viability was determined by 
vital-dye exclusion assay and cell migration was analyzed 
by transwell migration assay. Treatment with bortezomib 
induced the expression of both HSF2 and HSP70 in the 
scrRNA-transfected cells, as expected (Fig. 6B). Whereas 
short (12 h) bortezomib treatment did not significantly affect 

MDA-MB-231 cell viability or PARP cleavage (Fig. 6B, 
C), the PI was found to markedly decrease MDA-MB-231 
cell migration at this time (Fig. 6D, E). HSF2-silencing 
did not cause a significant change in MDA-MB-231 cell 
viability, also in the presence of the drug, under the condi-
tions described (Fig. 6B, C). Interestingly, however, HSF2-
silencing caused a significant increase in MDA-MB-231 cell 
migration both in bortezomib-treated and in control cells 
(Fig. 6D, E), suggesting that HSF2 is involved in regulating 
the migratory potential in breast cancer cells.

Fig. 6   HSF2-silencing enhances MDA-MB-231 cell migration. 
A Schematic representation of the experimental design. B MDA-
MB-231 cells were transiently transfected with HSF2-siRNA 
(siHSF2, +) or scramble-RNA (−), and, after 36 h, were treated with 
25  nM bortezomib (BTZ) or vehicle (Control). After 12  h of BTZ 
treatment, levels of HSF2, HSP70, PARP and β-actin were deter-
mined in whole-cell extracts by Western blot. C Cell viability was 
determined by trypan blue staining in parallel samples. D Cell migra-
tion was analyzed by transwell assay after 12 h of BTZ treatment in 
cells treated as in B. After 3 h, the migratory cells were stained (see 

“Materials and methods”) and photographed using a Leica DM-IL 
microscope equipped with a 10  × objective, and images were cap-
tured on a Leica DC300 camera using Leica-IM500 software. Images 
shown are representative of four fields per insert. The experiment 
was made in triplicate. E The number of migrated cells in samples 
described in D was counted and expressed as fold increase of the 
untreated scramble control. In C, E, data represent the mean ± SD of 
three replicates. ANOVA test. *P < 0.05, **P < 0.01. In B, D, data 
from a representative experiment of three biological repeats with sim-
ilar results are shown
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Finally, HSF2-silencing also caused a significant increase 
in the migration of bortezomib-treated HeLa cells (Fig. S6).

Discussion

HSF1 acts as a guardian of proteome homeostasis in mam-
malian cells; under proteotoxic stress conditions it orches-
trates a cytoprotective response by triggering a rapid shift in 
the cell transcriptional program resulting in the expression 
of HSP [14, 15], as well as a broad constellation of target 
genes encoding proteins with non-chaperone function [23, 
25], including proteins implicated in proteasome activity 
such as ZFAND2A (zinc-finger AN1-type domain-2a) [24]. 
During the study of ZFAND2A gene regulation by protea-
some inhibitors, we came across the interesting observation 
that bortezomib increased HSF2 mRNA levels in human 
cells [20]. As indicated in “Introduction”, despite the fact 
that HSF2 is widely recognized as an important factor in 
embryogenesis and differentiation [31–33], very little is 
known on HSF2 transcriptional regulation.

We now demonstrate that bortezomib, at clinically rel-
evant concentrations [62], is a potent inducer of HSF2 
expression in different types of cancer cells, triggering de 
novo HSF2 transcription in addition to protein stabiliza-
tion. Similar results were obtained with the next-generation 
proteasome inhibitors ixazomib and carfilzomib, indicating 
that induction of HSF2 expression is a general response to 
proteasome dysfunction, and prompting us to investigate 
the mechanism involved. Interestingly, we found that borte-
zomib-induced HSF2 expression is dependent on the activ-
ity of its paralog HSF1. Analysis of the human HSF2 pro-
moter revealed the presence of two putative HSF1 consensus 
motifs, located at 1.397 bp (HSEa) and 1.016 bp (HSEb) 
upstream from the transcription start site. HSEa, but not 
HSEb, was able to bind to HSF1, as shown by electropho-
retic mobility shift and supershift assays. Chromatin immu-
noprecipitation analysis has shown that HSF1 is recruited to 
the HSEa sequence in the HSF2 promoter after bortezomib 
treatment in MDA-MB-231 breast cancer cells and in HeLa 
cells; recruitment was followed by HSF2 transcription in 
wild-type cells, but not in HSF1-silenced cells. Moreover, 
reintroduction of the HSF1 gene in HSF1-depleted cells was 
able to restore inducible HSF2 expression in response to 
proteasome inhibition. In addition to MDA-MB-231 and 
HeLa cells, HSF1-silencing prevented bortezomib-induced 
HSF2 expression in different cancer cell lines, including 
luminal-like MCF7 breast adenocarcinoma cells and M10 
metastatic melanoma cells. Altogether these results demon-
strate that HSF1 plays a fundamental role in the control of 
human HSF2 gene expression during proteasome inhibition.

Since HSF2 expression has not been detected after heat 
shock despite HSF1 activation [29, 30], we postulate that 

other factors may contribute to induce HSF1-dependent 
HSF2 transcription in bortezomib-treated cells, possibly 
as a consequence of short-lived signaling protein stabiliza-
tion during proteasome inhibition [63]. The fact that HSF2 
itself is stabilized by proteasome inhibitors [30, 41, 51] 
shares similar DNA-binding domains with HSF1 [22], and 
it interacts with HSF1 forming heterotrimers [18, 20, 28], 
suggests that HSF2 could be one of the factors contributing 
to regulating its own transcription. Electrophoretic mobil-
ity supershift assays and ChIP analysis in fact revealed that 
HSF2 binds to the HSEa sequence, but at a later stage of 
the proteotoxic stress caused by proteasome dysfunction, 
concomitant with intranuclear accumulation of the factor 
(Santopolo et al., personal communication).

In addition to co-factors, changes in local chromatin 
architecture consequent to PI-induced histone degradation 
or displacement, as well as in PI-regulated chromatin remod-
eling enzymes activity [64–66], may be implicated in turn-
ing on HSF2 gene transcription, and should be taken into 
consideration.

Regarding the possible implications of the high levels 
of HSF2 achieved in cancer cells treated with bortezomib, 
the fact that drug-induced HSF2 is mostly localized in the 
nuclei suggests that this transcription factor may participate 
in bortezomib-regulated transcription in cancer cells, and 
may thus influence the outcome of the drug treatment.

As indicated in “Introduction”, bortezomib is used in 
the clinic for treatment of multiple myeloma and relapsed 
mantle cell lymphoma [8], and is known to possess anti-
cancer activity against several other malignancies, includ-
ing breast cancer [67, 68], based on its direct pro-apoptotic 
effects on cancer cells as well as its antiangiogenic action 
[9, 10]. The mechanism of bortezomib anticancer activity is 
still not completely understood. The initial rationale for its 
use in cancer treatment was inhibition of nuclear factor-κB 
(NF-κB) activity by blocking proteasomal degradation of 
the NF-κB inhibitor IκBα [69]. In addition to NF-κB inhibi-
tion, bortezomib was shown to trigger pro-apoptotic factors 
via activation of the endoplasmic reticulum stress, cause 
ROS (Reactive Oxygen Species) accumulation, and inhibit 
angiogenesis; in the case of MM, bortezomib also inhibits 
MM interaction with bone marrow stromal cells, and regu-
lates the Wnt/β-catenin signaling pathway, by preventing 
β-catenin protein degradation [70, 71]. On the other hand, 
bortezomib activates HSF1, and this effect has been associ-
ated with cancer cell survival [59] and, in the clinic, with 
poorer myeloma patient survival [72].

As indicated above, HSF1 protects healthy cells from the 
damaging effects of proteostasis disruption [43, 73]; cancer 
cells, due to the need to boost their chaperone system to cope 
with stress caused by increased protein synthesis, folding, 
and consequent proteasome overwhelming [43], are more 
highly dependent on HSF1 than normal cells, presenting a 
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‘non-oncogenic’ addiction to HSF1 [15, 74]. In different 
types of cancers, HSF1 levels and nuclear localization are 
in fact strongly increased [75–78], and HSF1 was found to 
regulate a malignant-specific transcriptional program critical 
for cancer cells and tumor microenvironment [44, 75, 78, 
79]. Differently from HSF1, HSF2 has not been extensively 
investigated in tumor cells, and as indicated above, its func-
tion in cancer is largely unknown.

Recently, Bjork et al. [60] have shown that HSF2 acts as 
a suppressor of prostate cancer cell invasion. We therefore 
analyzed the effect of HSF2-silencing on the migration of 
mesenchymal-like breast adenocarcinoma MDA-MB-231 
cells, characterized by a high migratory potential [61], and 
in HeLa cells in the absence or the presence of bortezomib. 
HSF2 depletion, while it did not significantly affect cell via-
bility under the conditions analyzed (short bortezomib treat-
ment), was found to cause a significant increase in MDA-
MB-231 cell migration both in bortezomib-treated and in 
control cells; HSF2-silencing also promoted cell migration 
in bortezomib-treated HeLa cells. These results support the 
hypothesis that HSF2 may regulate the migratory potential 
of cancer cells, and suggest that this effect may influence 
bortezomib anticancer activity.

It should also be noted that HSF2 accumulation leads to 
formation of heterotrimers with HSF1, as shown in MDA-
MB-231 and HeLa cells, as well as in other types of cells 
[18, 20, 28]. The difference in the gene regulatory per-
formance of HSF1 and HSF2 homotrimers versus hetero-
complexes has not been completely understood. Based on 
human HSF2 DNA-binding domain structural studies, it was 
recently suggested that, due to differential wrapping around 
DNA, HSF1–HSF2 heterotrimers might provide a template 
for differential and combinatorial regulatory events that 
would not take place in the case of HSF1 or HSF2 homo-oli-
gomeric complexes [28]. In this regard, it has been reported 
that HSF1–HSF2 heterotrimers are less efficient than HSF1 
homotrimers in activating transcription of several HSF1-
target genes [18, 21]; therefore, it could be speculated that, 
by decreasing the expression of cytoprotective HSF1-target 
genes, HSF2 may mitigate the prosurvival activity of HSF1 
in cancer cells during bortezomib treatment.

Altogether the results provide novel insights into the reg-
ulation of HSF2 expression, and reveal an additional level of 
complexity in the sophisticated interplay between HSF1 and 
HSF2, representing an interesting example of transcription 
factors involved in controlling the expression of members 
of the same family. Because of the important role of HSF2 
in development and differentiation, the understanding of 
the molecular events at the basis of this finely tuned HSF1/
HSF2 interplay may lead to advances in the pharmacological 
modulation of these fundamental transcription factors acting 
at the crossroads of important physiological and pathologi-
cal processes in human cells.
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