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Introduction
Cells and their proteomes are continuously challenged by 
various environmental stresses, such as heat and heavy met-
als, pathophysiological states, or physiological conditions in-
cluding cell proliferation, which cause acute or chronic stress.  
To maintain proteostasis, cells respond to stress stimuli by cy-
toprotective mechanisms, one of which is the evolutionarily 
well-conserved heat shock response (HSR). The HSR promotes 
cell survival through robust inducible expression of heat shock 
proteins (Hsps) that act as molecular chaperones to prevent  
aggregation of misfolded proteins and facilitate their refolding 
or degradation (Richter et al., 2010).

Proteotoxic stress, such as acute heat shock, stalls cell 
cycle progression at the G1/S or G2/M transition (Kühl et al., 
2000; Nakai and Ishikawa, 2001), but the exact mechanism re-
mains unknown. In mitosis, a global reduction of transcription, 
including stress-inducible expression of Hsps, leaves mitotic 

cells particularly vulnerable to protein damage (Martínez- 
Balbás et al., 1995). Consequently, many cells subjected to pro-
teotoxic stress undergo apoptosis or mitotic catastrophe, and 
surviving cells are likely to accumulate mitotic errors, e.g., mul-
tipolar spindles and chromosome misalignment (Martínez- 
Balbás et al., 1995; Hut et al., 2005), resulting in chromosomal 
instability (CIN).

The stress-induced expression of Hsps is regulated by a 
family of transcription factors called heat shock factors (HSFs). 
Of the four mammalian HSFs (HSF1–4), HSF1 is the major 
stress-responsive factor, required for the inducible expression 
of, for example, Hsp70 (Åkerfelt et al., 2010). The function of 
HSF1 is not limited to the expression of Hsps, but it has spe-
cific target genes, for example, in cancer, where HSF1 promotes 
survival and proliferation of highly malignant cells (Dai et al., 
2007; Mendillo et al., 2012; Santagata et al., 2013; Vihervaara 
and Sistonen, 2014). The activity of HSF1 is regulated by a  
multitude of posttranslational modifications, including phos-
phorylation, sumoylation, and acetylation (Sarge et al., 1993; 

Unless mitigated, external and physiological stresses 
are detrimental for cells, especially in mito-
sis, resulting in chromosomal missegregation, 

aneuploidy, or apoptosis. Heat shock proteins (Hsps) 
maintain protein homeostasis and promote cell survival. 
Hsps are transcriptionally regulated by heat shock fac-
tors (HSFs). Of these, HSF1 is the master regulator and 
HSF2 modulates Hsp expression by interacting with HSF1. 
Due to global inhibition of transcription in mitosis, includ-
ing HSF1-mediated expression of Hsps, mitotic cells are 
highly vulnerable to stress. Here, we show that cells can 

counteract transcriptional silencing and protect them-
selves against proteotoxicity in mitosis. We found that the 
condensed chromatin of HSF2-deficient cells is accessible 
for HSF1 and RNA polymerase II, allowing stress-inducible  
Hsp expression. Consequently, HSF2-deficient cells ex-
posed to acute stress display diminished mitotic errors 
and have a survival advantage. We also show that HSF2 
expression declines during mitosis in several but not all 
human cell lines, which corresponds to the Hsp70 induc-
tion and protection against stress-induced mitotic abnor-
malities and apoptosis.
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application (Rallu et al., 1997; Mathew et al., 1998; Ahlskog 
et al., 2010; Björk et al., 2010). Because the DNA-binding 
activity of HSF2 in mitotic cells has been reported (Xing  
et al., 2005; Vihervaara et al., 2013), we investigated if there 
are cell cycle–dependent variations in HSF2 levels. We syn-
chronized K562 cells into G1, S, G2, and M phases and found 
that both protein and mRNA levels of HSF2 declined in mitosis  
(Fig. 1, A and B), which is in agreement with previous  
genome-wide studies showing that hsf2 mRNA is regulated in  
a cell cycle–dependent manner in HeLa and U2OS cells 
(Whitfield et al., 2002; Grant et al., 2013). In accordance 
with our previous results (Ahlskog et al., 2010), HSF2 protein  
levels were further decreased in response to a 30-min heat 
shock followed by a 1-h recovery in both unsynchronized and 
mitotic cells (Fig. 1 C). To confirm that the decrease in HSF2 
during mitosis was not due to the experimental procedure, 
we used different synchronization protocols and observed a 
decline in HSF2 protein levels in mitosis that correlated with 
the amount of cells in mitosis (Fig. 1 D). K562 cells that 
were synchronized by thymidine into S phase, followed by a 
4-h release into normal growth medium and a 3-h treatment 
with nocodazole, showed the lowest levels of HSF2 protein. 
Cells that were synchronized by thymidine and left to pro-
ceed in the cell cycle for 6.5 h, when the cells start entering 
mitosis, showed a marked decrease in HSF2, whereas unsyn-
chronized cells treated with nocodazole for 3 h had only a 
minor decrease in HSF2 levels. These results suggest that the 
expression of HSF2 is delicately regulated during mitosis, 
clearly implying a function for HSF2 in mitosis.

HSF2 represses stress-inducible Hsp70 
expression during mitosis
Because HSF2 has been shown to modulate the HSR in inter-
phase cells (Östling et al., 2007; Shinkawa et al., 2011), we 
investigated the impact of HSF2 on the HSR in mitotic cells 
using hsf2+/+ (HSF2 wild type [WT]) and hsf2/ (HSF2 knock-
out [KO]) immortalized mouse embryonic fibroblasts (MEFs). 
Hsp70 is one of the classical heat-induced chaperones and  
a shared target for HSF1 and HSF2 (Östling et al., 2007;  
Vihervaara et al., 2013), and was chosen as a marker for the 
HSR. Unsynchronized, mitotic, or G1 phase cells were left 
untreated or heat treated for 1 h at 43°C, followed by a 3-h 
recovery at 37°C. Cells were synchronized into mitosis by a 
thymidine-nocodazole block, and mitotic cells were harvested 
by mitotic shake-off. Unsynchronized MEFs responded to heat 
shock by elevated expression of Hsp70 (Fig. 2 A, lanes 2 and 8).  
In mitosis, the stress-inducible expression of Hsps was re-
pressed in HSF2 WT MEFs (Fig. 2 A, lane 4), which is in accor-
dance with the previously reported mitosis-specific inhibition 
of transcription (Martínez-Balbás et al., 1995). When cells pro-
ceeded to G1 phase, the stress-inducible Hsp expression was 
restored (Fig. 2 A, lane 6). Surprisingly, in heat-shocked HSF2 
KO MEFs, Hsp70 was prominently increased during mitosis  
(Fig. 2 A, lane 10). Another stress-inducible Hsp, Hsp25, was 
similarly up-regulated by heat shock in the absence of HSF2 
(Fig. 2 A). To determine whether the effect of HSF2 is con-
served in human cells, HSF2 was transiently down-regulated 

Holmberg et al., 2001; Hong et al., 2001; Hietakangas et al., 2003;  
Guettouche et al., 2005; Westerheide et al., 2009; Anckar and 
Sistonen, 2011). HSF2 is best known for its role in the de-
veloping brain and reproductive organs (Åkerfelt et al., 2010). 
Evidence for a stress-regulated function of HSF2 is accumulat-
ing, as it binds to the promoters of Hsps and modulates the ac-
tivity of HSF1 through formation of HSF1-HSF2 heterotrimers 
(Loison et al., 2006; Östling et al., 2007; Sandqvist et al., 2009). 
HSF2 deficiency has been shown to reduce the temperature at 
which HSF1 is activated (Shinkawa et al., 2011), but HSF2 alone  
is a poor activator of Hsp transcription upon stress (Kroeger  
et al., 1993). Unlike the ubiquitously and constitutively ex-
pressed HSF1, HSF2 is a short-lived protein with a tissue- and 
developmental stage–specific expression pattern (Fiorenza  
et al., 1995; Björk et al., 2010), and HSF2 activity is mainly reg-
ulated by its levels in the cell (Sarge et al., 1991, 1993; Sandqvist 
et al., 2009; Björk and Sistonen, 2010). As an example, during 
spermatogenesis, HSF2 is posttranscriptionally regulated by a 
micro RNA, miR-18, which belongs to the Oncomir-1 cluster 
(Björk et al., 2010). However, in response to acute stress, the 
ubiquitin E3 ligase anaphase-promoting complex/cyclosome 
(APC/C) rapidly ubiquitylates HSF2 and directs it to protea-
somal degradation (Ahlskog et al., 2010).

Upon the addition of stress, the inactive HSF1 monomers 
form homo- or heterotrimers with HSF2 and bind to specific 
DNA sequences, thus inducing expression of target genes 
(Sandqvist et al., 2009; Anckar and Sistonen, 2011). In a recent 
genome-wide study, we compared the target specificity of HSF1 
and HSF2 in cycling and mitotic human K562 cells. In stressed 
cycling cells, HSF1 occupies 1,242 loci, including genes that 
code for chaperones, transcriptional and translational regula-
tors, and cell cycle determinants, whereas HSF1 is profoundly 
displaced from mitotic chromatin, and only 35 target loci re-
main occupied (Vihervaara et al., 2013). This exclusion of HSF1 
from chromatin may contribute to the heat sensitivity observed 
in mitotic cells (Martínez-Balbás et al., 1995). Because HSF2 is 
capable of binding to >500 loci during mitosis (Vihervaara  
et al., 2013), we now addressed the functional relevance of 
HSF2 in the regulation of cell survival in mitotic cells exposed 
to acute stress. We found that HSF2 levels decline during mito-
sis in a cell type–specific manner. Our data reveal that in cells 
where HSF2 was down-regulated, both HSF1 and RNA poly-
merase II (RNAPII) that are normally displaced from mitotic 
chromatin were able to access the hsp70 promoter, allowing 
stress-inducible Hsp70 expression. Intriguingly, HSF2-deficient 
cells showed diminished mitotic abnormalities and increased 
survival upon acute heat stress that may provide a protective 
mechanism to mitotic cells.

Results
HSF2 levels are strictly regulated in 
mitotic cells
Similar to many other transcription factors, the activity of 
HSF2 is regulated by its levels in cells (Sandqvist et al., 
2009), and prominent changes in HSF2 amounts have been 
observed both during cell differentiation and upon stress  
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(Östling et al., 2007). Upon heat shock, HSF1 forms homotri-
mers, or heterotrimerizes with HSF2, and is posttranslationally 
modified by phosphorylation and sumoylation for maximal 
transactivation capacity (Sarge et al., 1991, 1993; Hietakangas 
et al., 2006; Sandqvist et al., 2009; Anckar and Sistonen, 2011). 
To elucidate whether the striking repressive effect of HSF2 on 
Hsp70 transcription in mitosis is caused by changes in HSF1, 
we analyzed activation of HSF1 in mitotic K562 cells trans-
fected with either HSF2-specific shRNA or Scrambled con-
trol shRNA. As judged by the migration pattern of HSF1 on  
immunoblots (Sarge et al., 1993), HSF1 was phosphorylated 
upon heat shock in both unsynchronized and mitotic cells inde-
pendently of HSF2 levels (Fig. 2 B), which suggests that HSF1 
is activated upon stress in mitosis. To investigate whether the 
stress-induced interaction of HSF1 and HSF2 that was origi-
nally observed in unsynchronized cells (Alastalo et al., 2003) 
also occurred in mitosis, we performed coimmunoprecipitation. 
Despite the fact that the total amount of HSF2 was lower in 
mitotic cells, the HSF1–HSF2 interaction was similar to that in 
unsynchronized cells (Fig. 3 A).

Recently, we reported that both HSF1 and HSF2 access 
mitotic chromatin; however, HSF1 occupation of DNA is mark-
edly reduced, whereas HSF2 binds a multitude of target loci 
(Vihervaara et al., 2013). We therefore examined whether the 
absence of HSF2 altered HSF1 DNA-binding capacity in mitosis, 
which could explain the more pronounced induction of Hsps 
(Fig. 2). Upon activation, trimeric HSFs bind target promoters 

with a specific shRNA (Fig. 2 B). We confirmed that down-
regulation of HSF2 did not affect entry into mitosis by calcu-
lating the mitotic index of cells synchronized into mitosis, and 
found an equal amount of mitotic cells in both Scrambled and 
HSF2 shRNA-transfected K562 cells (Fig. 2 B, bottom right). 
In mitotic K562 cells, depletion of HSF2 led to increased hsp70 
mRNA expression upon a 30-min heat shock at 42°C compared 
with Scrambled control shRNA-transfected cells (Fig. 2 C), 
and the Hsp70 protein levels increased correspondingly after 
a 1-h recovery at 37°C (Fig. 2 B). Because the cell population 
studied was not purely mitotic (Fig. 2 B, bottom right), our 
results could have been influenced by the residual nonmitotic 
cells. However, previous studies using unsynchronized popu-
lations, with >90% of cells in interphase, have demonstrated 
that HSF2 positively modulates Hsp70 and Hsp25 (Östling  
et al., 2007), which reinforces the finding that the negative  
effect of HSF2 on Hsp70 induction originates from the mitotic 
cell population. Together, these results suggest that HSF2 func-
tions as a repressor of the HSR during mitosis in both murine 
and human cells.

Stress-inducible binding of HSF1 to 
chromatin is enhanced in mitotic cells 
depleted of HSF2
HSF1 is the major stress-responsive factor responsible for in-
ducing the expression of Hsps. HSF2, however, is not capable of 
inducing Hsps alone, but only in conjunction with active HSF1 

Figure 1.  HSF2 protein and mRNA levels de-
crease during mitosis. (A, left) Representative 
immunoblot analysis of HSF2 protein in unsyn-
chronized K562 cells (U), cells synchronized 
into mitosis by a thymidine-nocodazole block 
(M), G1 by releasing mitotic cells for 5 h (G1), 
S phase by a double-thymidine block (S), or 
G2 by releasing S phase cells for 5 h (G2).  
Immunoblotting was performed with the indicated 
antibodies. Tubulin serves as a loading control. 
The asterisk denotes phosphorylated Cdc27, 
which serves as a control indicating that cells 
are in mitosis. (A, right) Quantification of im-
munoblots (n = 3) showing HSF2 protein levels 
related to tubulin. (B) qRT-PCR analysis of hsf2 
mRNA in unsynchronized (U) and mitotic (M) 
K562 cells. Relative quantities of hsf2 mRNA 
were first normalized to gapdh, and then un-
synchronized samples were arbitrarily set to a 
value of 1 (n = 5). (C, left) Immunoblot analysis 
of HSF2 protein in unsynchronized (U) and mi-
totic (M) K562 cells. Cells were left untreated 
(C) or subjected to heat shock (HS; 30 min at 
42°C, 1 h at 37°C). (C, right) Quantifications 
of blots where HSF2 was related to Hsc70  
(n = 4). (D) Representative immunoblot analy-
sis of HSF2 protein in K562 cells (n = 3). Cells 
were either left unsynchronized (U); treated 
with thymidine (24 h), followed by, after a 4-h  
release, the addition of nocodazole for 3 h 
(Thy-Noc); only treated with nocodazole for  
3 h (U+Noc); or released from thymidine for 
6.5 h (Thy+6.5 h). (D, right) Flow cytometry 
analysis of propidium iodide–stained cells. 
The data shown are from a single representa-
tive experiment out of three repeats. For the 
experiment shown, n = 4,000. All values rep-
resent mean + SEM (error bars).
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Figure 2.  HSF2 represses the HSR in mitotic cells. (A, top) Representative immunoblot (n = 3) of Hsp70 and Hsp25 proteins upon heat shock in HSF2 WT 
and HSF2 KO MEFs at different phases of the cell cycle. Unsynchronized (U), mitotic (M), or G1-phase (G1) cells were left untreated (C) or heat-treated 
(HS+R, 1 h at 43°C, 3 h at 37°C). Cells were synchronized into mitosis by a thymidine-nocodazole block, and mitotic cells were harvested by mitotic 
shake-off. G1 phase cells were obtained by releasing mitotic cells into normal growth media for 3 h. Immunoblotting was performed with the indicated an-
tibodies. <, HSF2; *, an unspecific band. Hsc70 serves as a loading control. (A, middle) Quantifications of Hsp70 protein induction in mitotic cells (n = 3).  
Hsp70 was normalized to Hsc70 and then related to the respective untreated mitotic samples, arbitrarily set to a value of 1. (A, bottom) Representative 
flow cytometry analyses of propidium iodide–stained cells. The data shown are from a single representative experiment out of three repeats. For the experi-
ment shown, n = 10,000. (B, top) A representative immunoblot of K562 cells transfected with the indicated shRNAs and then either left unsynchronized 
(U) or synchronized into mitosis (M) by a thymidine-nocodazole block. Cells were treated with a 30-min heat shock at 42°C (HS) or a 30-min heat shock 
followed by a 1-h recovery at 37°C (HS+R). Samples were analyzed with the indicated antibodies and tubulin was used as a loading control. (B, middle) 
Quantifications of Hsp70 protein induction in mitotic cells (n = 5). Hsp70 was normalized to tubulin and analyzed as in A. (B, bottom left) Flow cytometry 
analyses of propidium iodide–stained cells. The data shown are from a single representative experiment out of five repeats. For the experiment shown, n = 
10,000. (B, bottom right) The mitotic index was determined based on chromosome morphology of cells DNA stained with Hoechst. 80 cells per treatment 
from three independent experiments were counted. (C) qRT-PCR analysis of hsp70 mRNA induced by heat shock (30 min at 42°C) in mitotic K562 cells. 
Cells were transfected and synchronized as in B. Relative quantities of hsp70 mRNA were first normalized to gapdh and then calculated from the respective 
untreated samples, arbitrarily set to a value of 1. Values represent mean + SEM (error bars; n = 5). n.s., not specific.
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previous study (Vihervaara et al., 2013), the heat-inducible 
binding of HSF1 to the hsp70 promoter was reduced in mitotic 
cells when compared with unsynchronized cells (Fig. 3 C, top). 
Intriguingly, in mitotic cells, HSF2 down-regulation resulted 
in a more pronounced HSF1 occupancy of the hsp70 promoter 
than in Scrambled control (Fig. 3 C, top), which suggested 
that HSF1 is allowed to access the mitotic chromatin in the ab-
sence of HSF2. Next, we performed quantitative HSF1 ChIP in 
heat-shocked mitotic cells and related HSF1 occupancy to hsf2 
mRNA expression in the corresponding samples. HSF1 binding 
to the hsp70 promoter was inversely correlated with hsf2 mRNA 
levels (Fig. 3 C, bottom). ChIP analysis of HSF2 revealed that 
HSF2 occupancy of the hsp70 promoter slightly increased in 
mitosis under nonstressed conditions, whereas HSF2 binding 
was equally induced in unsynchronized and mitotic cells upon 
heat shock (30 min at 42°C; Fig. 3 D), which is in agreement 
with previous studies showing that HSF2 avidly interacts with 
the hsp70 promoter in mitosis (Xing et al., 2005; Vihervaara 
et al., 2013). Intriguingly, in cells where HSF2 was down-
regulated, the residual HSF2 bound to the hsp70 promoter in 
a stress-inducible fashion. We conclude that HSF2 interferes 
with the accessibility of HSF1 to mitotic chromatin, possibly 
by competing with HSF1 for binding to the hsp70 promoter.

containing heat shock elements (HSEs), and both HSF1 and 
HSF2 recognize the same sequence, i.e., inverted repeats of 
the pentameric sequence nGAAn, but with different affinity 
(Sakurai and Enoki, 2010; Vihervaara et al., 2013). To examine 
HSE-binding activity, we exposed unsynchronized and mitotic 
K562 cells to a 30-min heat shock at 42°C and performed a gel 
mobility shift assay (EMSA). In accordance with earlier studies 
showing that the in vitro DNA-binding activity of both HSF1 
and HSF2 is intact in mitosis (Martínez-Balbás et al., 1995; 
Vihervaara et al., 2013), no major difference in heat-induced 
HSF-HSE formation was observed between unsynchronized 
and mitotic cells (Fig. 3 B). Furthermore, HSF2 depletion did 
not affect the HSF–HSE complex formation, which indicates 
that HSF2 does not alter the in vitro DNA-binding capacity of 
HSF1 (Fig. 3 B).

The mitotic chromatin is strongly condensed to allow for 
sister chromatid separation, resulting in DNA that is less acces-
sible to transcription factors, including HSF1 (Martínez-Balbás 
et al., 1995; Vihervaara et al., 2013). Using chromatin immuno-
precipitation (ChIP) on samples from heat-treated K562 cells 
transfected with either Scrambled control or HSF2-specific 
shRNA, we determined the DNA-binding properties of HSF1 in  
the silenced mitotic chromatin environment. Consistent with our  

Figure 3.  HSF2 interferes with the stress- 
inducible binding of HSF1 to the hsp70 pro-
moter in mitotic cells. (A) Representative  
immunoblot analysis of coprecipitated HSF1 
and HSF2 (n = 3). Lysates from K562 cells, 
either unsynchronized (U) or synchronized into 
mitosis by a thymidine-nocodazole block (M), 
were left untreated (C) or heat shocked (HS; 
30 min at 42°C), and immunoprecipitated 
with an anti-HSF1 antibody or normal rabbit 
IgG (NS). Input: whole-cell lysates were ana-
lyzed by immunoblotting with the indicated an-
tibodies. (B) Representative EMSA analysis of 
HSF DNA-binding activity (n = 3). K562 cells 
were transfected with indicated shRNAs and 
either left unsynchronized (U) or synchronized 
into mitosis (M) as in A before they were left 
untreated or subjected to a 30-min heat shock 
at 42°C. Whole cell lysates were analyzed by 
EMSA, using a 32P-labeled probe correspond-
ing to the proximal HSE from the human hsp70 
promoter. HSF-HSE indicates the specific DNA-
binding complex, CHBA indicates the consti-
tutive HSE-binding activity, and NS indicates 
nonspecific DNA–protein complexes. (C, top) 
ChIP analysis of stress-induced (30 min at 
42°C) recruitment of HSF1 to the hsp70 pro-
moter in K562 cells transfected and synchro-
nized as in B. NS indicates nonspecific DNA 
binding. Input represents 10% of the material 
used in the ChIP assay. (C, bottom) There is 
an inverse relationship between HSF1 binding 
and hsf2 mRNA levels. qPCR quantification of 
HSF1 occupancy of hsp70 promoter and hsf2 
mRNA levels of individual samples from heat-
treated mitotic samples, transfected with either 
Scrambled or HSF2-specific shRNA, was plot-
ted and the correlation was calculated (n = 8). 
(D) qPCR quantification of HSF2 occupancy at 
the hsp70 promoter in K562 cells transfected, 
synchronized, and treated as in B (n = 3). Val-
ues represent mean + SEM (error bars).
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HSF2 affects the chromatin environment of 
the hsp70 promoter in mitotic cells
How does HSF2 exert its inhibitory effect on the accessibil-
ity of HSF1 to the hsp70 promoter? HSF2 has previously been 
shown to be required for correct chromatin compaction during 
spermatogenesis (Åkerfelt et al., 2008). These earlier results, 
combined with the observation that the DNA-binding capac-
ity of HSF1 in vitro, but not in vivo, was preserved in mitosis  
(Fig. 3), led us to reason that HSF2 could affect the chromatin 
environment in mitotic cells. At the onset of mitosis, the chro-
matin environment is dramatically changed: RNA polymerases 
and transcription factors are displaced from chromatin, post-
translational modifications of the histone tails are altered, and 
the chromatin is condensed (Martínez-Balbás et al., 1995; Sif 
et al., 1998; Christova and Oelgeschläger, 2002; Chen et al., 
2005). Phosphorylation of serine 10 on histone H3 (H3 S10P) 
is associated with a repressive chromatin environment (Sawicka 
and Seiser, 2012). Mitotic cells display elevated H3 S10P levels 
on the hsp70 promoter (Valls et al., 2005). Using ChIP with an 
H3 S10P antibody, we examined the impact of HSF2 on the lev-
els of H3 S10P at the hsp70 promoter. In mitotic control cells, 
the occupancy of H3 S10P was 3.2-fold higher than in unsyn-
chronized cells, whereas less H3 S10P was bound (2.7-fold)  
in HSF2-depleted cells (Fig. 4 A, top). Upon heat shock (30 min  
at 42°C), H3 S10P further decreased at the hsp70 promoter  
in cells where HSF2 was down-regulated (Fig. 4 A, top). Because 
no differences in the total histone H3 levels were detected (Fig. 4 A,  
top), the decline in phosphorylation of histone H3 upon HSF2 
down-regulation was not caused by a decreased histone H3 
occupancy on the hsp70 promoter. To investigate whether the 
HSF2 levels had an impact on the global amount of H3 S10P in 
mitosis, we analyzed H3 S10P levels in HSF2-depleted cells by 
immunoblotting, and found no significant differences compared 
with the Scrambled control cells (Fig. 4 A, bottom).

We further investigated the chromatin structure using a  
micrococcal nuclease (MNase) DNA accessibility assay in mitotic 
K562 cells transfected with either Scrambled control or HSF2 
shRNA. In mitotic HSF2-depleted K562 cells, we found an en-
hanced MNase resistance of the hsp70 promoter, but not the 
coding region (Fig. 4 B), which indicates proteins binding to the 
hsp70 promoter in the absence of HSF2. In interphase cells, 
RNAPII is associated with the hsp70 promoter as a paused 
polymerase (Brown et al., 1996; Adelman and Lis, 2012), and 
its recruitment to the chromatin increases MNase resistance 
(Weber et al., 2010). However, during mitosis RNAPII is dis-
placed from the chromatin, including the hsp70 promoter  
(Parsons and Spencer, 1997; Christova and Oelgeschläger, 
2002). Accordingly, a ChIP analysis of K562 cells revealed that 
RNAPII at the hsp70 promoter decreased in mitotic Scrambled 
control cells compared with unsynchronized cells (Fig. 4 C). 
We reasoned that in the presence of HSF2, RNAPII could be 
prevented from accessing the promoter in mitotic cells, and that 

Figure 4.  HSF2 affects chromatin organization at the hsp70 promoter 
during mitosis. (A, top) Occupation of phosphorylated histone H3 (H3 
S10P) and total histone H3 (H3) at the hsp70 promoter in nonstressed (C) 
and heat-shocked (HS; 30 min at 42°C) mitotic K562 cells was analyzed 
by ChIP and quantified with qPCR (n = 4). Cells were transfected with the 
indicated shRNA constructs and synchronized into mitosis by a thymidine-
nocodazole block. The qPCR values of the IP were normalized to the input 
values and related to the Scrambled unsynchronized control that was ar-
bitrarily set to a value of 1. (A, bottom) Representative immunoblot (n = 4) 
of H3 S10P levels in K562 cells. Immunoblotting was performed with the 
indicated antibodies. (B) MNase sensitivity analysis of the hsp70 promoter 
(377 to 229 bp) and coding region (+1,286 to +1,397 bp) in mitotic 
K562 cells as measured by qPCR (n = 4). Cells were transfected, synchro-
nized, and treated as in A. The qPCR values of the MNase-treated samples 
were related to input and to the Scrambled control sample that was arbi-
trarily set to a value of 1. (C) RNAPII occupation of the hsp70 promoter in 

nonstressed mitotic cells. K562 cells were transfected, synchronized and 
analyzed as in A, analyzed by ChIP, and quantified with qPCR (n = 4). All 
values represent mean + SEM (error bars). n.s., not specific.
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shock caused mitotic errors in 52% of the HSF2 WT MEFs, in 
contrast to only 34% in HSF2 KO MEFs (Fig. 5 E). Similarly, 
after a 15-min heat shock, HSF2 KO MEFs displayed fewer 
abnormalities (69%) during mitosis than their WT counterparts 
(77%, Fig. 5 E). These results suggest that decreased levels of 
HSF2 provide protection against prolonged mitosis and mitotic 
errors during acute stress.

HSF2 expression declines during mitosis in 
several but not all human cell lines
Decreased levels of HSF2 increase cell survival and protect 
mitotic cells against prolonged mitosis and mitotic errors upon 
proteotoxic stress (Fig. 5). To determine the significance of this 
finding, we investigated whether the mitosis-dependent decrease 
in HSF2 levels, as observed in K562 cells (Fig. 1, A–C), also 
occurred in other human cells. For this purpose, we synchro-
nized MCF7, HeLa, MDA-MB-231, and WI38 cells into mi-
tosis with a thymidine-nocodazole block and collected mitotic 
cells by mitotic shake-off. HSF2 protein levels were analyzed 
by immunoblotting, and a 40–45% decrease in HSF2 protein 
levels was observed in untreated mitotic MCF7 and HeLa cells 
compared with unsynchronized cells (Fig. 6, A and B). In con-
trast, mitotic MDA-MB-231 and WI38 cells did not display a 
significant change in their HSF2 protein levels (Fig. 6, C and D).  
Next, we examined the hsf2 mRNA levels in MCF7 and MDA-
MB-231 cells and found a consistent, albeit mild (19%) de-
crease in hsf2 mRNA levels of mitotic MCF7 cells (Fig. 6 A).  
In accordance with the constant HSF2 protein levels, hsf2 
mRNA expression remained unchanged in mitotic MDA-MB-231 
cells (Fig. 6 C), which suggests that HSF2 expression is regu-
lated on both protein and mRNA levels during mitosis in a cell 
type–specific manner. This observation is in line with previous 
genome-wide studies showing that hsf2 mRNA levels decrease 
during mitosis in certain cell lines, i.e., HeLa and U2OS, but  
not in HaCaT immortalized keratinocytes or primary foreskin 
fibroblasts (Whitfield et al., 2002; Bar-Joseph et al., 2008; 
Peña-Diaz et al., 2013; Grant et al., 2013).

To examine if the decrease in HSF2 levels altered the 
stress-induced Hsp70 expression, we subjected the unsynchro-
nized and mitotic cells to heat shock (30 min at 42°C, 1 h at 
37°C). In accordance with our hypothesis, the hsp70 mRNA 
and protein induction in mitotic MCF7 and HeLa cells with de-
creased HSF2 expression was similar in both unsynchronized 
and mitotic cells (Fig. 6, A, B, and E). In mitotic MDA-MB-231 
and WI38 cells with unaltered HSF2 levels, the heat-induced 
hsp70 mRNA and protein expression was significantly reduced 
compared with that in unsynchronized cells (Fig. 6, C–E).

By using IncuCyte live cell imaging technology, we  
investigated whether the mitosis-specific regulation of HSF2  
influenced mitosis in these different cell lines. The length of 
mitosis was calculated from the rounding up of the cells until 
two daughter cells were formed in unsynchronized cells. In  
untreated cells, the length of mitosis varied between a mean of 
46 min in HeLa cells and 50 min in MCF7 cells (Fig. 6 F). In 
MCF7 and HeLa cells, neither a 42°C heat shock pulse nor a  
30-min heat shock affected the length of mitosis. In MDA- 
MB-231 cells, a 42°C heat shock prominently prolonged mitosis 

in the absence of HSF2, RNAPII binding would be facilitated. 
Indeed, down-regulation of HSF2 led to increased RNAPII  
occupancy of the hsp70 promoter in nonstressed mitotic cells  
to a level similar to unsynchronized cells (Fig. 4 C). Collec-
tively, our results indicate that HSF2 modulates the chromatin 
environment and prevents HSF1 and RNAPII from binding to 
and transactivating the hsp70 promoter during mitosis.

A decrease in HSF2 levels protects mitotic 
cells against acute heat stress
Heat stress impairs the function of the microtubule-organizing 
centers, centrosomes, which are essential in ensuring the fidel-
ity of chromosome segregation (Debec and Marcaillou, 1997; 
Nakahata et al., 2002; Hut et al., 2005). Interestingly, over
expression of Hsp70 before mitosis protects cells from heat- 
induced mitotic abnormalities by chaperoning the centrosomes 
(Hut et al., 2005). HSF2-deficient cells were capable of induc-
ing Hsp70 during mitosis (Fig. 2), which could pose a survival 
advantage upon heat stress. To test this hypothesis, we synchro-
nized K562 cells with down-regulated HSF2, subjected the cells 
to a 30-min heat shock at 42°C, and counted them after a recov-
ery for 4 or 24 h. The results showed a mean 20% increase in 
viability in HSF2-depleted mitotic cells compared with the cor-
responding Scrambled control cells (Fig. 5 A). To confirm these 
results, the impact of HSF2 was assessed using the MTS sur-
vival assay, which measures cell metabolism. In unsynchronized 
HeLa cells, HSF2 down-regulation had no effect on survival 
upon a 30-min heat shock at 43°C, whereas HSF2-depleted 
mitotic HeLa cells survived heat shock better than their Scram-
bled shRNA-treated counterparts (Fig. 5 B), thereby supporting 
our hypothesis.

To understand the mechanism underlying increased sur-
vival in the absence of HSF2, we used time-lapse microscopy to 
monitor the progression of unsynchronized cells through mitosis  
in HSF2 WT and KO MEFs that were either untreated or ex-
posed to heat shock. Time-lapse microscopy revealed that heat-
treated HSF2-deficient MEFs progressed through mitosis faster 
than HSF2 WT MEFs. In HSF2 WT MEFs, the mean duration 
of mitosis was 64 min in normal conditions, and the duration of 
mitosis was prominently prolonged to 122 min after a pulse  
of heat shock, and to 199 min after a 15-min heat shock (Fig. 5, 
C and D; and Videos 1–4). The corresponding results in HSF2 
KO MEFs were 66 min under normal conditions, 91 min after a 
heat shock pulse, and 140 min after a 15-min heat shock (Fig. 5, 
C and D). The mean number of HSF2 WT ( X = 24 cells) and 
KO ( X = 20 cells) MEFs entering mitosis within 3 h of heat 
shock did not significantly differ, which indicates that the ab-
sence of HSF2 did not affect the G2/M checkpoint (data are 
from three experiments).

Because a delayed exit from mitosis can cause CIN and 
apoptosis (Sotillo et al., 2007; Orth et al., 2012), we inves-
tigated whether the prolonged mitosis, as observed upon heat 
shock, was accompanied by an HSF2-dependent increase in 
mitotic errors. Cells with defects in chromosome segregation, 
such as daughter cells forming micronuclei, chromatin decon-
densing without division, formation of more than two daughter 
cells, or apoptosis, were scored as mitotic errors. A pulse of heat 
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Figure 5.  Diminished HSF2 levels promote cell survival after heat shock in mitosis. (A) K562 cells transfected with the indicated shRNA constructs were 
synchronized into mitosis by a thymidine-nocodazole block and exposed to heat shock (30 min at 42°C). Cells were counted in triplicate after 4 h and 24 h 
of recovery at 37°C. The number of cells was related to their untreated counterparts (n = 4). (B) HeLa cells transfected as in A were left unsynchronized  
(U) or synchronized into mitosis and collected by mitotic shake-off (M) before being heat-treated (30 min at 43°C) or left untreated. Survival was measured by 
an MTS assay after a 2-h recovery at 37°C. Values from the heat-treated samples were related to their respective control (n = 4). (C) Selected still frames 
from time-lapse microscopy of DRAQ5-stained HSF2 WT and HSF2 KO MEFs that were either left untreated (C) or subjected to a pulse of heat shock at 
43°C (HS; for details see Materials and methods). Time is given as minutes after heat shock. Arrows denote mitotic cells. Bar, 10 µm. See Videos 1–4.  
(D) Duration of mitosis was measured from nuclear envelope breakdown to cytokinesis in untreated (C) or heat-treated (pulse at 43°C or 15 min at 43°C) 
HSF2 WT and HSF2 KO MEFs. At least 20 cells per treatment from four individual experiments were monitored. (E) Ratio of abnormal mitosis in cells from D.  
Abnormal mitosis was measured as the percentage of cells with defects in chromosome segregation, such as daughter cells forming micronuclei, chromatin 
decondensing without division, formation of more than two daughter cells, or apoptosis. All values represent mean + SEM (error bars).

from 49 min in control cells to 73 min in heat pulse–treated 
cells, and it was nearly doubled (92 min) upon a 30-min heat 
shock. In WI38 cells, a pulse of heat shock caused a robust 1.9-fold  

increase in the mean length of mitosis (89 min) compared with 
the untreated cells (47 min, Fig. 6 F). Collectively, these re-
sults demonstrate that cells where HSF2 levels decrease during  
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Figure 6.  HSF2 expression declines during mitosis in a cell type–specific manner, thus protecting cells against prolonged mitosis. (A–D) Representative 
immunoblots of HSF2 protein in unsynchronized (U) and mitotic (M) MCF7, HeLa, MDA-MB-231, and WI38 cells. Cells were synchronized into mitosis 
by a thymidine-nocodazole block and collected by mitotic shake-off. Cells were left untreated (C) or subjected to heat shock (HS; 30 min at 42°C, 1 h at 
37°C). Immunoblotting was performed with the indicated antibodies. Tubulin serves as a loading control. <, HSF2; *, unspecific band. (left middle panels) 
Quantification of immunoblots (n = 3) showing HSF2 protein related to tubulin. (right middle panels) Quantification of immunoblots (n = 3) showing Hsp70 
induction in unsynchronized and mitotic cells. Samples were analyzed as in Fig. 2 B. (A and C, right) qRT-PCR analysis of hsf2 mRNA in unsynchronized 
(U) and mitotic (M) cells (n = 3). Relative quantities of hsf2 mRNA were analyzed as in Fig. 1 B. (E) qRT-PCR analysis of hsp70 mRNA induction upon a 
30-min heat shock at 42°C in unsynchronized (U) and mitotic (M) MCF7, HeLa, MDA-MB-231 (MDA), and WI38 cells. Relative quantities of hsp70 mRNA 
were analyzed as in Fig. 2 C. (n = 3). (F) Duration of mitosis was measured from rounding up of cells until the formation of two daughter cells in untreated (C)  
or heat-treated (pulse at 42°C or 30 min at 42°C) cells. At least 20 cells per treatment from five (MCF7 and MDA-MB-231) or two (HeLa and WI38) indi-
vidual experiments were monitored. All values represent mean + SEM (error bars). n.s., not specific.
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and HSF1 are excluded from the hsp70 promoter during mito-
sis (Martínez-Balbás et al., 1995). In the absence of HSF2, the 
hsp70 promoter is also accessible to both HSF1 and RNAPII 
during mitosis (Figs. 3 C and 4 C), enabling Hsp70 expression, 
and thereby protecting cells against heat-induced mitotic errors. 
We show a reduced occupancy of the repressive histone marker, 
H3 S10P, at the hsp70 promoter in HSF2-depleted mitotic cells 
(Fig. 4 C). This reduction is small but consistent and significant, 
and it is worth noticing that a more robust change in H3 S10P 
could have adverse effects on cells, given earlier reports show-
ing that a considerable reduction in the chromatin histone H3 
S10P levels impairs chromosome segregation (Wei et al., 1999; 
Sawicka and Seiser, 2012). It has previously been shown that 
the phosphorylation of an adjacent threonine residue (H3 T3) 
functions as a switch, which inhibits the DNA binding of TFIID 
in mitotic cells, thereby inhibiting transcription (Varier et al., 
2010). It is plausible that the small change in phosphorylation 
status observed in our experiments (Fig. 4 A) could similarly 
function as a switch that increases the accessibility of the hsp70 
promoter to HSF1 and RNAPII (Figs. 3 C and 4 C). Alterna-
tively, the change in the ratio between HSF1 and HSF2, due 
to HSF2 decline, might affect HSF1 DNA-binding activity,  
e.g., via HSF2 acting as a competitive inhibitor, or by affecting 
trimer composition.

For protecting themselves against the proteotoxic stress 
to which all cells, particularly cancer cells, are continuously 
subjected (Solimini et al., 2007; Luo et al., 2009; Richter  
et al., 2010), it would be beneficial for cells to also induce Hsp70 
in mitosis. Here we describe a novel mechanism by which 
cells with reduced levels of HSF2 are able to express Hsp70 in  
mitosis. We show that certain cells, such as K562, MCF7, and 
HeLa cells, decrease their HSF2 levels during mitosis, whereas 
MDA-MB-231 and WI38 cells do not (Fig. 6). Accordingly, 
only the mitotic cells that contain diminished HSF2 levels dis-
play stress-inducible Hsp70 expression during mitosis, almost 
to the same extent as in unsynchronized cells (Fig. 6 E). It is 
possible that the constitutively high Hsp70 levels observed in 
K562, MCF7, and HeLa cells might promote Hsp70 induction in 
mitosis (Figs. 2 B and 6, A and B). Intriguingly, when exposed 
to acute heat stress, cells with decreased amounts of HSF2 are 
capable of completing mitosis faster than cells with constant 
HSF2 levels (Fig. 6 F). Delicate regulation of HSF2 expression 
is crucial for cells, and as previously shown, HSF2 is a short-
lived protein that can be regulated both posttranscriptionally 
by miR-18 and posttranslationally through ubiquitylation by 
APC/C (Ahlskog et al., 2010; Björk et al., 2010). APC/CCdc20 
is active from prometaphase to anaphase when it mediates  
the proteasomal degradation of several proteins, e.g., cyclin A 
and cyclin B (Pines, 2011). Because the mitotically active 
APC/CCdc20 is able to ubiquitylate HSF2 in vitro (Ahlskog et al., 
2010), APC/C could contribute to the declined HSF2 protein 
levels. The decrease in hsf2 mRNA levels observed in mitosis 
facilitates reduced HSF2 protein levels. This decrease is only 
observed in some, but not all, cell lines. Intriguingly, several of 
the cell lines with stable mitotic HSF2 are nontumorigenic, in-
cluding WI38, HaCaT, and primary foreskin fibroblasts (Fig. 6;  
Whitfield et al., 2002; Bar-Joseph et al., 2008; Grant et al., 

mitosis are better protected against heat-induced prolonged mito-
sis compared with cells whose HSF2 levels are constant through-
out the cell cycle. Because the length of mitosis correlates with 
the amount of mitotic errors (Fig. 5, D and E), these results sug-
gest that cells with decreased mitotic HSF2 levels are subjected to 
fewer mitotic errors in response to acute heat stress.

Discussion
Although the HSR, and especially the fundamental functions  
of HSF1 therein, have been thoroughly studied in unsynchro-
nized cells, little is known about HSR regulation in mitotic 
cells. Mitosis aims at faithful chromosome segregation and 
maintenance of genome stability. Any errors can influence cell 
viability and/or the risk of triggering uncontrolled proliferation. 
For the chromosomes to be separated properly, the chromatin 
is condensed, gene expression is repressed, and nuclear struc-
tures are dissolved (Delcuve et al., 2008). Considering these 
major changes, it is evident why proteotoxic stress in combina-
tion with a repressed HSR during these important events can be 
detrimental to the individual cell and the whole organism. In 
the present study, we uncover an inhibitory effect for HSF2 on  
stress-inducible transcription in mitotic cells and reveal a 
mechanism underlying this HSF2-dependent regulation. Sur-
prisingly, HSF2, which has been shown to contribute to the HSR 
in interphase cells by positively modulating Hsp expression 
(Östling et al., 2007), functions as a repressor of transcription 
in mitosis. Even more intriguing is our finding that a decline in 
HSF2 levels enables inducible gene expression in the otherwise 
transcriptionally silenced mitotic cells.

Although it is considered a dogma in cell biology, it is 
not mechanistically understood how transcription is repressed 
during mitosis. It could be due to the condensed chromatin envi-
ronment or through inhibitory posttranslational modifications, 
e.g., phosphorylation of DNA-bound proteins such as histones, 
chromatin remodeling complexes, and other regulatory proteins 
that decrease accessibility or prevent the DNA-binding activity 
of transcription factors and RNA polymerases (Gottesfeld and 
Forbes, 1997; Chen et al., 2005). It has previously been shown 
that the mitotic hsp70 promoter remains sensitive to DNase I 
treatment, which indicates that it remains open and not affected 
by chromatin remodeling complexes (Martínez-Balbás et al., 
1995; Michelotti et al., 1997). It has been suggested that this 
“bookmarking” of the promoter is executed by HSF2, which re
mains bound to the hsp70 promoter throughout mitosis (Fig. 3 D;  
Xing et al., 2005; Vihervaara et al., 2013). Xing et al. (2005) 
have suggested that HSF2 down-regulation leads to increased 
chromatin compaction of the hsp70 promoter in mitotic cells. 
The results obtained in our study did not point to differences in 
the nucleosome composition of the hsp70 promoter in the ab-
sence of HSF2. The total histone H3 levels at the hsp70 promoter 
are similar in both unsynchronized and mitotic cells, indepen-
dently of HSF2 levels (Fig. 4 A). Moreover, we propose that the 
increased MNase resistance, which was observed upon HSF2 
down-regulation, could be caused by enhanced accessibility of 
RNAPII and other DNA-binding proteins to the hsp70 promoter 
(Fig. 4 C). Despite the open chromatin structure, both RNAPII 
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to the working model (Fig. 7), we hypothesize that loss of HSF2 
in mitosis might protect cells against excessive mitotic prob-
lems that would result in cell death, but instead leads to accu-
mulation of minor mitotic errors. Thus, the mitosis-associated 
decrease in HSF2 levels, as reported here, could contribute to 
malignant transformation of cancer cells. In the forthcoming 
studies, it will be important to establish the mechanisms by 
which HSF2 expression is regulated in mitosis of healthy and 
cancer cells.

Materials and methods
Cell culture and heat treatments
Human K562 erythroleukemia cells and MDA-MB-231 breast adenocarci-
noma cells were cultured in RPMI medium (Sigma-Aldrich) supplemented 
with 10% FCS, 2 mM l-glutamine, streptomycin, and penicillin. Human HeLa 
cells, MCF7 breast adenocarcinoma cells, and WI38 lung fibroblasts were 
cultured in DMEM (Sigma-Aldrich) supplemented with 10% FCS, 2 mM  
l-glutamine, streptomycin, and penicillin. MEFs from HSF2-deficient and wild-
type mice were derived from HSF2 KO and WT mouse embryos. The HSF2 
KO mice strains were generated using gene targeting in mouse embryonic 
stem cells and harboring an hsf2 gene where exon 5 has been replaced by 
the -geo gene (Kallio et al., 2002). MEFs were cultured in DMEM (Sigma-
Aldrich) supplemented with 10% FCS, 2 mM l-glutamine, 10 mM nones-
sential amino acids, 1.2 mM sodium pyruvate, streptomycin, and penicillin. 
All cells were maintained at 5% CO2 in a humidified 37°C incubator. Heat 
shock treatments were performed in a 42°C (K562, MDA-MB-231, HeLa, 
MCF7, and WI38) or 43°C (MEFs) water bath for indicated times.

Synchronization of cells
Synchronization of K562, HeLa, MDA-MB-231, MCF7, and WI38 cells 
was modified from a previously described protocol (Whitfield et al., 
2000). Cells were treated for 20 h with 2 mM thymidine (Sigma-Aldrich), 
washed twice with PBS (Sigma-Aldrich), and released into complete 
media. After 6 h, nocodazole (Fluka) was added (100 ng/ml) for 12 h. 

2013; Peña-Diaz et al., 2013). The upstream signaling that me-
diates mitosis-specific HSF2 decrease in certain cells needs to 
be explored in future studies.

In the light of our results, we propose a model (Fig. 7) 
where mammalian cells with decreased HSF2 levels (e.g., 
MCF7, K562, and HeLa) are better protected against proteo-
toxic insults than cells where HSF2 does not decline during  
mitosis (e.g., MDA-MB-231 and WI38). Repression of HSF2 
expression leads to changes in the chromatin environment, as 
demonstrated here with the hsp70 promoter, thereby making the 
otherwise silenced target promoter accessible to RNAPII and 
HSF1. The HSF1-mediated increase in Hsp70 expression pre-
vents mitotic defects under stress conditions, thereby providing 
a survival advantage upon exposure to detrimental stimuli that 
would jeopardize proteostasis during this sensitive phase of the 
cell cycle. There is rapidly accumulating evidence for HSF1 
playing a key regulatory role in many cancer types (Dai et al., 
2007; Santagata et al., 2011; Mendillo et al., 2012; Ciocca et al., 
2013; Santagata et al., 2013). Our results showing that HSF2 
represses HSF1-inducible Hsp70 expression in mitosis, accom-
panied by an increase in mitotic defects, might give new in-
sights into the function of HSFs in malignant transformation. 
Mitotic errors cause CIN, which is a hallmark of cancer as low 
levels of CIN promote oncogenesis, whereas high levels of CIN 
are associated with tumor suppressor functions (Weaver et al., 
2007; Pfau and Amon, 2012). The decreased viability of cells is 
due to apoptosis, or G1 arrest, caused by severe mitotic errors or 
prolonged mitosis (Uetake and Sluder, 2010; Orth et al., 2012). 
Cells with only modest mitotic problems survive and propagate 
CIN (Weaver et al., 2007; Schvartzman et al., 2010). According 

Figure 7.  A model for transcriptional regulation in 
mitosis. (left) In mitotic cells, e.g., MDA-MB-231 and 
WI38 cells, where HSF2 is present, HSF1 and RNA-
PII are displaced from the hsp70 promoter, which 
prevents stress-induced expression of Hsp70 and 
ultimately leads to mitotic problems and cell death. 
(right) In cells, e.g., K562, MCF7, and HeLa cells, 
where HSF2 levels are dramatically reduced during 
mitosis, the hsp70 promoter is accessible to RNAPII 
and HSF1, thus enabling Hsp70 expression and cell 
survival upon proteotoxic stress.
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The following probes and primers were used: hsp70.1 probe, 5-FAMT-
TACACACCTGCTCCAGCTCCTTCCTCTTTAMRA-3, 5-GCCGAGAAGG
ACGAGTTTGA-3, and 5-CCTGGTACAGTCCGCTGATGA-3; hsf2 probe  
#36 (Universal Probe Library, Roche), 5-GGAGGAAACCCACACTAACG- 
3 and 5-ATCGTTGCTCATCCAAGACC-3; gapdh probe, 5-FAMACC
AGGCGCCCAATACGACCAATAMRA-3, 5-GTTCGACAGTCAGCCG-
CATC-3, and 5-GGAATTTGCCATGGGTGGA-3. Relative quantities 
of hsf2 and hsp70 were normalized against their respective gapdh, and 
fold inductions were determined after the control was arbitrarily set to a 
value of 1. The results were analyzed using SDS 2.3 and RQ Manager 
software (Applied Biosystems). Statistics were calculated using a paired 
two-tailed Student’s t test for hsp70 mRNA induction and a one-sample  
t test for the hsf2 mRNA expression.

EMSA
EMSA analysis was performed as described previously (Östling et al., 
2007). In brief, whole cell extracts (12 µg of total protein) were incubated 
with a 32P-labeled oligonucleotide corresponding to the proximal HSE of 
the human hsp70.1 promoter. Complexes were separated on a native 4% 
polyacrylamide gel and detected with a light-sensitive film.

ChIP
ChIP was performed as described previously (Östling et al., 2007). In 
brief, K562 cells were cross-linked immediately after treatment with a final 
concentration of 1% formaldehyde, followed by quenching in 125 mM 
glycine. After lysis, chromatin was sonicated using Bioruptor. Samples 
were precleared using a 50% slurry of protein G–Sepharose beads blocked 
with bovine serum albumin. Immunoprecipitation was performed overnight 
at 4°C using antibodies against HSF1 (rabbit, SPA-901; Enzo Life Sciences), 
HSF2 (rabbit; Östling et al., 2007), Histone H3 (rabbit, ab1791; Abcam), 
Histone H3 phospho-S10 (mouse, ab14955; Abcam), RNAPII (mouse, 
MMS-129R; Covance), or rabbit IgG (sc-2027; Santa Cruz Biotechnology) 
as a nonspecific (NS) antibody. Upon washing of immunocomplexes, pro-
teins and RNA were digested using proteinase K and RNase A, and cross-
links were reversed by incubating samples overnight at 65°C. DNA was 
purified with phenol–chloroform, and PCR was performed on 5% of each 
sample using pure Taq Ready-to-go PCR beads (GE Healthcare) and prim-
ers for human hsp70.1 (5-CCATGGAGACCAACACCCT-3; 5-CCCT-
GGGCTTTTATAAGTCG-3; Östling et al., 2007). The input lanes represent 
10% of the material used in the ChIP assay. Quantitative PCR analysis was 
performed using an ABI Prism 7900HT system (Applied Biosystems), a 
Kapa probe fast ABI prism qPCR kit (Kapa Biosystems), and primers and 
probe for the human hsp70 promoter (hsp70.1 F, 5-CTGGCCTCTGATTG-
GTCCAA-3; hsp70.1 R, 5-CACGGAGACCCGCCTTTT-3; 5-FAM-CG
GGAGGCGAAACCCCTGGAA-BHQ-3). IP samples were normalized to 
values obtained for input before fold enrichment was determined by arbi-
trarily setting Scrambled unsynchronized control to a value of 1. For the 
statistical analysis, GraphPad Prism software was used, a linear regression 
was calculated for the correlation, and a two-tailed paired Student’s t test 
was used for column statistics.

Cell viability assay
Unsynchronized or synchronized cells were treated with heat shock at the 
indicated times. Cell viability was determined either by manually counting 
cells using a Bürker chamber or by the MTS-based CellTiter 96 Aqueous 
One Solution Reagent (Promega). At least three technical replicates were 
used for each biological sample. Values were obtained by relating the 
treated cells with an untreated counterpart. A paired two-tailed Student’s  
t test was used to calculate statistics.

Time-lapse imaging
Images for time-lapse imaging were acquired every 10 min using a confo-
cal laser microscope (Leica SP5; Leica), using the LAS AF software with 
the Matrix extension (Leica), enabling imaging of multiple positions simul-
taneously. Cells (10,000 cells/well) were plated in normal growth me-
dium into a glass-bottom 96-well plate (Greiner) and stained with 2.5 µM 
DRAQ5 (Biostatus Limited). Imaging was performed in a heated (37°C) 
chamber with a 5% CO2 atmosphere. Cells were imaged in four optical 
planes (5 µm each). Heat shock was performed in two different ways. For 
a pulse of heat shock, the temperature of the medium was increased to 
43°C and was then left to cool off. The longer heat shock was performed 
by submerging the plate for 15 min in a 43°C water bath. Time-lapse 
recordings were started within 20 min of heat shock. Images were col-
lected using a dry 20×, 0.70 NA, HC Plan-Apochromat PH2 objective 
lens (Leica) and a 633-nm laser for DRAQ5 staining and bright field images. 

Mitotic HeLa, MDA-MB-231, MCF7, and WI38 cells were collected by 
mitotic shake-off, and all K562 cells were collected. K562 cells were syn-
chronized into G1 phase by releasing mitotic cells for 5 h, into S phase by 
a double thymidine block (after incubation with 2 mM thymidine for 16 h, 
cells were washed and released into complete media for 8 h, followed by 
another 16-h of incubation with 2 mM thymidine), and into G2 by releas-
ing S phase cells for 5 h. MEFs were synchronized into mitosis by adding 
2 mM thymidine for 16 h before cells were released into complete media 
for 2 h before incubation with nocodazole (300 ng/ml) for 3 h. Mitotic 
cells were collected by mitotic shake-off. MEF cells were synchronized into 
G1 phase by releasing mitotic cells into complete media for 3 h. Inhibitors 
were removed 10 min before heat shock treatment by washing twice in 
complete media. The mitotic index was monitored by flow cytometry by 
FACSCalibur (BD). Cells were fixed in 70% ethanol before staining with 
propidium iodide (40 µg/ml; Sigma-Aldrich). The flow cytometry profiles 
were analyzed using FlowJo X10 software. Live cells were gated and the 
histogram function was plotted in the GraphPad Prism software.

Depletion of HSF2 by RNAi using shRNA
HSF2 was down-regulated using pSUPER vector-encoded sequences as de-
scribed previously (Östling et al., 2007). In brief, the sequence specific for 
HSF2 (5-CAGGCGAGTACAACAGCAT-3), or a scrambled sequence  
(5-GCGCGCTTTGTAGGATTCG-3) was used. HeLa or K562 cells were 
transfected with the shRNA vectors by electroporation (975 µF, 230 mV), 
and cells were incubated 72 h before harvesting. Synchronization was ini-
tiated 24 h after transfection.

Mitotic index
Cells synchronized into mitosis by a thymidine-nocodazole block were  
allowed to attach to poly-l-lysine–coated cover glasses for 30 min, after 
which they were DNA stained with Hoechst. The cover glasses were 
mounted and images were acquired using a microscope (LSM 780; Carl 
Zeiss). The mitotic index was determined based on the morphology and in-
tensity of the stained nuclei.

Immunoprecipitation (IP) and Western blot analysis
The co-IP was performed as described previously (Ahlskog et al., 2010). In 
brief, samples were lysed in lysis buffer (25 mM Hepes, pH 8.0, 100 mM  
NaCl, 5 mM EDTA, 0.5% Triton X-100, 20 mM -glycerophosphate,  
20 mM para-nitrophenylphosphate, 100 µM sodium orthovanadate, 0.5 mM  
phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, and 1× Complete mini-
protease inhibitor cocktail [Roche Diagnostics]). Samples (500 µg) were 
precleared with a 50% protein G–Sepharose slurry before incubation with 
the HSF1 antibody (SPA-901; Enzo Life Sciences) for 30 min at 4°C. Sam-
ples were then incubated with a 50% slurry of Protein G–Sepharose for  
2 h at 4°C and washed with TEG buffer (20 mM Tris-HCl, pH 7.5, 1 mM  
EDTA, and 10% glycerol) containing 150 mM NaCl and 0.1% Triton  
X-100. Western blotting was performed by running samples on a Mini-
protean TGX gel (4–15%; Bio-Rad Laboratories). Proteins were transferred 
to nitrocellulose membrane (Protran nitrocellulose), and upon immunoblot-
ting, visualized by enhanced chemiluminescence. Immunoblotting was per-
formed with antibodies against HSF1 (rabbit, SPA-901, 1:5,000; Enzo Life 
Sciences), HSF2 (rat, 3E2, 1:500; EMD Millipore), HSF2 (rabbit, 1:5,000; 
Östling et al., 2007), Hsp70 (mouse, SPA-810, 1:5,000; Enzo Life Sci-
ences), Hsp27 (mouse, SPA-803, 1:5,000; Enzo Life Sciences), Hsp25 
(rabbit, SPA-801, 1:5,000; Enzo Life Sciences), Cdc27 (mouse, 610454, 
1,5000; BD), and Histone H3 phospho-S10 (mouse, ab14955, 1:1,000; 
Abcam). Antibodies against Hsc70 (rat, SPA-815, 1:5,000; Enzo Life  
Sciences) and -tubulin (mouse, AA2, 1:1,000; Sigma-Aldrich) were used 
as loading controls. The rabbit polyclonal anti-HSF2 antibody was gen-
erated by immunizing rabbits with recombinant full-length mouse HSF2 
containing a His tag (Östling et al., 2007). Quantifications were done 
using ImageJ (National Institutes of Health) and the densitometry values 
of HSF2 were normalized to the values of Hsc70 or -tubulin. A mean 
of all the unsynchronized control samples was calculated, and all values 
were compared with that mean. Statistics were calculated using repeated 
measures analysis of variance (ANOVA), and unsynchronized and mitotic 
control samples were compared with a post hoc test.

Quantitative RT-PCR (qRT-PCR)
RNA was isolated using an RNeasy kit (QIAGEN). Of each sample, 1 µg 
of RNA was treated with RQ1 DNaseI (Promega) and reverse transcribed 
using the iScript cDNA synthesis kit (Bio-Rad Laboratories). Kapa probe 
fast ABI prism qPCR kit (Kapa Biosystems) was used for the qPCR reaction. 
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Data were analyzed using the ImageJ software. Maximum intensity pro-
jections were made from the stacks. Time from nuclear envelope break-
down until telophase was scored manually in blind. Progression through 
mitosis was scored as normal when DNA aligned in a metaphase plate 
and two identical daughter cells were formed. Mitosis was scored as ab-
normal when there were lagging chromosomes, when the daughter cells 
formed micronuclei, when chromatin was decondensed without division, 
or when more than two daughter cells were formed (Hut et al., 2005). 
Statistical analysis was performed on a minimum of 20 cells per treatment 
from four independent experiments. For the length of mitosis, a two-tailed 
independent Student’s t test was used.

Time-lapse imaging using IncuCyte
Time-lapse imaging of MCF7, MDA-MB-231, HeLa, and WI38 cells was 
performed in an incubator outfitted with an IncuCyte ZOOM microscope 
(Essen BioScience) equipped with a 20× dry objective lens (0.45 NA,  
S Plan Fluor, DIC N1, ELWD; Nikon). Cells (30,000 cells/well) were 
plated in normal growth medium into a 12-well plate. After 24 h, the 
unsynchronized cells were either left untreated, or treated with a pulse of 
heat (42°C) or a 30-min heat shock at 42°C. Imaging was started within  
10 min of heat shock. Phase-contrast images were acquired every 10 min. 
Images were organized into a stack using ImageJ software. Length of mi-
tosis was calculated from when the cells rounded up until the formation of 
two daughter cells or the onset of apoptosis. Data were analyzed manually 
in blind. Statistical analysis was performed on 20 cells from five indepen-
dent repeats for MCF7 and MDA-MB-231, and two independent repeats 
for HeLa and WI38 cells. A two-tailed independent Student’s t test was 
used to calculate statistics.

MNase assay
MNase assay was modified from a previously described protocol  
(Krishnakumar and Kraus, 2010). Proteins and DNA were cross-linked by  
incubating cells for 10 min at 37°C with 1% paraformaldehyde, after which 
125 mM glycine was added for 5 min at 4°C. Cell pellets were washed 
and resuspended in TM2 buffer (10 mM Tris, pH 7.5, 2 mM MgCl2, 1 mM  
DTT, and 1× Roche’s protease inhibitor cocktail). Cells were permea-
bilized with 1.5% NP-40 and resuspended in MNase buffer (10 mM 
Tris, pH 7.5, 2 mM MgCl2, 2 mM CaCl2, 1 mM DTT, and 1× protease 
inhibitor cocktail [Roche]). Samples were divided into two aliquots: one 
was digested with MNase and the other was sonicated. Samples were 
incubated with MNase (New England Biolabs, Inc.) at a final concen-
tration of 6.3 U/µl for 10 min at 37°C, after which the reaction was 
stopped (5% SDS and 50 mM EGTA), 0.2 M NaCl was added, and 
samples were incubated at 65°C overnight. Samples were treated with 
proteinase K (50 µg/ml) and RNase A (6 µg/ml). DNA was purified with 
phenol–chloroform. DNA (20 ng) was analyzed using qPCR as described 
for ChIP. In addition to primers and a probe against the human hsp70 
promoter as described in the ChIP section, the following primers and 
probes were used: hsp70 promoter (hsp70.1 F2, 5-CTGGCCTCTGATT-
GGTCCAA-3; hsp70.1 R2, 5-CACGGAGACCCGCCTTTT-3; 5-FAM-
CGGGAGGCGAAACCCCTGGAA-BHQ-3), and hsp70 coding region 
(hsp70.1 CR F, 5-AGCTGCTGCAGGACTTCTTC-3; hsp70.1 CR R, 5-
GACTTGTCCCCCATCAGGA-3; Roche universal probe library probe 
#70). The enrichment of MNase-digested DNA was related to sonicated 
genomic DNA. Values were compared with the Scrambled control, which 
was arbitrarily set to a value of 1. Statistics were calculated using a one-
sample t test where the mean MNase resistance of HSF2 down-regulated 
cells was compared with a value of 1.

Online supplemental material
Video 1 shows time-lapse imaging of an HSF2 WT MEF going through mi-
tosis under nonstressed conditions. Video 2 shows time-lapse imaging of a 
HSF2 KO MEF going through mitosis under nonstressed conditions. Video 3  
shows time-lapse imaging of two HSF2 WT MEFs displaying mitotic abnor-
malities after being subjected to a pulse of heat shock at 43°C. Video 4 
shows time-lapse imaging of an HSF2 KO MEF going through mitosis after 
being subjected to a pulse of heat shock at 43°C. All videos are associated 
with Fig. 5 C. Online supplemental material is available at http://www 
.jcb.org/cgi/content/full/jcb.201402002/DC1.
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