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Abstract 
The exposure to low doses of stress induces an adaptive survival response that involves the upregulation of cellular 
defense systems such as heat shock proteins (Hsps), anti-apoptosis proteins, and antioxidants. Exposure of cells to 
elevated, non-lethal temperatures (39–41 °C) is an adaptive survival response known as thermotolerance, which 
protects cells against subsequent lethal stress such as heat shock (> 41.5 °C). However, the initiating factors in this 
adaptive survival response are not understood. This study aims to determine whether autophagy can be activated by 
heat shock at 40 °C and if this response is mediated by the transcription factor Nrf2. Thermotolerant cells, which 
were developed during 3 h at 40 °C, were resistant to caspase activation at 42 °C. Autophagy was activated when 
cells were heated from 5 to 60 min at 40 °C. Levels of acidic vesicular organelles (AVOs) and autophagy proteins 
Beclin-1, LC3-II/LC3-I, Atg7, Atg5, Atg12–Atg5, and p62 were increased. When Nrf2 was overexpressed or depleted 
in cells, levels of AVOs and autophagy proteins were higher in unstressed cells, compared to the wild type. Stress 
induced by mild heat shock at 40 °C further increased levels of most autophagy proteins in cells with overexpression 
or depletion of Nrf2. Colocalization of p62 and Keap1 occurred. When Nrf2 levels are low, activation of autophagy 
would likely compensate as a defense mechanism to protect cells against stress. An improved understanding of 
autophagy in the context of cellular responses to physiological heat shock could be useful for cancer treatment by 
hyperthermia and the protective role of adaptive responses against environmental stresses. 
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Introduction 

Hyperthermia is a promising modality for cancer treat
ment as an adjuvant to chemotherapy and/or radio
therapy.1 For clinical hyperthermia, temperatures in the 
range of 40–44 °C can be targeted to a localized area of 
the body that has been invaded by a tumor.2 Hy
perthermia sensitizes cells to radiation and che
motherapy, and the tumor-targeting approach allows for 
increased therapeutic efficacy without increasing their 
toxic side effects to normal tissues.1–6 

Heat is one of the most potent radiosensitizers 
known.2,7–9 Cells in the S phase of the cell cycle and 
hypoxic cells at the center of solid tumors are resistant 
to radiation. However, S-phase cells are heat-sensitive. 
In addition, the low pH environment of solid tumors 
increases heat sensitivity, which allows radio-resistant 
hypoxic cells to become radiosensitive. Moreover, hy
perthermia improves tumor oxygenation, increases 
tumor blood flow,10 and inhibits the repair of radiation- 
induced DNA damage.1 Heat increases the cytotoxic 
effects of a variety of chemotherapeutic agents. In ad
dition, heat at temperatures of 39–43 °C improved va
sodilation, which allows for increased drug delivery to 
the tumor due to increased blood flow and increased 
vascular permeability.1 Another beneficial effect of hy
perthermia for cancer treatment is the ability to mod
ulate both innate and adaptive immune responses.11 

In clinical trials, the use of hyperthermia in combi
nation with chemotherapy and/or radiotherapy has led 
to improved outcomes for multiple tumor sites. These 
include cervix, head and neck, breast, lung, bladder, 
melanoma, pancreas, soft tissue sarcoma, esophagus, 
liver, prostate, rectum, and glioblastoma.1–6,8,12 Re
gardless of the promising clinical results, the cellular 
and molecular mechanisms involved in heat responses 
have not been fully delineated.13,14 

Temperatures of 41.5 °C and higher are cytotoxic, and 
this response increases as the temperature rises. However, 
when cells are exposed to lower, non-lethal temperatures 
(39–41 °C), they develop thermotolerance.15–17 Thermo
tolerant cells are resistant to subsequent cytotoxic insults 
such as heat shock15,16,18,19 and oxidative stress.20 Tradi
tionally, thermotolerance has been associated with the 
accumulation of heat shock proteins (Hsps).15–19,21 

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a 
transcription factor that regulates the antioxidant re
sponse.22,23 Under normal conditions, Nrf2 remains 
inactive in the cytosol through binding to its repressor 
protein Kelch ECH associating protein 1 (Keap1), which 
mediates its degradation by the proteasome.22,24 How
ever, under oxidizing conditions or stress, the cysteine 
groups of Keap1 are altered, and Nrf2 is released, which 

allows it to accumulate. Nrf2 undergoes phosphoryla
tion and translocation to the nucleus.24,25 Once in the 
nucleus, Nrf2 binds to small Maf proteins and the an
tioxidant response element (ARE),26 where it upregu
lates the transcription of hundreds of genes for cellular 
defense molecules and proteins, including antioxidants, 
detoxifying enzymes, metabolic enzymes, and stress 
response proteins.22,23 

Autophagy is another cell survival response that or
chestrates the intracellular degradation of damaged 
molecules and organelles.27,28 Macroautophagy entails 
the sequestration of cellular materials destined for de
gradation in double-membrane vesicles called autop
hagosomes, which fuse with lysosomes to form 
autolysosomes that degrade and recycle these mate
rials.27,29 Autophagy is regulated by several autophagy- 
related genes (atg) and the proteins they encode.28–31 

The elongation phase and completion of the autopha
gosomal membrane involve two conjugation systems: (i) 
the Atg12–Atg5–Atg16L and (ii) the Atg8-microtubule- 
associated protein 1A/1B-light chain 3 (LC3)–pho
sphatidylethanolamine conjugation systems.28,29,32 

Thermotolerance developed at mild temperatures such 
as 40 °C constitutes a hormetic, adaptive cell survival re
sponse that is associated with increased accumulation of 
Hsps.17,21 However, in addition to Hsps, we reported that 
levels of other cellular defense molecules, namely anti
oxidants, endoplasmic reticulum (ER) stress proteins, and 
Nrf2, were increased in cells that were preconditioned at a 
mild temperature of 40 °C.20,21,33,34 Although hy
perthermia is a promising treatment for cancer, thermo
tolerance induced at non-lethal temperatures can lead to 
thermoresistance due to increased levels of defense mo
lecules such as Hsps, antioxidants, Nrf2, and ER stress 
proteins. This adds a layer of complexity to the heat shock 
response induced at mild temperatures and indicates that 
further studies are required to fully understand this phe
nomenon, in particular to mitigate thermoresistance 
during hyperthermia treatments. In addition, links be
tween Nrf2 and autophagy have been reported and occur 
through the autophagy receptor protein p62 and the Nrf2 
repressor protein Keap1.35–37 The role of autophagy during 
the development of an adaptive stress response by mild 
heat at 40 °C is not known. 

This study aims to improve understanding of me
chanisms involved in the activation of protective cel
lular defenses during a hormetic, adaptive cell survival 
response induced by mild heat shock at 40 °C. It is likely 
that additional cellular defense processes could be in
volved in this adaptive, mild heat shock response. 
Therefore, we investigate whether the cell survival 
process autophagy could play a role in this adaptive 
survival response induced by mild, non-lethal heat 
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shock at 40 °C. Given that there are established links 
between autophagy and Nrf2,35,38 we determine if Nrf2 
could alter cellular responses to autophagy at 40 °C. 
This work aims to improve understanding of mechan
isms that are relevant to clinical hyperthermia treat
ment, cancer biology, and the protective role of adaptive 
responses against toxic, environmental stresses. 

Results 

Mild heat shock at 40 °C protects cells against heat stress- 
induced apoptosis 

We evaluated whether preconditioning of cells at 40 °C 
can protect cells against heat-induced cell death. When 
HeLa cells were heated at 42 °C, there was a significant 
increase in the activity of caspase-3 after 2–3 h (Figure 
1(A)) and caspase-9 after 1–2 h (Figure 1(B)). Heating of 
cells from 30 min to 3 h at 42 °C caused a significant 

loss of viability (Figure 1(C)) and a significant increase 
in levels of apoptosis (Figure 1(D)). Levels of necrotic 
cells at 42 °C were low at less than 5% (Figure 1(D)). 
The preconditioning of cells at 40 °C for 3 h rendered 
them partially resistant to apoptosis induced by heat 
shock at 42 °C (Figure 1). Caspase-3 and caspase-9 ac
tivation (Figure 1(A) and (B)) and cell death (Figure 
1(D)) were diminished significantly in thermotolerant 
cells, compared to normal, control cells that were 
maintained at 37 °C for 3 h. Further, the loss of viability 
at 42 °C was partially reversed in thermotolerant cells 
(Figure 1(C)). Levels of necrosis in cells heated at 42 °C 
were low in thermotolerant cells (< 5%) (Figure 1(D)). 

We subsequently verified if heating cells at 40 °C can 
cause cell death (Figure 2). When cells were heated at 
40 °C for times up to 2 h, there was no activation of 
caspase-3 (Figure 2(A)) or caspase-9 (Figure 2(B)), 
whereas there was significant activation of these two 
caspases at 42 °C. There was a small loss of viability 
(< 10%) at 40 °C, compared to a larger, significant 

Fig. 1 Protective effect of preconditioning at 40 °C against cell death induced by heat shock at 42 °C. Normal (N, non- 
thermotolerant) and thermotolerant (TT) HeLa cells were heated at 42 °C from 0 to 120 or 180 min. Activities of caspase-3 (A) and 
caspase-9 (B) were relative to unheated controls (time = 0 min at 42 °C, 1.0). Viability (C) was relative to unheated normal controls 
(time = 0). Percent apoptotic and necrotic cells was relative to total cells (100%) (D). Data represent mean  ±  standard error of the 
mean (SEM) from five independent experiments. (***) P  <  0.0005; (****) P  <  0.0001: significant difference between unheated control 
(T = 0) and normal cells heated at 42 °C. (#) P  <  0.05; (##) P  <  0.005; (###) P  <  0.0005: significant difference between normal and 
thermotolerant cells for each treatment time. 
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decrease (< 30%) at 42 °C (Figure 2(C)). Levels of 
apoptotic and necrotic cells were low (< 5%) at 40 °C, 
whereas apoptosis was significantly induced at 42 °C 
(Figure 2(D)). These results show that heat treatment at 
40 °C for up to 2 h was a preconditioning treatment that 
was non-toxic. 

Mild heat shock at 40 °C increases Nrf2 levels 

To look for activation of early cell survival responses 
during a preconditioning heat treatment at 40 °C, short 
exposure times were used from 15 to 60 min. The tran
scription factor Nrf2 has been implicated as a central and 
underlying mechanism of hormesis.39 Cells with knock
down (KD) or overexpression (OE) of Nrf2 were prepared 
using CRISPR-Cas9. In cells overexpressing Nrf2, protein 
levels of Nrf2 were increased significantly by 3.12-fold 
using Western blotting (Figure 3(A) and (B)) and by 6-fold 
using qRT-PCR (Figure 3(C)), relative to wild type (WT) 
control cells. For Nrf2 KD cells, protein levels of Nrf2 
decreased significantly by 72% (Figure 3(A) and (B)) and 
mRNA levels by about 50% (Figure 3(C)). The significant 
decrease in Nrf2 levels in KD cells and increase in OE cells 

were also visible by fluorescence microscopy (Figure 3(I) 
and (J)). Messenger ribonucleic acid (mRNA) levels of 
Nrf2 targets such as catalase (Figure 3(D)), manganese 
superoxide dismutase (MnSOD) (Figure 3(E)), heme oxy
genase-1 (HO-1) (Figure 3(F)), gamma cysteine ligase 
(GCL) (Figure 3(G)), and Hsp72 (Figure 3(H)) were sig
nificantly decreased in Nrf2 KD cells, compared to WT 
cells. On the other hand, levels of these Nrf2 targets were 
significantly higher in Nrf2 OE cells than in controls 
(Figure 3(D)–(H)). 

Subsequently, cellular Nrf2 levels were evaluated 
during mild heat shock at 40 °C. Nrf2 levels were detected 
by fluorescence microscopy and increased significantly 
when cells were heated for 30–60 min at 40 °C (Figure 3(I) 
and (J)). These results show that Nrf2 is activated as an 
early response to mild heat shock at 40 °C. Levels of Nrf2 
in KD cells were significantly lower than in WT cells and 
did not change during heating at 40 °C (Figure 3(I) 
and (J)). In OE cells, Nrf2 levels were high in unheated 
controls and increased further after 30–60 min at 40 °C 
(Figure 3(I) and (J)). Nrf2 was present in the nucleus in 
WT and OE cells, which indicated that Nrf2 was activated 
under these conditions (Figure 3(I)). 

Fig. 2 Comparison of levels of cell death during heating at 40 and 42 °C. Normal (N, non-thermotolerant) HeLa cells were heated at 
40 or 42 °C from 0 to 2 h. Activities of caspase-3 (A) and caspase-9 (B) were relative to unheated controls (time = 0 min at 40 °C, 1.0). 
Data represent mean  ±  SEM from four independent experiments. Viability (C) was relative to unheated controls (time = 0). Percent 
apoptotic and necrotic cells (D) was relative to total cells (100%). Data represent mean  ±  SEM from five independent 
experiments. (*) P  <  0.5; (**) P  <  0.005; (***) P  <  0.0005: significant difference between unheated control (T = 0) and normal cells 
heated at 42 °C. (#) P  <  0.05; (##) P  <  0.005; (###) P  <  0.0005: significant difference between cells heated at 40 °C versus 42 °C for 
each treatment time. 
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Fig. 3 Characterization of cell lines with altered Nrf2 expression. Protein expression of Nrf2 was determined by Western blotting in 
KD and OE cells, compared to WT cells (1.0) using a glyceraldehyde 3-phosphate dehydrogenase (GAPDH) loading control from the 
same membrane (A and B). mRNA expression of Nrf2 (C), catalase (D), MnSOD (E), HO-1 (F), GCL (G), and Hsp72 (H) was 
determined by qRT-PCR in KD and OE cells, relative to WT cells (1.0). Nrf2 levels (I) were determined by confocal microscopy (60×) 
using an Alexa Fluor 647-conjugated AffiniPure anti-rabbit secondary antibody to anti-Nrf2. Nuclei were labeled with DAPI. White 
arrows show Nrf2 in nuclei. Representative images are from 12 independent experiments. Scale bars represent 25 µm. Nrf2 levels in 
KD and OE cells were relative to WT cells (1.0, time = 0) (J). Data for fluorescence intensity per cell represent mean  ±  SEM from 
n = 12 (A and B), n = 16 (C–E), n = 10 (F), n = 16 (G and H), and n = 12 (I and J) independent experiments. (***) P  <  0.0005: 
significant difference between unheated control and WT cells heated at 40 °C. (###) P  <  0.0005: significant difference between WT 
cells and Nrf2 KD or Nrf2 OE cells. Abbreviations used: DAPI, 4′,6-diamidino-2-phenylindole; GCL, gamma cysteine ligase; HO-1, 
heme oxygenase-1; Hsp, heat shock protein; KD, knockdown; MnSOD, manganese superoxide dismutase; Nrf2, nuclear factor 
erythroid 2-related factor 2; OE, overexpression; WT, wild type. 
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Activation of autophagy by mild heat shock at 40 °C 

Autophagy has also been associated with hormesis, al
though the mechanisms are only starting to be un
raveled.40 We evaluated whether autophagy could be 
activated as an early cell survival response during a 
preconditioning heat treatment at 40 °C. Changes in 
levels of autophagic vacuoles and autophagy proteins 
were evaluated in cells during heat stress at 40 °C 
(Figures 4–7). 

The levels of acidic vesicular organelles (AVOs) in
creased significantly in WT cells at 40 °C (Figure 4(A) 
and (D)). We next determined whether mild heat stress 

could alter levels of the autophagy protein LC3/Atg8, 
which is associated with autophagosomes. Western blot 
analysis showed that mild heat shock at 40 °C sig
nificantly increased LC3 II levels by 2-fold in WT cells 
after 30 and 60 min (Figure 5(A) and (C)). Furthermore, 
levels of the LC3 I precursor form of the protein in
creased significantly by 2-fold in WT cells that were 
heated at 40 °C (Figure 5(B) and (C)). The autophagy 
protein Beclin-1 (Atg6) is important for the formation of 
autophagosomes during the initiation stage of autop
hagy.41 Heat shock at 40 °C significantly increased 
protein levels of Beclin-1 by about 1.6-fold after 60 min 
(Figure 5(D) and (E)). 

Fig. 4 Acidic vesicular organelle levels increase during mild heat shock at 40 °C. WT cells (A and D) and cells with KD (B and D) or 
OE (C and D) of Nrf2 were heated at 40 °C from 0 to 60 min, relative to unheated controls (time = 0 min at 40 °C, 1.0). Cells were 
labeled with Lysotracker red for acidic vesicular organelles and Hoechst 33258 for nuclei (A–C). Representative images (40×) are 
from 12 independent experiments. Scale bars represent 25 µm. Data for fluorescence intensity per cell represent mean  ±  SEM from 
12 independent experiments (D). Error bars were small and were hidden by the symbols. (****) P  <  0.0001: significant difference 
between unheated control and WT cells heated at 40 °C. (####) P  <  0.0001: significant difference between WT and Nrf2 OE 
cells. Abbreviations used: KD, knockdown; Nrf2, nuclear factor erythroid 2-related factor 2; OE, overexpression; WT, wild type. 
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We explored the effect of mild heat shock at 40 °C on 
the expression of certain Atg proteins in the two ubiquitin- 
like conjugating systems.29 These are the (i) Atg8–LC3–
phosphatidylethanolamine and (ii) Atg12–Atg5–Atg16L 

conjugation systems. For the first system, Atg7 and Atg4B 
process LC3/Atg8.42 Protein levels of Atg7 increased sig
nificantly by 1.8-fold after 60 min of heating at 40 °C in 
WT cells (Figure 6(A) and (C)), while heat caused a small 

Fig. 5 Mild heat shock at 40 °C increases protein levels of LC3 and Beclin-1. WT cells (blue) and cells with KD (pink) or OE (teal) of 
nuclear factor erythroid 2-related factor 2 (Nrf2) were heated at 40 °C from 0 to 60 min, relative to unheated controls (time = 0 min at 
40 °C, 1.0). Levels of LC3 II, LC3 I (C), and Beclin-1 (E) were detected by Western blotting. Protein expression (30 µg) was 
normalized to GAPDH loading controls from the same membrane and is relative to unheated controls (WT, time = 0 min, 1.0) (A, B, 
and D). Representative Western blots are shown. Data represent mean  ±  SEM from 18 (A), 8 (B), and 6 (D) independent 
experiments. (*) P  <  0.5, (**) P  <  0.005, (***) P  <  0.0005, or (****) P  <  0.0001: significant difference between unheated control and 
cells heated at 40 °C. (#) P  <  0.05, (##) P  <  0.005, or (####) P  <  0.0001: significant difference between WT cells and Nrf2 KD or 
Nrf2 OE cells for each treatment time. Abbreviations used: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 
KD, knockdown; LC3, microtubule-associated protein 1 A/1B-light chain 3; OE, overexpression; WT, wild type. 
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Fig. 6 ATG7 and ATG4B levels increase during heat shock at 40 °C. WT cells (blue) and cells with KD (pink) or OE (teal) of nuclear 
factor erythroid 2-related factor 2 (Nrf2) were heated at 40 °C from 0 to 60 min, relative to unheated controls (time = 0 min at 40 °C, 
1.0). Atg7 (A) and Atg4B (B) were detected by Western blotting (C). Protein expression (30 µg) was normalized to GAPDH loading 
controls from the same membrane and is relative to unheated controls (WT, time = 0 min, 1.0). Representative Western blots are 
shown. Data represent mean  ±  SEM from n = 11 (A) and n = 8 (B) independent experiments. (**) P  <  0.005 or (***) P  <  0.0005: 
significant difference between unheated control and cells heated at 40 °C. (#) P  <  0.05 or (####) P  <  0.0001: significant difference 
between WT cells and Nrf2 KD or Nrf2 OE cells for each treatment time. Abbreviations used: Atg, autophagy-related genes; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; KD, knockdown; OE, overexpression; WT, wild type. 

Fig. 7 Mild heat shock at 40 °C increases levels of Atg5 and the Atg12–Atg5 complex. WT cells (blue) and cells with KD (pink) or 
OE (teal) of nuclear factor erythroid 2-related factor 2 (Nrf2) were heated at 40 °C from 0 to 60 min, relative to unheated controls 
(time = 0 min at 40 °C, 1.0). Levels of Atg5 (A), Atg12 (B), and the Atg12–Atg5 complex (C) were detected by Western blotting (D). 
Protein expression (30 µg) was normalized to GAPDH loading controls from the same membrane and is relative to unheated controls 
(WT, time = 0 min, 1.0). Representative Western blots are shown. Data represent mean  ±  SEM from n = 7 (A) and n = 9 (B and C) 
independent experiments. (*) P  <  0.05, (**) P  <  0.005, (***) P  <  0.0005, or (****) P  <  0.0001: significant difference between 
unheated control and cells heated at 40 °C. (#) P  <  0.05, (##) P  <  0.005, or (####) P  <  0.0001: significant difference between WT 
cells and Nrf2 KD or Nrf2 OE cells for each treatment time. Abbreviations used: Atg, autophagy-related genes; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; KD, knockdown; OE, overexpression; WT, wild type. 
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increase in Atg4B levels by 1.25-fold after 60 min 
(Figure 6(B) and (C)). For the second conjugation system, 
Atg5 expression in WT cells increased significantly by 2- 
fold after 60 min at 40 °C (Figure 7(A) and (D)). There was 
little change in Atg12 levels at 40 °C (Figure 7(B) and (D)). 
For the Atg12–Atg5 complex, protein levels increased 
significantly by 2-fold after 60 min at 40 °C 
(Figure 7(C) and (D)). Together, these results show that 
mild heat stress at 40 °C increased levels of autophagy 
proteins and AVOs. 

Role of Nrf2 in activation of autophagy by mild heat shock 
at 40 °C 

To explore whether Nrf2 affected autophagy induction 
during mild heat shock at 40 °C, the activation of au
tophagy was evaluated in cells with OE or KD of Nrf2 
(Figures 4–8). In Nrf2 KD cells, the significant increase 
in AVO levels at 40 °C (Figure 4(B) and (D)) was similar 
to that in WT cells (Figure 4(A) and (D)). Basal levels of 
AVOs (time = 0) were significantly higher (1.3-fold) in 
cells with Nrf2 OE (Figure 4(C) and (D)), compared to 
WT and KD cells (Figure 4(A) and (D)). When Nrf2 OE 
cells were heated at 40 °C, AVO levels increased sig
nificantly during 30 to 60 min (Figure 4(C) and (D)). 
The increase after 60 min was about 3-fold in OE cells 
compared to about 2.3-fold in WT and KD cells. 

For LC3 II, basal expression in unheated Nrf2 KD 
cells (time = 0) was significantly higher by 2.3-fold, 
compared to WT cells (Figure 5(A) and (C)). When Nrf2 
KD cells were heated at 40 °C, there was a minor in
crease in LC3 II levels. In Nrf2 OE cells, there was a 
significant 3-fold increase in basal levels of LC3 II (time 
= 0), compared to WT cells (Figure 5(A) and (C)). There 
was a significant 6-fold increase in LC3 II levels in Nrf2 
OE cells after 60 min at 40 °C (Figure 5(A) and (C)). The 
increase in LC3-II levels in OE cells was much larger 
than in KD cells during heat stress. Basal levels of LC3 I 
were significantly higher by 2.5-fold and 2.9-fold, re
spectively, in unheated cells (time = 0) with either KD 
or OE of Nrf2, compared to the WT (Figure 5(B) 
and (C)). A significant 4.3-fold increase in LC3 I levels 
occurred in Nrf2 OE cells after 60 min at 40 °C, whereas 
heat did not change LC3 I levels in Nrf2 KD cells. In 
addition, basal levels of Beclin-1 (time = 0) in cells with 
either OE or KD of Nrf2 were significantly higher than 
in the WT (Figure 5(D) and (E)). However, Beclin-1 
levels in KD and OE cells did not respond to heat stress 
at 40 °C. 

For the first conjugation system, basal levels of Atg7 
(time = 0) in Nrf2 KD cells were similar to those in WT 
cells and increased significantly by 1.5-fold after 

60 min at 40 °C (Figure 6(A) and (C)). For Nrf2 OE 
cells, basal levels of Atg7 were significantly higher by 
l.4-fold than the control level (time = 0) and increased 
significantly by 2.2-fold after 60 min at 40 °C 
(Figure 6(A) and (C)). In cells with Nrf2 KD, basal 
levels of Atg4B were significantly higher by 1.9-fold 
than in wild-type cells (time = 0) (Figure 6(B) and (C)). 
When Nrf2 KD cells were heated at 40 °C for 60 min, 
Atg4B levels significantly increased further by 3.5-fold. 
In Nrf2 OE cells, basal levels of Atg4B were similar to 
those in WT cells and did not respond to heat stress at 
40 °C (Figure 6(B) and (C)). 

For the second conjugation system, basal levels (time 
= 0) of Atg5 in Nrf2 KD cells were significantly higher 
by 1.6-fold than the WT control (Figure 7(A) and (D)). 
Atg5 levels increased significantly by 1.8-fold after 
60 min of heat shock. Basal levels of Atg5 in Nrf2 OE 
cells were 1.5-fold higher than WT controls and further 
increased significantly by 2.7-fold after 60 min at 40 °C 
(Figure 7(A) and (D)). Basal levels (time = 0) of Atg12 
in Nrf2 KD cells were significantly higher by 3.1-fold 
compared to WT cells and did not change after heating 
at 40 °C (Figure 7(B) and (D)). In Nrf2 OE cells, basal 
levels of Atg12 were significantly higher by 1.4-fold than 
WT controls and were unaffected by heating at 40 °C 
(Figure 7(B) and (D)). For the Atg12–Atg5 complex, 
basal levels (time = 0) in Nrf2 KD cells were sig
nificantly higher by 2.5-fold than in WT cells and in
creased significantly by 3.5-fold after 60 min at 40 °C 
(Figure 7(C) and (D)). In Nrf2 OE cells, basal levels of 
the Atg12–Atg5 complex were slightly higher than those 
in WT cells and increased by 2-fold at 40 °C (Figure 7(C) 
and (D)). 

Colocalization of Keap1 and p62 

We subsequently determined if heat shock at 40 °C could 
alter the expression of the Nrf2-sequestering protein Keap1. 
There was a 1.2-fold increase in Keap1 levels in WT cells 
after 60 min at 40 °C (Figure 8(A) and (C)). In Nrf2 KD 
cells, basal levels (time = 0) of Keap1 were significantly 
higher by 2.3-fold than in WT controls and did not change 
further after heating at 40 °C (Figure 8(A) and (C)). Basal 
levels of Keap1 in Nrf2 OE cells (time = 0) were sig
nificantly higher by 1.5-fold than those in WT cells and did 
not respond to heating at 40 °C (Figure 8(A) and (C)). The 
cellular response of the autophagy receptor protein p62 to 
mild heat shock was also investigated. The exposure of WT 
cells to mild heat shock at 40 °C for 30–60 min caused a 
1.4–1.6-fold increase in p62 levels (Figure 8(B) and (C)). For 
Nrf2 KD cells, basal levels (time = 0) of p62 were sig
nificantly higher by 2.2-fold than in WT cells and increased 
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significantly by 3.5-fold at 40 °C (Figure 8(B) and (C)). Basal 
levels of p62 were significantly higher by 1.4-fold in Nrf2 
OE cells and did not change further when cells were heated 
at 40 °C (Figure 8(B) and (C)). Analysis by confocal mi
croscope imaging and Pearson correlation revealed coloca
lization of p62 and Keap1 at time = 0 and following heating 
at 40 °C for 30–60 min (Figure 8(D) and (E)). Together, 
these results show that levels of autophagy markers were 
increased during heat shock at 40 °C. Basal levels of au
tophagy markers were generally higher in cells with KD or 
OE of Nrf2. 

Discussion 

Few studies have examined the induction of autophagy 
by physiologically relevant and non-lethal temperatures 
below 41 °C, whereas several studies reported that heat 
shock increased autophagy at lethal temperatures of 
42–47 °C.43 Our results show that exposure to a mild 
temperature of 40 °C is non-lethal to cells and con
stitutes an adaptive survival response induced in re
sponse to low-dose stress. Cells that are preconditioned 
at 40 °C are resistant to cell death induced by exposure 
to lethal heat shock at 42 °C. This study shows that the 
exposure of cells to low-dose heat stress at 40 °C for 
relatively short times of 1–2 h activated autophagy. The 
activation of autophagy at 40 °C was validated by in
creased levels of AVOs and the autophagy proteins LC3 
II, Beclin-1, Atg7, Atg4B, Atg5, the Atg12–Atg5 com
plex, and the autophagy receptor protein p62. Macro
autophagy consists of five main steps (Figure 9).29 

Beclin-1 binds to the phagophore membrane during the 
initiation/nucleation step (Figure 9(A)). The two con
jugation mechanisms involving (i) LC3-II/Atg4B and 
Atg7 and (ii) Atg10, Atg7, and Atg5–Atg12–Atg16L are 
involved in the elongation step (Figure 9(B)). The au
tophagy receptor p62 forms a complex with LC3-II on 
the phagophore membrane during elongation 
(Figure 9(A)). Levels of the transcription factor Nrf2 
also increased at 40 °C, and the Nrf2 suppressor protein 

Keap1 was found to colocalize with p62. Heat shock at 
40 °C is a mild, non-cytotoxic stress, and autophagy and 
Nrf2 were activated as survival responses under these 
conditions of stress. The importance of these findings is 
that, during an adaptive survival response induced by 
mild heat stress at 40 °C, autophagy is induced in ad
dition to multiple cellular defense systems like anti
oxidants, Hsps, ER stress proteins, and Nrf2.17,20,33,34 

The relative importance of these different defenses 
during the adaptive survival response is not presently 
known and requires further investigation. 

Studies examining the induction of autophagy by 
physiologically relevant, non-lethal temperatures under 
41 °C are scarce.43 Core body temperatures above 41 °C 
are unlikely to be attained in normal human physiology, 
unless during heat waves, vigorous exercise, or extreme 
fever. Our results detected cellular and molecular fea
tures of autophagy directly after exposure to mild, non- 
lethal heat shock at 40 °C, without the requirement for a 
recovery period at 37 °C. In contrast to higher tem
peratures of 42 °C and above, heat shock at 40 °C does 
not inhibit protein synthesis.16 The ex vivo heating of 
whole human blood at mild temperatures of 37 °C, 
39 °C, and 41 °C for 90 min caused an increase in au
tophagic activity in peripheral blood mononuclear 
cells.44 In C2C12 mouse myoblasts, there was an in
crease in autophagy during heating at 40 °C for 60 min45 

Myotubes were returned to 37 °C for a recovery period 
of 2 or 24 h. The heat caused an increase in phospho- 
cyclic adenosine monophosphate-activated protein ki
nase (pAMPK) (Thr-172), Beclin-1, and LC3 II, but 
there was no change in p62. There was a concomitant 
increase in the heat shock response, shown as upregu
lation of heat shock factor 1 (HSF1) and Hsp70. These 
results suggested that a short dose of mild heat at 40 °C 
could be beneficial to skeletal muscle by increasing 5′ 
AMP-activated protein kinase activity, markers of au
tophagosome formation, and the heat shock response.45 

In Caenorhabditis elegans, hormetic heat stress (1 h at 
36 °C) or OE of the transcription HSF1 induced autop
hagy.46 Under these conditions, autophagy-related 

Fig. 8 Keap1 and p62 levels during heat shock at 40 °C. WT cells (blue) and cells with KD (pink) or OE (teal) of nuclear factor 
erythroid 2-related factor 2 (Nrf2) were heated at 40 °C from 0 to 60 min, relative to unheated controls (time = 0 min at 40 °C, 1.0). 
Levels of Keap1 (A) and p62 (B) were detected by Western blotting (C). Protein expression (30 µg) was normalized to GAPDH 
loading controls from the same membrane and is relative to unheated controls (WT, time = 0 min, 1.0). Representative Western blots 
are shown. Data represent mean  ±  SEM from n = 8 (A) and n = 11 (B) independent experiments. (D) Colocalization of fluorescence 
by confocal microscopy analysis of p62 labeled with Alexa 488 (green fluorescence) and Keap1 labeled with Alexa 647 (red 
fluorescence) (n = 4) (60×). Nuclei were labeled with DAPI. Colocalization of fluorescence for p62 and Keap1 is shown in yellow. 
Representative confocal microscope images (magnification 600×): scale bars represent 25 µm. (E) Pearson’s correlation for 
colocalization of p62 and Keap1. (##) P  <  0.005, (###) P  <  0.0005, or (####) P  <  0.0001: significant difference between WT cells 
and Nrf2 KD or Nrf2 OE cells for each treatment time. Abbreviations used: DAPI, 4′,6-diamidino-2-phenylindole; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; KD, knockdown; Keap1, Kelch ECH associating 
protein 1; OE, overexpression; WT, wild type. 
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genes were required for thermoresistance and longevity 
of worms. In addition, hormetic heat stress decreased 
the accumulation of PolyQ aggregates in an autophagy- 
dependent manner. Thus, hormetic heat shock im
proved proteostasis in C. elegans. The interplay between 
the HSF1-mediated heat shock response and autophagy 
is not well understood, and further studies are required. 

Autophagy at higher temperatures 

Autophagy is involved in cellular processes such as se
nescence, development, and immunity.47 It plays an 
important role in the turnover of cellular components, 
including organelles.48 The induction of autophagy is a 
complex process that has been shown to involve tran
scriptional control in the regulation of many additional 
Atg genes and rapid upregulation of many autophagy- 
related proteins.49 Autophagy is generally considered as 
a survival response that plays a cytoprotective role 
against a variety of stressors. These include chemical 

agents (e.g., rapamycin), pro-oxidants (e.g., hydrogen 
peroxide, menadione), nutrient deprivation, hypoxia, 
infections, and protein aggregation.29,50–52 Hence, au
tophagy functions as a quality control mechanism to 
maintain cellular homeostasis under conditions of 
stress.48 However, higher doses or prolonged exposure 
to stress can lead to regulated non-apoptotic cell death 
or autophagy-dependent cell death, which is distinct 
from apoptosis and necrosis.29,53,54 The Nomenclature 
Committee of Cell Death defined autophagy-dependent 
cell death as “a form of regulated cell death that me
chanistically depends on the autophagic machinery (or 
components thereof).”55 

Temperature increases of just a few degrees above the 
physiological level cause protein alterations such as 
unfolding, entanglement, and unspecific aggrega
tion.56,57 This leads to disturbances in protein home
ostasis. Besides the unfolding of individual proteins, 
mild heat stress caused the reorganization of actin fi
laments into stress fibers, leading to disruption of the 

Fig. 9 Activation of autophagy by a mild adaptive survival response induced by mild heat stress at 40 °C. (A) Macroautophagy 
involves five different steps. 1. During the initiation-nucleation stage, a double-membrane compartment, phagophore, forms in the 
cytosol. Beclin-1 binds to the phagophore membrane during initiation/nucleation. 2. The elongation stage involves two conjugation 
systems (B). 3. The closure and maturation steps involve the completion of an autophagosome that encircles cellular content to be 
eliminated. LC3-II is cleaved from the outer membrane. 4 and 5. Fusion between autophagosomes and endosomes can occur, 
forming amphisomes, which fuse with lysosomes to form autolysosomes. The final stage is the degradation of cellular material to be 
eliminated by hydrolases in the acidic environment of lysosomes. (B) For phagophore elongation, two ubiquitin-like conjugating 
systems are required, involving Atg12–Atg5–Atg16L and LC3-II. Atg4B, Atg7, and Atg3 are essential for the activation of the 
precursor form of LC3 to produce LC3-II. Atg7 and Atg10 are required for the formation of the Atg12–Atg5–Atg16L tetramer. By 
binding to LC3-II on the phagophore membrane, p62 selects cellular material (cargo) to be degraded. Red arrows show autophagy 
molecules that are increased during mild heat shock at 40 °C. Abbreviations used: Atg, autophagy-related genes; LC3, microtubule- 
associated protein 1 A/1B-light chain 3. 
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cytoskeleton.57 At higher doses, heat stress caused the 
collapse of the actin, tubulin, and intermediary net
works. Organelles such as the ER and the Golgi undergo 
fragmentation, while the number of mitochondria de
creases.58 Low-level damage to proteins and organelles 
at elevated temperatures is an important trigger for ac
tivation of autophagy.59 

At higher, lethal temperatures ranging from 42 to 
47 °C, heat shock increased autophagy in different cell 
types such as hepatocellular carcinoma, human glioma, 
mouse spermatocytes, embryonic rat heart myoblast 
H9c2, HeLa, retinal pigment epithelium, lung, and he
patocytes.60–69 Following high-dose heat shock, activa
tion of autophagy was detected after recovery periods of 
2–48 h at 37 °C. Heat shock at these higher tempera
tures causes a transitory block in protein synthesis for 
about 2 h.16 Therefore, increased levels of autophagy 
proteins would be synthesized after the recovery period 
at 37 °C. In these studies, autophagy appeared to play a 
pro-survival role in heat-shocked cells. Autophagy, in 
addition to Hsps, appears to be essential for cell survival 
through the clearance of proteins that are irreversibly 
damaged during high-dose heat shock.43 

Few studies have looked at upstream cell signaling 
mechanisms involved in heat-induced autophagy. At 
high-dose heat shock, activation of AMP-activated pro
tein kinase and inhibition of mammalian target of ra
pamycin were implicated in autophagy induction in 
A549 and NCI-H460 lung cells (41–45 °C, 1–2 h)65 and 
hepatocellular carcinoma cell lines (SMMC7721 and 
Huh7) (43–47 °C, 1 h).66 Levels of adenosine tripho
sphate (ATP) decreased giving rise to an increase in the 
AMP:ATP ratio.66 During heat shock at 43 °C in HeLa 
cells, aberrantly folded/aggregated proteins caused in
duction of autophagy by nuclear factor kappa-light- 
chain-enhancer of activated B cells (NF-κB).67 However, 
Bcl-2/Bcl-XL and the autophagy regulators mammalian 
target of rapamycin kinase and the Beclin-1/class III 
PI3K complex were not involved in NF-κB activation 
during heat shock. To our knowledge, upstream sig
naling pathways involved in autophagy induction by 
mild heat shock have not been explored. 

Adaptive cell survival (hormetic) responses 

Adaptive survival responses are also known as horm
esis.70 A wide variety of chemical compounds and 
physical agents that incur stress exhibit biphasic do
se–response curves, where there is a low dose/con
centration stimulation and a high dose/concentration 
inhibition.71 This corresponds to a non-cytotoxic pre
conditioning dose and a higher cytotoxic dose. If the 

stress is too strong or prolonged, then cells generally die 
by processes such as apoptosis. 

Heat shock also induces a biphasic, hormetic re
sponse that occurs in a variety of different cell types. 
Mild, non-toxic heat stress (40 °C) caused increased le
vels of cellular defense molecules such as antioxidants20 

and Hsps,17,21 whereas exposure to higher temperatures 
(≥42 °C) caused cytotoxicity and cell death.17,21,33 Our 
current study shows that mild heat stress at 40 °C in
creased autophagy markers. It appears that protective 
factors such as Hsps, antioxidants, and autophagy pro
teins can act concomitantly to enable cells to continue 
to function normally despite exposure to stress and cy
totoxic aggressions.52 Metformin, used for the treatment 
of type 2 diabetes, induced hormetic, adaptive responses 
in several different cell types including stem cells, he
patocytes, cardiomyocytes, immune cells, adipocytes, 
and neuronal cells.70 The mechanism(s) whereby met
formin produced protective effects were related to a 
variety of antioxidants that protected against oxidative 
stress damage and involved upregulation of Nrf2. Met
formin is one example of many compounds that can 
induce hormetic, adaptive responses. However, much 
remains to be discovered in an integrated fashion about 
mechanisms involved in hormetic responses. 

Nrf2 and autophagy 

The canonical regulation of Nrf2 activity occurs through 
binding interactions with its cytosolic repressor protein 
Keap1, which keeps Nrf2 inactive and at low levels by 
mediating its ubiquitinylation and degradation. Keap1 
has two glycine repeat domains (DGR) that are im
portant for inhibition of Nrf2 activity.22 In response to 
oxidants, several reactive sensor cysteine residues on 
Keap1 are modified, leading to a structural change and 
decreased affinity between Nrf2 and the DGR domains 
of Keap1.72 Thus, the binding sites of “inactivated” 
Keap1 remain occupied with “old” Nrf2. This allows 
newly synthesized Nrf2 to bypass Keap1, which pre
vents ubiquitination and degradation of Nrf2. Therefore, 
Nrf2 accumulates at much higher levels, translocates to 
the nucleus, and activates ARE-dependent gene ex
pression. 

However, Nrf2 can be integrated into the autophagy 
response pathway in a non-canonical manner through 
the p62 ubiquitin-binding autophagy receptor pro
tein.35–37 This mechanism arises through a novel, cy
steine sensor-independent mechanism and is not 
dependent on the cellular redox state. The p62 protein 
can prevent binding of Nrf2 to the DGR domains of 
Keap1.22,35 p62 OE led to a significant decrease in the 
ubiquitination of Nrf2, resulting in upregulation of 

Mild Heat Shock increases Autophagy: Role of Nrf2                                                                                                             579  



ARE-dependent gene expression.37 This confirmed that 
p62 is a competitive inhibitor of Nrf2 binding to Keap1. 

p62 contains an ARE, is a target gene of Nrf2, and can 
be upregulated by Nrf2.73 In turn, p62 can promote se
lective Keap1 ubiquitinylation and degradation through 
autophagy, which leads to prolonged Nrf2 activation 
and upregulation of the antioxidant response.24,35,36,38,74 

The phosphorylation of p62 at Ser351 markedly in
creased the binding affinity of p62 for Keap1, leading to 
the inactivation of Keap1 and release of Nrf2.75 Persis
tent Nrf2 activation through the accumulation of 
phosphorylated p62 contributed to cellular growth in 
human hepatocellular carcinoma cells.75 Thus, a p62- 
Keap1-Nrf2 positive feedback loop is established, which 
further enhances the protective effects of the Nrf2 and 
autophagy pathways on cells. However, in general, dif
ferent studies looked at interactions between the au
tophagy protein p62 and Nrf2 during stress generated by 
oxidants. However, the interplay between the Nrf2 and 
autophagy pathways during other stress conditions, in
cluding the heat shock response, remains largely un
known and needs to be explored. In one study, mice 
were subjected to a 2 h high-dose heat treatment at 
42 °C for eight different days.76 They found that protein 
expression of both Nrf2 and p62/SQSTM1 increased in 
Leydig cells. 

Nrf2 and autophagy during mild heat stress at 40 °C 

Interactions between Nrf2 and autophagy have not been 
evaluated previously in response to a hormetic, adaptive 
cell survival response induced by mild heat shock at 40 °C. 
When Nrf2 levels were depleted in unstressed HeLa cells, 
there was an increase in basal levels of the autophagy 
proteins LC3-II, Beclin-1, Atg4B, Atg5, Atg12, the Atg5/12 
complex, and p62. These responses involved both Atg 
conjugation systems, LC3-II and ATG5–Atg12. Basal levels 
of Atg7 and AVOs in Nrf2 KD cells, however, were not 
significantly different from levels in WT cells. 

In Nrf2-depleted cells, stress induced by mild heat shock 
at 40 °C caused an increase in AVO levels and further in
creases in levels of Atg7, Atg4B, Atg5, the Atg5–Atg12 
complex, and p62 (Figure 10(A)). The response at 40 °C 
entailed the Atg12–Atg5 conjugation system, whereas LC3- 
II did not appear to be involved. Nrf2 is a major cellular 
defense molecule and when depleted, a huge imbalance in 
defense systems would be created in cells. When its levels 
are diminished, activation of autophagy would likely com
pensate as a defense mechanism to protect cells under both 
normal conditions and during stress. 

Our results show for the first time that protein levels 
of both Nrf2 and p62 increased during mild heat shock 
at 40 °C and that colocalization of p62 with Keap1 

occurred. Basal levels of p62 were more than 2-fold 
higher in unstressed Nrf2 KD cells and increased even 
further during mild heat shock at 40 °C. When Nrf2 
levels are low, it is likely that p62 will bind Keap1 to 
minimize degradation of Nrf2 (Figure 10(A)). Colocali
zation studies showed that p62 was bound to Keap1 in 
both unstressed cells and those heated at 40 °C. This 
would probably allow low-level transcriptional activa
tion of Nrf2 target genes such as catalase, MnSOD, GCL, 
HO-1, and Hsp72. These results support a role for both 
the Nrf2 and autophagy pathways in the induction of 
the adaptive cell survival response at 40 °C. 

When Nrf2 was overexpressed in unstressed HeLa 
cells, there were increases in basal levels of AVOs and 
the autophagy proteins LC3-II, Beclin-1, Atg7, Atg5, 
Atg12, and the Atg5–12 complex. Smaller increases oc
curred for Keap1 and p62. 

During mild heat stress at 40 °C, levels of AVOs, LC3- 
II, Atg7, Atg5, and the Atg5–12 complex increased fur
ther in Nrf2-overexpressing cells (Figure 10(A)). The 
response at 40 °C in Nrf2 OE cells entailed both Atg 
conjugation systems, LC3-II and Atg12–Atg5. Nrf2 is a 
regulator of numerous genes, and this includes autop
hagy gene expression.77 Besides p62, several other au
tophagy genes were shown to contain an ARE sequence 
in their promoter regions. These include unc-51-like 
autophagy-activating kinases 1/2 (ULK1/2), Atg2B, 
Atg4C, Atg4D, Atg5, Atg7, Atg9B, Atg10, and Atg16L.77 

Therefore, at higher levels of Nrf2, increased levels of 
autophagy proteins would be expected. This suggests 
that, when Nrf2 levels are higher, autophagy and Nrf2 
would act concomitantly as defense systems to protect 
cells against stress.49 

There was little response of Beclin-1 to heat stress at 
40 °C in cells with KD or OE of Nrf2, while LC3-II ex
pression was increased. LC3-II is involved during the 
elongation of autophagy, while Beclin-1 is involved in a 
pre-autophagosomal structure in the earlier nucleation 
step (Figure 9(A) and (B)). Beclin-1 interacts with several 
different cofactors like Atg14L, activating molecule in 
Beclin 1-regulated autophagy (Ambra1), UV radiation re
sistance-associated gene, endophilin B1/Bax-interacting 
factor 1, and RUN domain Beclin 1 interacting and cy
steine-rich domain-containing protein to regulate the lipid 
kinase vacuolar protein sorting-34 (Vps-34) protein.29,78 

This promotes the formation of Beclin 1–Vps34–Vps153/ 
p150 core complexes, thus inducing autophagy. The anti- 
apoptotic proteins Bcl-2 and Bcl-XL can bind to the BH3 
domain of Beclin-1 and are negative regulators of Beclin-1 
by blocking the pro-autophagic activity of Beclin 1.78 Au
tophagy is inhibited by ER-localized Bcl-2, and not by 
mitochondrial Bcl-2, whereas Bcl-XL binds to Beclin-1 
within mitochondria. These interactions with Beclin-1 can 
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be disrupted by phosphorylation of Bcl-2 and Bcl-XL, or 
ubiquitylation of Bcl-2. We found that mild heat stress at 
40 °C increases protein expression of Bcl-2 (unpublished 
data). Therefore, higher levels of Bcl-2 could block in
creases in Beclin-1 expression. This idea requires further 
investigation. Further, it was reported that non-canonical 
Beclin-1-independent autophagy can occur,79 and may 
also explain the lack of heat sensitivity of Beclin-1. 

The Keap1-Nrf2-ARE pathway and autophagy are two 
major intracellular defense systems that protect cells against 
oxidative stress and other insults to maintain homeostasis. 
Understanding how Nrf2 and autophagy regulate cell sur
vival is important in neurodegenerative diseases and in 
cancer.80 A major dilemma is that Nrf2 and autophagy 
favor cell survival in both normal and cancerous cells.72,81 

Constitutive activation of Nrf2 through somatic mutations 
can lead to carcinogenesis and resistance to che
motherapy.72 Current clinical approaches use Nrf2 in
hibitors and Nrf2 lethal anticancer drugs to target tumors. 

Our results show that low-dose heat stress at 40 °C 
increased levels of both Nrf2 and autophagy, which 

would favor the survival of both normal and tumor cells. 
For clinical hyperthermia treatments, it would be im
portant to ensure that the entire tumor volume is heated 
at higher lethal temperatures (> 42 °C) to avoid the in
duction of increased levels of cellular defenses such as 
Nrf2 and autophagy by lower heat doses such as 40 °C. 
However, surrounding normal tissues could be pro
tected against the cytotoxic effects of high-dose heat 
shock by targeting these areas with low-dose hy
perthermia at 40 °C. 

Conclusion 

The increased understanding of mechanisms underlying 
cellular responses to low-dose temperatures such as 
40 °C is essential for the successful use of hyperthermia 
in the cancer clinic. Fortunately, resistance to hy
perthermia (thermotolerance) induced by pre
conditioning at low temperatures is a transitory 
response that usually declines within several days.16,82 

Fig. 10 The adaptive survival response: mild heat stress at 40 °C activates Nrf2 and autophagy. (A). In Nrf2-depleted cells, nuclear 
translocation of Nrf2 would decrease, and the transcriptional activation of Nrf2 target genes like catalase, MnSOD, HO-1, GCL, and 
Hsp72 would decrease (Figure 3). However, levels of the autophagy proteins Atg7, Atg4B, Atg5, Atg5–Atg12 complex increased at 
40 °C and would likely compensate as a protective mechanism under basal and stress conditions. Further, increased protein 
expression and colocalization between p62 and Keap1 occurred in Nrf2-depleted cells, which would lead to Keap1 degradation 
through the autophagy machinery and minimize Nrf2 degradation during mild heat stress at 40 °C. This could allow a low level of 
Nrf2 accumulation and some transcriptional activation of target genes. (B) When Nrf2 is overexpressed, nuclear translocation of Nrf2 
occurs, and the transcriptional activation of Nrf2 target genes like catalase, MnSOD, HO-1, GCL, and Hsp72 is increased (Figure 3). 
In Nrf2 OE cells, higher levels of autophagy proteins (LC3 I/II, Atg7, Atg5, Atg5–Atg12 complex) from both conjugation systems 
occurred during mild heat stress at 40 °C, favoring cell survival. Given that Nrf2 levels were high, there were only small increases in 
p62 and Keap1 levels. This suggests a low level of Keap1 degradation through the autophagy pathway. Cell survival during mild 
stress would be assured through both the Nrf2 and autophagy pathways. Abbreviations used: ARE, antioxidant response 
element; Atg, autophagy-related genes; GCL, gamma cysteine ligase; HO-1, heme oxygenase-1; Hsp, heat shock protein; Keap1, Kelch 
ECH associating protein 1; KD, knockdown; LC3, microtubule-associated protein 1 A/1B-light chain 3; MnSOD, manganese 
superoxide dismutase; Nrf2, nuclear factor erythroid 2-related factor 2; OE, overexpression. 
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Therefore, clinical hyperthermia treatments are given at 
intervals of time to avoid interference due to thermo
tolerance. In addition, it is important that the entire 
volumes of solid tumors are thoroughly heated at tem
peratures that are high enough to destroy all cells. The 
heating of all tumor cells at lethal temperatures is es
sential to avoid producing regions of cells that are ex
posed to mild temperatures, which would render them 
resistant to adjuvant treatments such as radiation and 
anticancer drugs, through mechanisms such as the ac
cumulation of Hsps and the activation of autophagy. In 
another context, the activation of protective survival 
mechanisms such as autophagy and the heat shock re
sponse at low temperatures could offer protection to 
cells, tissues, and organisms against the adverse effects 
of a variety of environmental toxins. Further elucidation 
of the role of cellular stress, autophagy, and cellular 
survival or death will benefit cancer biology and many 
other fields. 

Materials and methods 

Cell culture 

Human cervical adenocarcinoma HeLa cells (ATCC no. 
CCl-2) were used for experiments between passages 7 
and 30 and were then restarted from the cryo-freezer. 
These cells were chosen for the study because cervical 
cancer responds well to hyperthermia treatments.1,2 Cells 
were cultured as monolayers in tissue culture flasks 
(Sarstedt, St Laurent, QC, Canada) containing Dulbecco 
modified Eagle’s medium (DMEM) (Invitrogen Canada, 
ThermoFisher Scientific, St Laurent, QC, Canada) with 
10% fetal bovine serum (FBS) (Invitrogen Canada), pe
nicillin (50 units/mL), and streptomycin (50 μg/mL) 
(Hyclone Laboratories, ThermoFisher Scientific). They 
were maintained in an incubator (Sanyo Scientific, Ca
nada) at 37 °C with a humidified atmosphere of 5% 
CO2.83 The temperature control was ± 0.1 °C and CO2 
control was ± 0.15%. Cell culture medium was replaced 
with fresh medium 24 h before experiments. Cells were 
harvested using 0.5 mg/mL trypsin/0.2 mg/mL ethylene 
diamine tetraacetic acid (EDTA) in phosphate-buffered 
saline (PBS), washed by centrifugation (1000 × g, 3 min), 
and resuspended for analyses. 

Cell lines with overexpression or knockdown expression of Nrf2 

Two modified HeLa cells lines were created, one over
expressing the nrf2 gene and the other with knocked- 
down expression of the nrf2 gene, using nrf2-specific 
CRISPR/Cas9 (sc-400017-NIC) and Nrf2 Lentiviral 

Activation Particles (sc-400017-LAC), as recommended 
by the manufacturer (Santa Cruz Biotechnology, Dallas, 
TX, USA). For overexpression of Nrf2 (OE), a synergistic 
activation mediator transcriptional activation system 
designed to upregulate gene expression specifically and 
efficiently via lentiviral transduction was used (Santa 
Cruz Biotechnology). For the KD of Nrf2, a pair of 
plasmids was designed to knockout gene expression of 
nrf2; each plasmid encoded a D10A-mutated Cas9 nu
clease and a target-specific RNA (gRNA) (Santa Cruz 
Biotechnology). Levels of necrosis (propidium iodide 
uptake) were very low, between 5% and 7% in all cell 
types, WT, Nrf2 KD, or Nrf2 OE (data not shown). 

Heat treatments 

For preconditioning, cells in culture flasks containing 
culture medium were heated at 40 °C relative to con
trols (37 °C) for 5–60 min in an incubator at 37–40 °C 
with a humidified atmosphere of 5% CO2.34,84 Cells 
were then harvested, and cell suspensions were ana
lyzed for levels of AVOs, and protein levels of Nrf2, 
Keap1, SQSTM1/p62, ATG7, ATG4B, ATG5, ATG12, 
Beclin-1, and LC3. 

To induce thermotolerance, cells confluent at 90% in 
monolayers in tissue culture flasks containing DMEM 
medium with 10% FBS were transferred to an incubator 
with a humidified atmosphere of 5% CO2 at 40 °C for 3 h, 
following a period of 20 min to allow culture medium 
temperature to reach 40 °C.83 Normal controls were in
cubated under the same conditions in an incubator at 
37 °C. Cells were then harvested and resuspended for 
analyses, as described above (see Cell culture). 

Detection of cell death by flow cytometry 

Cells were labeled with the fluorescent probes Annexin V- 
APC (Invitrogen-ThermoFisher Scientific, St Laurent, QC) 
and propidium iodide (PI) (Sigma-Aldrich Canada, 
Oakville, ON). Cells (106) in a volume of 100 µL, and were 
incubated with 5 µL of Annexin V-APC (1/20 dilution) for 
10 min, according to the manufacturer’s protocol 
(Invitrogen).85 Subsequently, 400 µL of DMEM medium 
containing 5% FBS were added and then 5 µL of PI (final 
concentration of 2 µM) was added to the cell mixture for 
5 min. At least 10,000 cells were analyzed for each sample 
by flow cytometry at a flow rate of 35 µL/min (BD Accuri™ 
C6, BD Biosciences, Mississauga, ON). Annexin V-APC was 
detected using the FL1 channel and PI with the FL3 
channel. For this flow cytometer, the pre-optimizing vol
tage and gain settings do not reduce the fluorescence de
tection range. Analysis was carried out using BD Accuri™ 
C6 software. Doublet exclusion was performed by plotting 
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the height or width against the area for forward scatter or 
side scatter. Doublets will have double the area and width 
values of single cells while the height is roughly the same. 
Therefore, disproportions between height, width, and area 
can be used to identify doublets (Bio-Rad, flow cytometry 
guide). 

Quantitative reverse transcription polymerase chain reaction 
(RT-PCR) analysis 

Total RNA was isolated from different cells using the 
Monarch® Total RNA Miniprep Kit (New England Biolabs, 
Whitby, ON, Canada) according to the manufacturer’s in
structions. Subsequently, reverse transcription was carried 
out using the Meridian/Bioline SensiFAST complementary 
deoxyribonucleic acid (cDNA) Synthesis Kit (FroggaBio Inc, 
Concord, ON) on a T100 Thermal Cycler (Bio-Rad). 

For gene quantification, quantitative PCR (qPCR) was 
performed on a CFX96 Touch™ Thermal cycler (Bio-Rad) 
using the Meridian/Bioline SensiFAST SYBR No-ROX Kit 
(FroggaBio Inc). The qPCR assay employed specific primers 
for each target gene. The data were exported as Excel files 
for analysis. The copy number of each target gene was 
normalized to the 18S ribosomal RNA (rRNA). 

Amplification of the target genes was achieved under 
the following thermal cycling conditions: The quanti
tative PCR run program consisted of a first step at 95 °C 
for 5 min followed by 40 cycles of 15 s at 95 °C and 30 s 
at 58 °C. The target gene transcript level was normalized 
against the 18S rRNA level. Fold changes of RNA 
transcripts were calculated using the 2−ΔΔCt method. 

Caspase activity 

Following heating at 40 or 42 °C for 1–3 h, HeLa cells were 
harvested and suspended in caspase buffer (10% sucrose, 
0.1% 3-[(3-cholamidopropyl) dimethylammonio]-1-propa
nesulfonate (CHAPS), 20 mM 1,4-piperazinediethanesul- 
fonic acid, 100 mM sodium chloride (NaCl), 10 mM di
thiothreitol, 1 mM EDTA, pH 7.2). Cells were then frozen 
at −80 °C and enzymatic activity was determined in cell 
lysates using the appropriate substrate (200 µM): Ac-DEVD- 
7-amino-4-methylcoumarin for caspase-3 and Ac-Leu-Glu- 

His-Asp-7-amino-4-trifluoromethylcoumarin for caspase-9 
(Calbiochem, MilliporeSigma, Sigma-Aldrich Canada).84,85 

The kinetic reactions to generate Ac-Leu-Glu-His-Asp-7- 
amino-4-trifluoromethylcoumarin (excitation 400 nm, 
emission 505 nm) or 7-amino-4-methylcoumarin (e.g., 
380 nm, em. 460 nm) were detected by spectrofluorometry 
(Varioskan Lux, ThermoScientific, St Laurent, QC). 

Live cell imaging by confocal microscopy 

Prior to experiments, 0.2 × 106 cells/mL in DMEM-FBS 
were plated in a µ-slide 8-well plate for 24 h (ibidi, 
Fitchburg, WI, USA). For live cell imaging by confocal 
microscopy, cells in 8-well plates were incubated in a 
micro-incubator with control of temperature, CO2, and 
humidity. Live cell imaging was conducted for 60 min at 
40 °C. Cells were then labeled with Hoechst 33258 
(25 μg/mL) (Sigma-Aldrich Canada Co.) and 50 nM 
Lysotracker Red DND 99 (Life Technologies, 
ThermoFisher Scientific) at 37 °C for 15 min.86 Cell 
imaging was conducted with NIS-Element AR4 software 
using standard excitation and emission filters for vi
sualizing Hoechst 33258 and LysoTracker Red DNP99 
using a Confocal inverted microscope Nikon A1+ high 
sensitivity (cathode GaAsP) (Nikon Canada, Montréal, 
QC) with either a 40X (Plan Apo λ) or 60X objective 
(Plan Apo λ, Oil) (Nikon). It is composed of a multi
spectral detector on 32 channels with resolutions from 
2.6 to 10 mm and is equipped with an XY-motorized 
platinum and piezoelectric system for fast movement in 
Z-stack. The sample area is scanned at a resolution of 

512 × 512 pixels in 0.6 s. Images were analyzed using 
FIJI software (NIH, Maryland, USA). Fluorescence in
tensities were reported per cell and compared between 
treated and untreated samples. Multiple replicates were 
performed per experiment, and at least 500 cells were 
analyzed per condition. Due to variability in the fluor
escent signal between experiments, the analysis was 
consistently referenced to the baseline (zero point) of 
the normal control condition for accurate analysis and 
comparison. The temporal trend of each condition re
mained similar across experiments. 

Gene Primer left Primer right  

Nrf2 CGAAACTTTAAAAAGCATTGGA AGCCCAAATGGTGTCCTAAG 
HSP72 TTAGGGGCCTTTCCAAGATT TTCAACATTGCAAACACAGGA 
CAT CCATTCGATCTCACCAGGGT GGCCCTGAAGCATTTTGTCA 
MnSOD GGGCACGTGTTAAGGATGTC CTTCACCGAAAACTCCAGGC 
GCL-1 GAGCAACCTACTGTCTAAGCA TCAGGTCCCAGGTAGTCTTT 
HO-1 CCATGAACTTTGTCCGGTGG GAGAGGGACACAGTGAGAGG 
18s CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTA 

Abbreviation used: GCL, gamma cysteine ligase; HO-1, heme oxygenase-1; Hsp, heat shock protein; MnSOD, manganese 
superoxide dismutase; Nrf2, nuclear factor erythroid 2-related factor 2. 
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Confocal microscope analysis of fixed cells 

Prior to experiments, 0.2 × 106 cells/mL in DMEM-FBS 
were plated in a µ-slide eight-well plate for 24 h (ibidi). 
Cells were heated for 5–60 min at 40 °C, then fixed 
using 3.7% formaldehyde for 15 min in the dark, and 
then rendered permeable with blocking solution (PBS, 
5% bovine serum albumin (BSA), 5% FBS, and 0.1% 
Triton X-100). Cells were then incubated overnight at 
4 °C with primary antibody against Nrf2 (1:200) 
(MediMabs, Montreal, QC, Canada) in blocking solu
tion followed by a 2 h incubation with Alexa Fluor 647- 
conjugated AffiniPure anti-rabbit secondary antibody 
(1:1000) (Jackson Immunoresearch Labs Inc, West 
Grove, PA, USA) at room temperature. Cell nuclei were 
labeled with 4′,6-diamidino-2-phenylindole (DAPI) 
(6.25 µg/mL) during 15 min.84,86 Cells were rinsed three 
times with PBS after each incubation procedure. Con
focal microscope analysis was conducted as above 
(section Live cell imaging by confocal microscopy), and 
standard excitation and emission filters were applied to 
visualize DAPI and Alexa Fluor 647 (Microscience, 
Cambridge, MA). 

Colocalization of Keap1 and p62 by confocal microscopy 

Prior to experiments, 0.2 × 106 cells/mL were plated in a 
µ-slide 8-well plate for 24 h (ibidi). Cells underwent a 
heat treatment at 40 °C for 30 and 60 min. Cells were 
then fixed using 3.7% formaldehyde for 15 min in the 
dark, and then rendered permeable with blocking so
lution (PBS, 5% bovine serum albumin (BSA), 5% FBS, 
and 0.1% Triton X-100). The cells were incubated 
overnight at 4 °C with a primary antibody against p62 
(1:200) (Cell Signaling Technology), followed by a 2 h 
incubation at room temperature with an Alexa Fluor 
488-conjugated anti-rabbit secondary antibody (1:1000) 
(Jackson Immunoresearch Labs). After washing, cells 
were then incubated overnight at 4 °C with a primary 
antibody against Keap1 (1:200) (Cell Signaling 
Technology). Subsequently, a 2 h incubation at room 
temperature with an Alexa Fluor 647-conjugated 
AffiniPure anti-rabbit secondary antibody (1:1000) 
(Jackson Immunoresearch Labs) was performed. The 
cells were once again thoroughly washed. To visualize 
nuclei, DAPI (6.25 µg/mL) was added to the cells for 
15 min. The confocal microscope fluorescence analysis 
was performed as described above (see section Live cell 
imaging by confocal microscopy), but with filters to vi
sualize DAPI, Alexa Fluor 488 nm, and Alexa Fluor 
647 nm with a 60X objective lens (Plan Apo λ, Oil) to 
capture the images. At least 500 cells were analyzed per 
image. 

Colocalization analysis was performed using the NIS- 
Element AR4 software. The Pearson’s correlation coef
ficient can be used for quantifying colocalization.87 

Pearson’s coefficient, a metric that quantifies the linear 
correlation between two sets of data, was calculated to 
evaluate the degree of colocalization between the p62 
and Keap1 proteins, indicating the degree of their spa
tial correlation within the cells. By comparing the 
Pearson’s coefficient values obtained from the control 
group and the treated group, insights into the spatial 
relationship and potential interactions between these 
proteins could be derived. Fluorescence is yellow for 
colocalization of red and green fluorescence in the 
merged images. 

Western blot analysis 

Cells were washed by centrifugation (1000 × g, 3 min) in 
buffer A (100 mM sucrose, 1 mM ethylene glycol tetra
acetic acid, 20 mM 3-morpholinopropane-1 sulfonic 
acid, pH 7.4).88 The supernatant was discarded, and 
pelleted cells were resuspended in lysis buffer (20 mM 3- 
morpholinopropane-1 sulfonic acid, 80 mM β-glycerol 
phosphate, 10% glycerol, 5 mM ethylene glycol tetra
acetic acid, 1 mM EDTA, 2 mM Na3VO4, 20 mM 
Na4P2O7, 1 mM NaF, 1 mM dithiothreitol, 1% Triton X- 
100, pH 7, and a cocktail of protease inhibitors con
taining 1 mM phenylmethylsulfonyl fluoride, 10 mM 
aprotinin, 10 µM pepstatin A, 10 µM leupeptin, 25 µM 
calpain inhibitor (Complete Mini, Roche, Millipore 
Sigma, Etobicoke, ON, Canada)), pH 7.4 and frozen 
overnight. Following a period of thawing on ice for 
30 min with constant vortexing, and a 10 min cen
trifugation (2500 × g), whole cell lysates were collected, 
removing nuclei and unbroken cells. Proteins were 
quantified using the Bradford assay (Bio-Rad Labora
tories (Canada) Ltd, St Laurent, QC), and 30 μg were 
separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (15%).89 For Western blotting, proteins 
were detected using rabbit primary antibodies re
cognizing Keap1 (D6B12), SQSTM1/p62 (D1Q5S), 
Atg4B (D1G2R), Atg5 (D5F5U), Atg7 (D12B11), Atg12 
(D88H11), LC3A/B (D3U4C) (1:1000), Beclin-1 (D40C5) 
(1:500) (Cell Signaling Technology Inc) or Nrf2 (1:500) 
(MediMabs, Montreal, QC, Canada) and horseradish 
peroxidase-conjugated polyclonal secondary antibody 
(1:5000). Protein expression was analyzed relative to 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 
(1:5000) (MediMabs) using a laser scanning densit
ometer (Fusion Fx7, Montréal Biotech (MBI), Montreal, 
QC) and Quantity one software (Bio-Rad Labora
tories).83,86 All the Western blots were repeated between 
5 and 18 times for each antibody, with N = 2. There 
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were two different antibodies (e.g., Atg5, Atg12) used 
per gel (N = 2), followed by a GAPDH loading control. 
To reprobe for the next antibody, membranes were 
stripped using 0.2 M glycine at pH 2.2 for 1 h. Each 
antibody was quantified using the appropriate GAPDH 
loading control from the same membrane, and the same 
procedure was used for each of the 5–18 repetitions. 

Statistics 

Data represent means  ±  standard error of the mean 
(SEM) from at least three independent experiments per
formed in duplicate. Experiments were repeated between 
five and 18 times, and the number of “n” is indicated in 
figure legends. Comparisons among multiple groups 
were made by one-way or two-way analysis of variance 
(ANOVA), which measures the linear contrast of means. 
The Bonferroni–Holm adjustment was applied to control 
for the family-wise error rate at a desired level (α = 5%). 
The software used was GraphPad Prism5 (GraphPad 
Software Inc, San Diego, CA, USA). For significant dif
ferences, P  <  0.05. 
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