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C E L L  B I O L O G Y

Circadian disruption enhances HSF1 signaling 
and tumorigenesis in Kras-driven lung cancer
Marie Pariollaud1, Lara H. Ibrahim1,2, Emanuel Irizarry1, Rebecca M. Mello1, Alanna B. Chan1, 
Brian J. Altman3, Reuben J. Shaw4, Michael J. Bollong2, R. Luke Wiseman1, Katja A. Lamia1*

Disrupted circadian rhythmicity is a prominent feature of modern society and has been designated as a probable 
carcinogen by the World Health Organization. However, the biological mechanisms that connect circadian dis-
ruption and cancer risk remain largely undefined. We demonstrate that exposure to chronic circadian disruption 
[chronic jetlag (CJL)] increases tumor burden in a mouse model of KRAS-driven lung cancer. Molecular character-
ization of tumors and tumor-bearing lung tissues revealed that CJL enhances the expression of heat shock factor 
1 (HSF1) target genes. Consistently, exposure to CJL disrupted the highly rhythmic nuclear trafficking of HSF1 in 
the lung, resulting in an enhanced accumulation of HSF1 in the nucleus. HSF1 has been shown to promote tumor-
igenesis in other systems, and we find that pharmacological or genetic inhibition of HSF1 reduces the growth of 
KRAS-mutant human lung cancer cells. These findings implicate HSF1 as a molecular link between circadian 
disruption and enhanced tumorigenesis.

INTRODUCTION
In 2015, the National Health Interview Survey revealed that 12 to 35% 
of the workforce in various U.S. industries work irregular schedules, 
including night and rotating shifts (1). Several human and animal 
studies have demonstrated that disruption of circadian rhythms, 
either by genetic or environmental means, enhances cancer risk (2), 
including the risk of lung adenocarcinoma (LUAD) (3–7). Lung 
cancer is the leading cause of cancer deaths in men and women 
worldwide (8, 9). The LUAD subtype of non–small cell lung cancer 
(NSCLC) is the most prevalent form of lung cancer, and Kirsten rat 
sarcoma (KRAS) is the most frequently mutated oncogene in human 
LUAD (10). Despite extensive characterization of genetic events that 
contribute to lung cancer, there has been relatively little research 
addressing the impact of environmental circadian disruption on lung 
tumorigenesis in humans. The lung is under tight circadian control, 
as evidenced by robust 24-hour rhythms in intrinsic defense mech-
anisms and lung physiology indices such as lung resistance and peak 
expiratory flow (11). Selective ablation of bronchiolar epithelial cells 
results in the loss of circadian clock oscillations in mouse lung slices, 
demonstrating that airway epithelial cells are key circadian oscillators 
within the lung (12). NSCLC is a cancer of epithelial origin (13, 14), 
so this reinforces the hypothesis that disruption of the circadian 
machinery could trigger harmful events due to dysregulation of 
homeostasis, resulting in increased risk of lung tumor development.

The mammalian circadian machinery consists of an autoregulatory 
transcription-translation feedback loop. Its positive arm—heterodimers 
of circadian locomotor output cycle kaput (CLOCK) and brain and 
muscle aryl hydrocarbon receptor nuclear translocator (ARNT)-like 
protein 1 (BMAL1)—drives the transcription of two inhibitory arms, 
periods (PERs), and cryptochromes (CRYs) on one hand and nuclear 
receptor subfamily 1 group D members 1 and 2 (NR1D1/NR1D2; 
also called REV-ERB/REV-ERB) on the other. While PERs and 

CRYs inhibit the BMAL1-CLOCK heterodimer transactivation func-
tion, REV-ERBs repress BMAL1 expression. These transcription- 
translation feedback loops drive 24-hour periodic expression of gene 
products, leading to rhythmic physiologic functions. Accumulating 
evidence demonstrates that circadian clock components play criti-
cal roles in regulating several hallmarks of cancer, including control 
of cell proliferation, cell death, DNA repair, and metabolic alteration 
(15–17). However, the precise mechanisms underlying the coop-
eration between circadian clock disruption and tumorigenesis remain 
poorly understood. By manipulating lighting schedules to mimic the 
circadian disturbance that humans encounter during rotating shift 
work or frequent eastbound transmeridian flights [chronic jetlag 
(CJL)], we show that this environmental light disruption alters gene 
expression in the liver and lungs of mice. Further, we show that 
KrasLSL-G12D/+ (K) mice, a genetically engineered mouse model (GEMM) 
of NSCLC (18), developed many more tumors when housed in CJL 
compared to normal light conditions [12-hour light:12-hour dark-
ness (12:12LD)]. Unbiased RNA sequencing and gene expression 
analyses revealed a profound disruption of the circadian clock ma-
chinery and chronic elevation of the heat shock response in the 
lungs of mice exposed to CJL, indicating that light-induced cir-
cadian disruption perturbs homeostatic regulation of heat shock 
factor 1 (HSF1). Given the strong and growing evidence that HSF1 
can facilitate tumorigenesis (19–22), these findings suggest that 
chronic elevation of HSF1 signaling could be a key molecular link be-
tween circadian disruption and increased cancer risk.

RESULTS
Experimental CJL disrupts peripheral clocks
To mimic chronic disruption of a functional circadian timing system, 
we used a CJL protocol consisting of an 8-hour light-phase advance 
repeated every 2 or 3 days (Fig. 1A). This altered light/dark scheme 
mimics the circadian disturbance that humans face during rotating 
shift work (23, 24) and has been shown to increase tumor develop-
ment upon Glasgow osteosarcoma inoculation (25), in chemically 
induced or spontaneous mouse liver cancer models (26, 27), and in 
a mouse model of lung cancer similar to the one used here (3). To 
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first assess the magnitude of the disturbance of this protocol on the 
clock machinery and other cancer-related pathways, male and female 
C57BL/6J mice were housed in either normal light (12:12LD) or CJL 
conditions for 8 weeks before tissues were collected every 4 hours 
over a 24-hour period. The timing of light-dark transitions on the 
day of collection (day 1 in Fig. 1A) were the same for at least 24 hours 
before the collection (day 7  in Fig.  1A). As expected, CJL greatly 
affected the expression of core clock genes in the lung, liver, and, to 
a lesser extent, spleen, with loss of periodic expression (PJTKcycle < 0.05) 
for most of the genes, including Bmal1, Cry1, and Rev-Erba (Fig. 1B 
and fig. S1). Similarly, the components of the clock machinery were 
profoundly disrupted at the protein level (Fig. 1C and fig. S1C). While 
these data are consistent with a model in which circadian rhythms 
of gene expression are suppressed or disrupted by CJL, we cannot 
exclude the possibility that the loss of observed rhythmicity for some 
genes is caused by a lack of synchrony between animals or an inability 
to properly assign individual animals to a specific circadian “phase” 

rather than loss of rhythmicity within individual mice based on this 
analysis. Nonetheless, the observation that Per2 appears to remain 
rhythmic in mice exposed to CJL, while Rev-Erb, for example, does 
not, suggests a desynchronization of the core clock components rela-
tive to each other. CJL exposure affected daily rhythms of core clock 
genes somewhat differently in male versus female mice (fig. S1). These 
disparities are consistent with previous studies suggesting sexual 
dimorphism in circadian clock mechanism and physiology (28).

The expression of clock-controlled genes was also affected by 
CJL.Wee1 is a critical regulator of the G2-M transition of the cell 
cycle that is under circadian control via BMAL1-CLOCK activation 
that targets E-box elements in the Wee1 gene promoter (29). Wee1 
expression was strongly influenced by the time of day in healthy lungs 
and was robustly affected by CJL (Fig. 1D). CJL also profoundly 
altered the diurnal expression of Cxcl5 (Fig. 1D), a key chemokine 
for recruiting neutrophils to the lung upon bacterial and viral expo-
sures (30–32) that is regulated by REV-ERB and REV-ERB (33). 
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Fig. 1. CJL severely impairs rhythmicity and magnitude of core clock and clock-controlled genes in the lung. (A) Schematic representation of the CJL protocol. 
White and black rectangles represent periods of light and dark, respectively. Each row represents two consecutive days starting with the numbered day shown at left. 
(B to E) C57BL/6J male and female mice were housed in 12:12LD or CJL for 8 weeks. Lung tissues were collected at the indicated times (ZT0: light on; ZT12: light off) on 
day 1 of the schedule shown in (A). (B and D) Gene expression normalized to U36b4 measured by quantitative real-time PCR. Data represent means ± SEM for three males 
and three females per time point and light condition. Rhythmicity was determined by JTK_Cycle analyses; *PJTKcycle < 0.05, **PJTKcycle < 0.01, and ****PJTKcycle < 0.0001. 
(C and E) Proteins detected by immunoblot. Each lane on the Western blot represents a sample prepared from a unique animal. Representative images were taken from 
n = 6 biological replicates.
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However, expression of the cell cycle regulators p53 and p21 and 
oncogenic transcription factor c-Myc, each of which can be regulated 
by circadian clock factors (34–36), were not affected by CJL in lung 
tissue (Fig. 1D). Although p53 and c-MYC are regulated posttrans-
lationally by clock components (35, 36) and exhibit rhythmic ex-
pression that is affected by exposure to altered lighting conditions 
in mouse thymus (23), we did not observe any clear effect of CJL on 
the levels of these proteins in the lungs of healthy mice (Fig. 1E).

In an earlier study of mice with mammary tumors in the FVB genetic 
background, chronic disruption of light exposures markedly increased 
weight gain (37). In contrast, we found that CJL had no impact on 
body weight in healthy C57BL/6J mice (fig. S2A). We observed 
CJL-induced differences in rhythmic corticosterone levels in serum 
of female mice only, suggesting a more rapid light entrainment for 
corticosterone secretion in males and sexual dimorphism in hormonal 
responses (fig. S2B). In a separate group of mice that were housed first 
in 12:12LD for 2 weeks and then in CJL for 13 weeks with access to a 
running wheel, we confirmed the disruption of rhythmic behavior upon 
CJL; while the locomotor activity was mostly consolidated within the 
dark phases, the pattern and amplitude of activity during the dark 
hours markedly changed after only 1 week of CJL (fig. S3, A to E).

Experimental CJL increases KrasG12D-driven lung 
tumor burden
To investigate molecular mechanisms related to light-induced cir-
cadian disruption in lung tumorigenesis, we used a GEMM of NSCLC 
in which tumor formation is initiated by expression of oncogenic 
KrasG12D in a small number of lung cells (KrasLSL-G12D/+ mice, also 
known as K mice)—a model established to recapitulate many of the 
clinical features of naturally occurring KRAS-driven lung cancer (38). 
Male and female K mice were first infected intratracheally with len-
tivirus expressing CRE recombinase under the control of the Ubc 
promoter to induce tumorigenesis and, 5 weeks later, were placed in 
12:12LD or CJL conditions. At 25 weeks after infection (20 weeks in 
CJL), we observed a notable 68% increase in tumor burden in K mice 
housed in CJL conditions compared to those that had remained in 
12:12LD (Fig. 2, A and B). This was attributed to an increase in the 
number (Fig. 2C) and not the size (Fig. 2D) of tumors, suggesting 
that CJL affects early events in tumor progression in this model. 
Moreover, there was no difference in the spectrum of tumor grades 
assessed by histopathology (38) between the two groups, with most 
of the tumors being grade 2 adenomas (Fig. 2E). Further, CJL expo-
sure had no statistically significant effect on 5-bromo-2′-deoxyuridine 
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Fig. 2. CJL causes an increase in tumor burden in K mice but has no impact on survival. Five weeks after infection with lentivirus-Cre, K mice were placed in either 
12:12LD or CJL for 20 weeks (A to F) or until signs of distress (G). (A) Representative H&E-stained sections at end point. Scale bars, 5000 m. Tumor burden (B), numbers 
(C), size (D), and grade (E) were assessed from H&E sections. Column data represent means ± SEM. Values for individual animals (B, C, and E) or tumors (D) are plotted. 
(B and C) Clear and filled symbols represent males and females, respectively. *P < 0.05 by Mann-Whitney test. (F) Representative BrdU IHC images in tumors from K mice 
euthanized at ZT5 and quantitation of stained positive nuclei. Scale bar, 50 m. (G) Kaplan-Meier survival analysis for K mice placed in 12:12LD (n = 19) or CJL (n = 19) 
conditions.
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(BrdU) or Ki67 positivity in tumors (Fig. 2F and fig. S4), suggesting 
that altered light exposure does not affect the proliferation of tumor 
cells in this model. There was no impact of CJL on overall survival 
(Fig. 2G), indicating that additional factors precipitating death 
in K mice appeared stochastically in both light conditions. An earlier 
study demonstrated that CJL increased tumor burden in KrasLSL-G12D/+; 
p53flox/flox (KP) mice but to a much lesser extent than we observed in 
K mice (3). Consistent with this, we did not observe any effects of 
CJL on lung tumor burden, numbers, grading, or overall survival in 
KP mice (fig. S5), which harbor simultaneous activation of oncogenic 
KRAS and deletion of tumor suppressor protein p53, and thus ex-
perience more rapid and severe tumor progression. Technical dif-
ferences such as use of a different virus to initiate the onset of the 
disease (lentivirus versus adenovirus), different mouse genetic back-
ground (C57BL/6J versus 129SvJ), and different animal facilities 
(distinct light intensity exposure, microbiome, etc.) may explain why 
Papagiannakopoulos et al. (3) observed an effect of CJL on tumor 
burden where we did not.

c-MYC levels in K mice do not explain increased tumor 
burden upon CJL
The c-MYC oncoprotein has been shown to play a crucial role in the 
growth of KRAS-driven lung tumors (39), and c-MYC accumulation 
in mouse thymus exhibits a daily rhythm and is robustly elevated at 
all times of day after exposure to a single shift of light exposure (23). 
Furthermore, genetic deletion of Bmal1 or loss of function of period 
circadian regulator 2 (PER2) enhanced c-MYC accumulation in KrasG12D- 
driven lung tumors (3). The circadian transcriptional repressor crypto-
chrome 2 (CRY2) can recruit phosphorylated substrates, including 
c-MYC (36), to the SCFFBXL3 ubiquitin ligase, thereby promoting their 
ubiquitination and proteasomal degradation. We thus expected that 
CJL could promote tumorigenesis by perturbing the expression of 
CRY2, resulting in aberrant accumulation of c-MYC. Unexpectedly, 
CJL resulted in significantly reduced accumulation of c-MYC in 
KrasG12D-driven lung tumors as assessed by immunohistochemistry 
and Western blotting (fig. S6). Thus, while aberrant stabilization of 
c-MYC may contribute to enhanced cell growth and transforma-
tion caused by deletion or suppression of circadian clock compo-
nents (3, 36), it does not appear to play a major role in the enhanced 
tumorigenesis caused by circadian disruption of environmental light 
exposure in the context of KRAS-driven lung cancer.

CJL further disrupts an already dysregulated clock 
machinery in tumors from K mice
To identify mechanisms potentially underlying the protumorigenic 
effect of CJL in K mice, we compared the transcriptional programs 
in tumors and total lung from K mice housed in normal or CJL con-
ditions. Up to 12 individual tumors were collected from each animal 
at either zeitgeber time (ZT, hours after lights on) ZT9 or ZT21, and the 
remaining lung tissue was also collected for subsequent analyses. We 
chose these two time points as they represent the trough and peak, 
respectively, of expression of the core clock component Bmal1, in 
healthy lung under normal light conditions. We sequenced RNA pre-
pared from three tumors per animal and two mice per time point and 
lighting condition (Fig. 3A). To gain unbiased insight into transcrip-
tional networks perturbed by CJL, we used differential expression 
analysis (DESeq2) (40). The “whole lung” samples also contain several 
tumors, but the tumor tissue represents a smaller fraction of the whole 
compared to the tumor samples. Pathway enrichment analysis confirmed 

up-regulation of KRAS signaling in resected tumors compared to 
whole lung samples for all conditions combined (fig. S7A). When looking 
at each time point individually for tumors, we identified 53 and 85 genes 
differentially expressed between 12:12LD and CJL at ZT9 and ZT21, 
respectively, with 20 genes differentially expressed at both time points 
(Fig. 3, B and C, and fig. S7B). The expression changes for these 20 genes 
were inverted between ZT9 and ZT21 (fig. S7B), suggesting that their 
expression is under circadian control. Core clock genes and highly 
rhythmic transcription factors Tef and Dbp were among the most dif-
ferentially expressed genes in all groups, and expectedly, Database 
for Annotation, Visualization, and Integrated Discovery (DAVID) 
analyses highlighted biological circadian rhythms and rhythmic pro-
cesses in the cluster with the highest enrichment score for tumor 
groups at each time point (fig. S7C). Transcript analyses by quanti-
tative polymerase chain reeaction (qPCR) of different tumors and 
additional lung samples validated these findings, demonstrating 
significant variations in Bmal1, Per2, and Rev-erb mRNA between 
tumors from K mice housed in 12:12LD and CJL conditions (Fig. 3D). 
Notably, rhythmic expression of core clock genes was retained in tu-
mors from mice housed in the 12:12LD standard light condition, but 
the amplitude of some clock gene expression such as Per2, Cry2, and 
Rev-erb was reduced in tumor samples compared to whole lungs 
(Fig. 3D). This is consistent with several studies demonstrating damp-
ening of circadian rhythms in tumors, mediated by oncogenic fac-
tors such as c-MYC or RAS (41, 42). Similar results were observed at 
the protein level, with a particularly marked reduction in REV-ER-
B at the peak of its normal expression (ZT9) in tumors compared 
to total lung from K mice housed in 12:12LD (Fig. 3E). REV-ERB 
was not detected at the trough of its expression (ZT21) in either tu-
mors or total lung, indicating that the rhythmicity of REV-ERB was 
probably retained in tumors but with a greatly diminished amplitude. 
Moreover, REV-ERB protein levels were very low under CJL con-
ditions in both tumors and total lung samples at these two time points, 
but given its very high amplitude of expression, we cannot exclude 
the possibility that CJL caused a shift in the phase of REV-ERB.

To further assess whether CJL disrupts the clockwork in tumors 
from K mice, we used the clock correlation distance (CCD) algo-
rithm, which infers the regularity of circadian clock progression in 
a group of samples based on the correlated coexpression of 12 clock 
genes (43). A higher CCD score indicates a more profound disrup-
tion of circadian rhythmicity. Originally, the CCD method was 
designed to evaluate circadian clocks in human cancer and revealed 
that clock gene coexpression in tumors is consistently perturbed 
compared to matched healthy tissue. Because our whole lung sam-
ples contain both healthy lung tissue and tumors, we compared the 
CCD score from our 12:12LD tumors (n = 12)—calculated using our 
data acquired by sequencing RNA—to that calculated using published 
data from murine healthy lung (44). This analysis revealed that the 
CCD score for healthy mouse lung was lower than the CCD score 
for tumors from K mice housed in 12:12LD. Moreover, we found 
that the CCD score for tumors from CJL-housed mice was higher 
than the CCD score for tumors collected from control animals 
(Fig. 3F), although the difference between groups is not statisti-
cally significant, likely due to limited numbers of samples. Together, 
these results strongly suggest a dysregulation of circadian clock pro-
gression in tumors from K mice compared to healthy lung tissue 
under normal light condition, and that exposure to CJL further 
perturbs an already disrupted clock within KRASG12D-driven 
lung tumors.
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HSF1 signaling is up-regulated in response to CJL in K mice
Because we were primarily interested in identifying gene networks 
that were consistently affected by circadian disruption within both 
tumors and lungs without time of sample collection as confounding 
factor, we searched for transcripts that were differentially expressed 

between all the samples (tumors + lungs) collected from mice housed 
in control 12:12LD lighting conditions compared to those housed 
in CJL lighting conditions. This comparison revealed that genes 
encoding various heat shock proteins (HSPs) are up-regulated in 
samples from CJL-exposed K mice (Fig. 4A). The same analysis 

A
rn

tl

N
pa

s2

C
lo

ck

C
ry

1

C
ry

2

N
r1

d1

N
r1

d2

P
er

1

P
er

2

P
er

3

D
bp Te

f

A
rn

tl

N
pa

s2

C
lo

ck

C
ry

1

C
ry

2

N
r1

d1

N
r1

d2

P
er

1

P
er

2

P
er

3

D
bp Te

f

CCD: 1.793

A
rn

tl

N
pa

s2

C
lo

ck

C
ry

1

C
ry

2

N
r1

d1

N
r1

d2

P
er

1

P
er

2

P
er

3

D
bp Te

f

Tef
Dbp
Per3
Per2
Per1

Nr1d2
Nr1d1

Cry2
Cry1

Clock
Npas2

Arntl

CCD: 2.583 CCD: 2.970

Lung 12:12LD tumors CJL tumors

Tef
Dbp
Per3
Per2
Per1

Nr1d2
Nr1d1

Cry2
Cry1

Clock
Npas2

Arntl

A
rn

tl
N

pa
s2

C
lo

ck
C

ry
1

C
ry

2
N

r1
d1

N
r1

d2
P

er
1

P
er

2
P

er
3

D
bp Te

f

Gene

G
en

e

0.5

0.0

0.5

Rho

Reference
F

A B

C

D

E

12:12LD

CJL

ZT9

Lung Tumor

K mouse lung ZT21

Lung Tumor

Tumors ZT9

32 6420

Tumors ZT2

ZT9 ZT21
Tumors

12
:12
Lung

CJL
12

:12
CJL

CRY2

REV-ERBα

ACTIN

CRY1
12

:12
CJL
12

:12
CJL

ZT9 ZT21

-6 -4 -2 0 2 4 6
0
5

10
15
20
25
30 CJL vs. 12:12LD tumors at ZT9

Log2(fold change)

-L
og

(P
 v

al
ue

)

Arntl
Ciart

Dbp

Nfil3
Npas2

Nr1d1

Nr1d2

Per1 Per2

Per3

Tef

-6 -4 -2 0 2 4 6
0

5

10

15

Log2(fold change)

-L
og

(P
 v

al
ue

)

CJL vs. 12:12LD tumors at ZT21

Arntl
Dbp

Hsph1

Npas2

Nr1d1

Nr1d2

Per2
Per3

Tef

0
1
2
3
4
5

R
el

at
iv

e 
ex

pr
es

si
on

Per2

***

***

***

**

***

ZT 9 21 9 21
Tumors Lung

0
1
2
3
4
5

Cry1

***

R
el

at
iv

e 
ex

pr
es

si
on

ZT 9 21 9 21
Tumors Lung

0

1

2

3

4

Cry2

***
***

***

R
el

at
iv

e 
ex

pr
es

si
on

ZT 9 21 9 21
Tumors Lung

0

1

2

3

4
Bmal1

R
el

at
iv

e 
ex

pr
es

si
on ***

**
**

*

ZT 9 21 9 21
Tumors Lung

0
1
2
3
4
5

R
el

at
iv

e 
ex

pr
es

si
on

Rev-Erb  
*

ZT 9 21 9 21
Tumors Lung

0

1

2

3

4
Rev-erb  

*
**

*

*

R
el

at
iv

e 
ex

pr
es

si
on

ZT 9 21 9 21
Tumors Lung

Fig. 3. CJL further disrupts an already dysregulated clockwork in tumors from K mice. Five weeks after infection with lentivirus-Cre, K mice were placed in either 
12:12LD or CJL for 20 weeks. (A) For RNA sequencing, six tumors per animal and two mice per time point and light conditions were used. (B) Plots indicating the numbers 
of differentially expressed genes between 12:12LD and CJL by DESeq2 analyses for each condition, with adujusted P value < 0.05 and fold change > ±1.4 cutoffs. 
(C) Volcano plots of differentially expressed genes between 12:12LD and CJL by DESeq2 analyses for tumors collected at ZT9 and ZT21. (D) Gene expression normalized 
to U36b4 measured by quantitative real-time PCR. Data represent means ± SEM; n = 14 and 12 for tumors collected at ZT9 in 12:12LD and CJL, respectively; n = 5 and 6 for 
tumors collected at ZT21 in 12:12LD and CJL, respectively; and n = 3 to 4 for lung samples. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-way ANOVA post hoc Bonferroni 
test. (E) Proteins detected by immunoblot. Tumors and lungs for each light condition and time point on the blot were from the same animal. Representative images were 
taken from n = 3 biological replicates. (F) Heatmaps of Spearman correlation between each pair of the 12 clock genes and corresponding CCD (relative to the mouse ref-
erence) in murine healthy lung from previously published dataset GSE54651 or in tumors from 12:12LD or CJL conditions.
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including only tumor samples gave very similar results (fig. S8A). 
The expression of HSPs is primarily activated by the heat shock 
response–associated transcription factor HSF1 in response to patho-
logic insults that disrupt cytosolic proteostasis, including modest 
changes in temperature and oxidative stress (45, 46). HSPs function 
to enhance proteostasis capacity of the cell and prevent the patho-
logic accumulation of potentially toxic protein aggregates (47). 
Accordingly, DAVID analysis pointed to stress response and response 
to unfolded protein in the cluster with the highest enrichment score 
(Fig. 4B and fig. S8B). Strikingly, all of the transcripts that are sig-
nificantly elevated in samples from mice exposed to CJL are known 
transcriptional targets of HSF1 (48). Gene Set Enrichment Analysis 
(GSEA) provided further support for the idea that CJL leads to an 
elevated HSF1-mediated heat shock response upon CJL in these 
samples (Fig. 4C). Moreover, this CJL-driven activation of HSF1 in 
K mice appeared to be selective, as we did not observe increased 
expression of genes regulated by other stress-responsive signaling 
pathways (Fig. 4D) (49). Consistent with dysregulation of clock gene 
expression measured by qPCR (Fig. 3D), we also observed a signifi-
cant decrease in expression of a set of previously defined BMAL1 
target genes (Fig. 4D, right) (43). Transcript analyses by qPCR from 
different tumors and additional lung samples validated these find-
ings and highlighted a more pronounced up-regulation of HSF1 
target gene expression at ZT21 in whole lungs from mice exposed to 
CJL compared to normal light conditions (Fig. 4E).

HSF1 broadly influences tumor biology (21). Notably, HSF1 ac-
tivates a distinct transcriptional program in malignant cells, dubbed 
the HSF1 cancer signature, or HSF1-CaSig (50). We created a gene 
matrix based on the HSF1-CaSig defined in (50) and used GSEA to 
show that samples from CJL-exposed mice also exhibit robustly 
enriched expression of the HSF1-CaSig network compared to lungs 
and tumors from control mice (Fig. 4F). BCL2-associated athanogene 3, 
Bag3, is a molecular chaperone and HSF1 target gene that is part of 
the HSF1-CaSig network and is involved in apoptosis evasion (51). 
qPCR revealed that Bag3 is significantly up-regulated in whole lung 
collected at ZT21 from K mice exposed to CJL compared to normal 
light conditions (Fig. 4G), mirroring changes measured for other 
HSF1 target genes, such as Hspa1a (Fig. 4E).

Applying GSEA to a previously published gene expression pro-
filing dataset of KrasG12V-driven lung hyperplasia and normal murine 
lung cells (52) showed that both the HSF1-mediated heat shock re-
sponse and HSF1-CaSig gene sets were significantly enriched in 
hyperplastic lesions compared to normal lung cells (fig. S8C). How-
ever, these gene sets were not significantly enriched in frank adeno-
carcinoma compared to hyperplastic lesions in the same dataset 
(fig. S8D). This suggests that activation of HSF1 signaling occurs at 
early stages of KRAS-driven lung cancer development.

To glean cellular compositions of tumors and lung tissue of K 
mice and determine the source of variation of HSF1 target gene ex-
pression measured in our analyses, we used a recently developed 
machine learning tool, CIBERSORTx, to deconvolute our bulk RNA 
sequencing data (53, 54). Using a signature matrix (sigmatrix_NSCLC) 
derived from RNA sequencing libraries of four major subpopulations 
purified by fluorescence-activated cell sorting (FACS)—epithelial 
[epithelial cell adhesion molecule positive (EpCAM+)], immune (CD45+), 
endothelial (CD31+), stromal (CD10+)—generated from surgically re-
sected primary NSCLC tumor biopsies, we determined the fractional 
presence of these four cell populations in whole lung and tumor 
samples collected from K mice exposed to either CJL or control 

lighting conditions. We observed increased epithelial cell content 
and decreased endothelial cells and leukocytes in tumors compared 
to whole lung (fig. S9A), consistent with the epithelial origin of LUAD 
(55). No significant differences in cellular composition were detected 
between samples collected from different lighting conditions. To 
complement this analysis and quantitate the presence of several im-
mune cell populations, we performed flow cytometry on single-cell 
suspensions generated from whole lung tissues collected at two 
different times of day, ZT9 and ZT21 from K mice housed in con-
trol or CJL conditions for the prior 20 weeks. Consistent with the 
outcome of CIBERSORTx analysis, there was no significant impact 
of CJL on the presence of any of 11 cell populations detected, in-
cluding B cells, CD4+ cells, and CD8+ T cells (fig. S10). We detected 
a significant effect of time of the day on neutrophil numbers under 
normal light conditions, which was lost upon CJL. Together, these 
data indicate that CJL does not have a major impact on broad cel-
lular composition of late-stage tumors and tumor-bearing lungs.

CIBERSORTx further enables the imputation of gene expression 
in broadly defined cell types from bulk RNA sequencing data. Using the 
same signature matrix (sigmatrix_NSCLC) and a control “groundtruth” 
dataset from RNA sequencing performed in FACS-sorted samples 
from human NSCLC biopsies (53), we compared the imputed ex-
pression of HSF1 stress pathway regulated genes between all samples 
collected from mice exposed to CJL versus all samples from 12:12LD- 
exposed mice. Although several genes could not be reliably imputed 
in the different cell types, this analysis showed an up-regulation of 
HSF1 target gene expression in epithelial cells and, to a lesser extent, 
in endothelial cells, from samples collected from CJL-exposed mice 
(fig. S9, B and C). In contrast, imputed expression of genes regulated 
by other stress pathways was not affected by CJL exposure in epithelial 
cells (fig. S9D).

Rhythmic HSF1 nuclear accumulation and transcriptional 
activity are perturbed by CJL
Previous studies show that nuclear HSF1 levels fluctuate daily in the 
liver of mice and chipmunks in phase with body temperature rhythms 
and that HSF1 acts as a circadian transcription factor (56, 57). To 
determine whether this was also the case in the lung tissue and to 
assess the impact of CJL exposure on this regulation, we measured 
HSF1 protein levels in lung nuclear extracts over 24 hours from 
C57BL/6J mice housed in 12:12LD or CJL conditions (Fig. 5, A and B). 
Lung nuclear HSF1 protein levels exhibited robust diurnal oscilla-
tions, peaking during the dark phase, under normal light conditions. 
Upon CJL exposure, the amplitude of this rhythm was dampened, 
but the phase was retained (or only slightly shifted), leading to en-
hanced accumulation of nuclear HSF1 at the beginning of the light 
phase. In contrast, total HSF1 protein levels exhibited a moderate 
rhythm with lower amplitude and different phase than nuclear HSF1 
levels (fig. S11, A to C). The expression profiles of HSF1 target genes 
from a different cohort of mice mirrored diurnal HSF1 nuclear local-
ization (Fig. 5C), with enhanced expression upon CJL from the end 
of dark phase through the beginning of the light phase. These re-
sults were also consistent with increased expression of HSF1 target 
genes that we observed at ZT21 in K mice exposed to CJL (Fig. 4E). 
The turnover of nuclear HSF1 and therefore its activity are affected 
by extracellular signal–regulated kinase (ERK)–mediated phosphoryl-
ation of HSF1 leading to recruitment of the E3 ubiquitin ligase 
F-box and WD repeat domain containing 7 (FBXW7) and subse-
quent ubiquitination and degradation of HSF1 (58). We measured 
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Fig. 4. CJL enhances expression of the HSF1-mediated heat shock response and cancer signature in KrasG12D-driven lung tumor model. Five weeks after infection 
with lentivirus-Cre, K mice were placed in either 12:12LD or CJL for 20 weeks. (A) Volcano plots of differentially expressed genes between 12:12LD and CJL by DESeq2 
analyses for all samples (tumors + lungs), taking time of collection (ZT9/21) as confounding factor. (B) DAVID analyses on the differentially expressed genes by DESeq2 in 
all samples between 12:12LD and CJL, taking time of collection as confounding factor. Only terms with false discovery rate (FDR) < 0.25 are shown. (C) GSEA plots for the 
cellular response to heat stress and HSF1-mediated heat shock response reactome gene sets applied to samples (lungs + tumors) from CJL versus 12:12LD-housed K mice. 
NES, normalized enrichment score. (D) Activation of stress response pathways by CJL in lungs and tumors, independently of collection time, revealed by grouped fold 
change for transcripts established as selective targets of each stress pathways (49) or “BMAL1 pathway” (43). **P < 0.01 and ***P < 0.001 by one-way ANOVA with 
Dunnett’s multiple comparison test. (E and G) Gene expression normalized to U36b4 measured by quantitative real-time PCR; T, tumors; L, lungs. Data represent 
means ± SEM. n = 14 and 12 for tumors collected at ZT9 in 12:12LD and CJL, respectively; n = 5 and 6 for tumors collected at ZT21 in 12:12LD and CJL, respectively; and 
n = 3 to 4 for lung samples. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-way ANOVA post hoc Bonferroni test. (F) GSEA plot for the gene set representing the HSF1-CaSig 
network applied to samples (lungs + tumors) from CJL versus 12:12LD-housed K mice.
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phosphorylated levels of ERK1/2  in lungs over 24 hours from 
C57BL/6J mice housed in 12:12LD or CJL conditions, and while there 
was a tendency for phospho-ERK1/2 (p-ERK1/2) to be decreased at 
ZT0 in the lungs of mice exposed to CJL, we did not measure any 
statistically significant effect of CJL on p-ERK levels (fig. S11, D 
and E). Similarly, we did not detect any impact of CJL exposure on 
p-ERK levels from tumors and lung tissues from K mice (fig. S11, 
F and G), indicating that the effect of CJL on HSF1 nuclear accumu-
lation and transcriptional activity is not due to differences in post-
translational regulation of HSF1 by ERK. Together, our findings 
reveal that CJL perturbs homeostatic regulation of HSF1 transcrip-
tional activity in the lung, which could lead to enhanced tumor ini-
tiation in combination with other oncogenic factors.

HSF1 signaling affects human KRAS-mutant lung cancer
To gain insight into the potential for HSF1 to influence human 
LUAD, we initially treated human lung cancer cell lines with a novel 
direct targeted HSF1 inhibitor (DTHIB) that has been shown to 
stimulate degradation of nuclear HSF1 and suppress the growth of 
prostate cancer xenografts (59). We confirmed the potency of DTHIB 
for suppressing HSF1 transcriptional activity in human embryonic 
kidney (HEK) 293T cells expressing a heat shock element (HSE)–
luciferase reporter in which HSF1 is stimulated with the activating 
ligand A3 (fig. S12A) (60). We found that inhibiting HSF1 with 
DTHIB slowed the growth of two human LUAD cell lines harbor-
ing heterozygous KRASG12D mutations (A-427 and SK-LU-1 cells) 
in a dose-dependent manner (Fig. 6, A and B, and fig. S12, B and C, 
for later treatment). We also measured decreased proliferation in 
these lung cancer cells treated with DTHIB (Fig. 6C). We confirmed 
significant reduction in the protein levels of HSF1 and downstream 
chaperone DNAJB1 in A-427 cells treated with 5 M DTHIB for 
48 hours, confirming compound activity in this model (fig. S12, D and E). 
We did not detect a significant change in KRASG12D protein level upon 
DTHIB treatment. However, two downstream effectors of RAS sig-
naling (phosphorylation of ERK1/2 and accumulation of c-MYC) were 
significantly decreased (fig. S12, D and E), suggesting impairment 

of RAS signaling in these cells upon pharmacologic inhibition of HSF1. 
Given the potential off-target activity of DTHIB, we next wanted to 
determine the impact of genetic HSF1 inhibition on human lung cancer 
cell growth. We confirmed reduction in protein levels of HSF1 and 
downstream chaperones in A-427 cells subjected to three different short 
haipin RNAs (shRNAs) targeting HSF1, but we could not detect any 
consistent changes in phosphorylation of ERK1/2 and c-MYC levels 
in this context of genetic HSF1 knockdown (fig. S13, A and B). As 
observed with DTHIB, genetic depletion of HSF1 decreased the cell 
growth of both A-427 and SK-LU-1 human lung cancer cells, confirm-
ing their sensitivity to reduced HSF1 activity (Fig. 6, D to F). Together, 
these results indicate that HSF1 is an important contributor to cel-
lular proliferation in two human cell models of KRAS-driven LUAD.

DISCUSSION
Several hypotheses have been proposed to explain the increased cancer 
risk associated with circadian disruption. Studying the impact of 
circadian disruption in GEMMs of cancer enables us to identify 
molecular changes that occur in response to CJL and investigate their 
contributions to enhanced cancer risk in a controlled environment. 
Here, we show that circadian disruption promotes lung tumorigenesis 
in K mice, a GEMM in which tumor formation is initiated by ex-
pression of oncogenic KrasG12D in a small number of lung cells that 
recapitulates many of the clinical features of naturally occurring 
KRAS-driven lung cancer (38, 61). This provides additional evi-
dence of the negative impact of circadian disruption on lung cancer 
as previously reported in a related but more severe lung cancer 
mouse model (3). We find that the CJL protocol used affects the 
number of tumors formed, but not their size, indicating that circa-
dian disruption likely affects early events in KrasG12D-driven tumor 
formation rather than the growth of established tumors. We further 
demonstrated that HSF1 signaling is significantly elevated in mice 
exposed to altered light/dark cycles, revealing a previously unknown 
mechanism of action that likely contributes to increased tumor 
formation in response to circadian disruption.
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Fig. 5. Time-regulated HSF1 nuclear accumulation and transcriptional activity are perturbed upon CJL exposure. C57BL/6J mice were housed in 12:12LD or CJL for 
8 to 12 weeks. Lung tissues were collected at the indicated times (hours after lights on) on day 1 of the schedule shown in Fig. 1A. (A) Proteins from lung nuclear extracts 
detected by immunoblot. Each lane on the Western blot represents a sample prepared from a unique animal. Representative images were taken from n = 3 biological 
replicates. (B) Quantitation of (A). Rhythmicity was determined by JTK_Cycle analyses. ***PJTKCycle < 0.001. (C) Gene expression normalized to U36b4 measured by quanti-
tative real-time PCR. Data represent means ± SEM for three males and three females per time point and light condition. Rhythmicity was determined by JTK_Cycle analy-
ses. *PJTKcycle < 0.05, ***PJTKcycle < 0.001, and ****PJTKcycle < 0.0001.
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The CJL protocol used in our studies, consisting of repeated light 
advances and mimicking the effects of rotating shift work or fre-
quent eastbound transmeridian flights, has been previously shown 
to cause severe perturbations in rest-activity cycles and body tem-
perature (3, 25, 26, 62). By housing mice in constant darkness for 
2 days after 10 days of this CJL protocol exposure (to avoid any mask-
ing effect of light on circadian rhythmic patterns), previous work 

has demonstrated that this protocol caused dysregulation of circadian 
rhythms of gene expression in the suprachiasmatic nucleus and pe-
ripheral organs (25, 26, 63). In our studies, mice were kept in their 
respective light schedule, and tissues were sampled when all mice 
experienced the same light exposures for at least 24 hours before 
sample collection. In that way, we aimed to assess the effects of CJL 
in a normal light exposure context, which is more representative of 
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Fig. 6. Activation of HSF1 signaling plays a role in human KRAS-mutant LUAD cell growth. (A) Representative images of crystal violet stained colonies formed by 
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what humans experience after shift work or frequent eastbound 
flights. As expected, we found that peripheral clocks cannot adjust 
their timing rapidly enough to maintain synchrony with the shifting 
of the environment. It appeared that some clock genes, including Per2, 
remained rhythmic after CJL exposure, while others (e.g., Bmal1) 
did not, consistent with prior work indicating that Per2 is more sen-
sitive to entrainment signals in peripheral tissues than other core 
clock genes (64).

Our analysis of gene expression in tumors and tumor-bearing 
lung tissues from animals housed in standard or CJL conditions 
demonstrated that the clock machinery was highly disrupted by CJL 
in both tumors and lung tissue. Accumulating evidence reveals that 
circadian clock components play critical roles in several hallmarks 
of cancer, including cell proliferation, DNA damage and repair, and 
cell death (15), suggesting that disruption of cellular circadian 
rhythms within tumors could contribute to the detrimental impact 
of irregular light exposure in cancer. In support of this idea, previ-
ous work established that K mice, the same KrasG12D-driven NSCLC 
mouse model that we used, develop a greater tumor burden when 
the core circadian clock component Bmal1 is deleted specifically within 
tumors (3). Conversely, previous studies have shown that circadian 
functions in cancer cells are compromised or deregulated (43), in 
some cases due to high expression of oncogenic c-MYC (41) or RAS 
(42). However, circadian disruption does not seem to be a universal 
feature of cancer, because some cancer cells—such as melanoma, acute 
myeloid leukemia cells, and patient-derived cancer stem cells (CSCs) 
of glioblastoma—harbor an intact circadian clock despite their highly 
tumorigenic and metastatic potential (65–67).

Here, we demonstrate that chronic circadian disruption in vivo 
enhances the expression of HSF1 target genes. HSF1 promotes ex-
pression of HSPs to protect the proteome, allowing cells to survive 
diverse proteotoxic stresses. Over the last decade, it has become clear 
that HSF1 activity is exploited by cancer cells to overcome diverse 
stresses and intrinsic and extrinsic demands (68). High levels of 
HSF1 and HSF1-regulated HSPs have been measured in different 
types of cancers and are negatively correlated with prognosis in 
patients (58, 69), including those with NSCLC (70). Accordingly, in 
various human cancer cell lines and murine cancer models, deletion 
of HSF1 markedly reduces growth, survival, and metastatic poten-
tial (21, 50, 71–74), whereas its overexpression enhances the malignant 
phenotypes of xenografted human melanoma cells in vivo (75). Several 
mechanisms have been proposed to contribute to the role of HSF1 
in supporting malignancy, including regulation of HSP expression 
and regulation of a unique transcriptional program activated by 
HSF1 in cancer cells dubbed as the HSF1-CaSig (50). Notably, the 
HSF1-CaSig was up-regulated in tumor-bearing K mouse lung upon 
CJL exposure (Fig. 5F). Regulation of cancer cell proteostasis by 
HSPs is an important feature for cancer cell survival and prolifera-
tion (76), and recently, HSPs have drawn increased attention as 
potential targets in cancer, especially given the role of these stress 
proteins in resistance to conventional therapies (77). Specifically, 
the growing evidence of correlation between Hsps expression pro-
file and degree of differentiation and staging of lung tumors suggest 
that these proteins could be considered as therapeutic targets and 
biomarkers for lung cancer patient management (78, 79). Mutant 
oncoproteins, such as KRASG12D, may depend on HSF1-dependent 
regulation of HSPs to enable folding and to maintain full activity. 
Although we did not detect a significant change in KRASG12D protein 
level upon pharmacological inhibition of HSF1, its activity appeared 

to be impaired as measured by significant down-regulation of the 
phosphorylation levels of its downstream effectors ERK1/2. These 
findings are consistent with previous observations, in other contexts, 
that HSF1 supports transformation and tumorigenesis via activa-
tion of oncogenic RAS signaling (73, 80).

Our work also adds to a growing body of evidence indicating 
robust circadian regulation of HSF1 activity, both in healthy and 
tumor-bearing lung tissue. As in the liver (56), HSF1 nuclear accu-
mulation in the lung is dependent on the time of day, peaking at 
night under normal light conditions. Daily rhythmic nuclear accu-
mulation of HSF1 is associated with rhythmic expression of Hsps, 
which peak in the middle of the dark phase, around ZT16. Exposure 
to CJL disrupted these rhythms mainly by preventing the reduction 
of their expression that is seen between ZT20 and ZT4 under normal 
conditions. Deconvolution of our RNA sequencing data suggests an 
activation of HSF1 signaling in epithelial cells upon CJL. Since LUADs 
are tumors of epithelial origin (55), it is possible that epithelial cells 
exhibit oscillations in HSF1 activity and would be more prone to 
CJL effects, leading to enhanced tumorigenesis. In turn, HSF1 may 
be particularly sensitive to stress-induced activation in KRAS-mutant 
cells as reports have shown that HSF1 is activated by mitogen- 
activated protein kinase kinase–induced phosphorylation down-
stream of active RAS (80, 81). Other studies have shown that HSF1 
can be activated in T lymphocytes at fever temperatures (82, 83), 
and KRAS-mediated lung cancer models have been documented to 
generate inflammatory responses (84), including T lymphocyte re-
cruitment into the adenocarcinoma microenvironment (85). Further, 
several studies have documented important roles for HSF1  in 
cancer-associated fibroblasts in promoting disease progression 
(71, 86–88). Although we did not observe any increase in HSF1 tar-
get gene expression in CD10+ stroma by deconvolution of bulk 
RNA sequencing, this analysis lacks sufficient statistical power to 
make a robust conclusion regarding gene expression in cancer- 
associated fibroblasts or other stromal cell types. Hence, a more 
detailed characterization of gene expression across cell types would 
be required to assess the impact of CJL on HSF1 activity in tumor- 
initiating cells and the surrounding tumor microenvironment.

Activation of HSF1 occurs in response to a wide variety of envi-
ronmental and (patho)physiological stress conditions, including heat 
and cold stress, reactive oxygen species, toxic chemicals, infectious 
agents, metabolic imbalance, and other proteotoxic stressors (89). 
Fluctuations in body temperature have been shown to act as a major 
entrainment factor for rhythmic HSF1 activity (56), and compared to 
day-shift nurses, night-shift nurses exhibited significant differences in 
peripheral skin temperature, with notably higher minimum tempera-
ture but unchanged maximum temperature (90, 91). Therefore, acti-
vation of HSF1 due to abnormal changes in body temperature could 
be a key component in the connection between shift work and cancer 
risk. The relation between the circadian clock system and HSF1 signaling 
is bidirectional as previous work have reported a cooperative inter-
action among BMAL1 and HSF1 to synchronize the cellular clock in 
response to heat shock, oxidative stress, and ultraviolet irradiation 
(92–94). Thus, disruption of cell autonomous molecular clocks by 
CJL could enhance HSF1 independently of body temperature. Further 
investigation is needed to determine why CJL enhances HSF1 activity.

Numerous cell autonomous and systemic mechanisms are sus-
ceptible to alteration upon circadian disruption and can influence 
tumorigenesis. In this work, we revealed that circadian disruption 
affects early events in tumor formation in a KRAS-driven mouse 
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model of LUAD. Further, we demonstrated that HSF1 signaling in 
the lung and lung tumors is dysregulated by exposure to altered en-
vironmental lighting schedules. HSF1 has been shown to support 
tumorigenesis in myriad ways (95), suggesting that the enhanced 
HSF1 activity that we observed in response to circadian disruption 
could play an important role in increased tumor formation. Addi-
tional investigation is needed to determine whether the chronic 
elevation of HSF1 signaling that we measured in the lungs in response 
to circadian disruption occurs early in the disease process, whether 
it is present in other anatomical locations, and whether HSF1 is re-
quired for increased tumorigenesis in response to circadian disrup-
tion. We demonstrated that genetic or pharmacological inhibition 
of HSF1 using compound DTHIB, which has previously been shown 
to potently attenuate tumor progression in therapy-resistant pros-
tate cancer models (59), reduced the growth of two different human 
KRAS-driven lung cancer cell lines. To further define the determi-
nants of susceptibility to growth inhibition by DTHIB and genetic 
manipulation of HSF1, it will be necessary to examine additional 
cell lines and to investigate the impact of KRAS and other factors on 
growth inhibition. Of particular relevance for connecting HSF1- 
related therapeutic opportunities to circadian disruption, an HSP90 
inhibitor reduced the growth of mouse melanoma in a time-of-day 
specific manner, which depended on an intact core clock system in 
the tumors (96). Our findings described here demonstrate that HSF1 
is a potential therapeutic target for mitigating cancer risk among popu-
lations exposed to chronic circadian disruption, such as shift workers.

MATERIALS AND METHODS
Mouse models
C57BL/6J mice were purchased from the Scripps Research breeding 
colony at 6 weeks of age. They were group-housed except when given 
voluntary access to running wheels, in which case they were singly 
housed in running wheel cages. GEMMs, KrasLSL-G12D/+ (K) and 
KrasLSL-G12D/+;p53flox/flox (KP), all in pure C57BL/6J background, were 
obtained from the Jackson Laboratory and have been previously de-
scribed (38, 61). When they were between 8 and 10 weeks old, mice 
were infected intratracheally with lentivirus containing Cre recom-
binase, lenti-Cre (PGK-Cre, gift from T. Jacks), at a viral titer of 5 × 
105 plaque-forming units per mouse according to the previously es-
tablished protocol (38). All experiments used both female and male 
mice. They were given ad libitum access to normal mouse chow and 
water. Sacrifices during the dark phase were carried out under red 
light. All animal care and treatments were in accordance with Scripps 
Research guidelines for the care and use of animals and approved by 
the Scripps Research Institutional Animal Care and Use Committee 
under protocol #10-0019.

CJL conditions
Mice were randomly placed into standard light conditions (12:12LD) 
or CJL consisting of an 8-hour light-phase advance repeated every 2 
or 3 days (3, 23, 63). For GEMM studies, mice were housed in these 
light conditions 5 weeks after infection with lenti-Cre for 10 or 
20 weeks for KP and K mice, respectively, or until showing signs of 
distress for the survival studies.

Running wheel activity analysis
C57BL/6J mice were singly housed and given access to running 
wheels with ad libitum access to food and water for several weeks, 

under specific light conditions as indicated in the figure legends. 
Voluntary running wheel activity was analyzed with ClockLab 
(Actimetrics) using digital recordings of wheel rotations.

Histology and tumor burden analyses
Mice were euthanized by carbon dioxide asphyxiation. Lungs were 
inflated through the trachea with 4% paraformaldehyde, fixed overnight, 
transferred to 70% ethanol, and sent to the Rodent Histopathology 
Core facility at Harvard Medical School for subsequent paraffin em-
bedding and sectioning at a thickness of 5 m. Sections were stained 
with hemotoxylin and eosin (H&E) for pathological examination. 
Histopathological grading of tumors and quantification of tumor 
numbers were performed with the assistance of R. Bronson, histo-
pathologist at Harvard Medical School. The tumor size of each individual 
tumor was measured from H&E-stained sections using morpho-
metric analysis in Panoramic viewer software (PerkinElmer). Tumor 
burden, calculated as a percentage of tumor area per total lung area 
per mouse, was quantified from H&E-stained sections using a Nuance 
automated spectral imaging system (Inform v2.1 software, Cambridge 
Research and Instrumentation). Briefly, the trainable tissue segment-
ation method was trained to identify tumor, normal lung, vessel, and 
space. This program was then applied to all H&E images, and each 
of the resulting mapped images was then screened to verify that 
accurate tissue segmentation had occurred.

BrdU injection
BrdU (Sigma-Aldrich, B5002) was intraperitoneally injected at 
100 mg/kg. Mice were euuthanized 4 hours after injection, 
and lungs were inflated for paraffin embedding and subsequent 
immunohistochemistry.

Immunohistochemistry
Slides were deparaffinized and rehydrated. Antigen retrieval was 
performed at high heat (95°C) in citrate buffer (pH 6.0) for 10 min 
for all antibodies except BrdU, for which antigen retrieval was per-
formed for 30 min. Endogenous peroxidase activity was quenched 
with Bloxall (Vector Laboratories) for 10 min. Slides were blocked for 
1 hour using 10% normal goat serum (Invitrogen) and incubated 
overnight with the following primary antibodies: BrdU (1:200; Abcam, 
ab6326), Ki67 [1:200; Cell Signaling Technology (CST), 12202], and 
c-MYC (1:100; Abcam, ab32072). After 1-hour incubation with secondary 
antibody, VectaElite (VectorLabs) was applied on the sections for 
30 min. Staining was visualized using the DAB Peroxidase Substrate 
Kit (Vector Labs, SK-4100). Slides were counterstained with hema-
toxylin, dehydrated, and mounted with refrax mounting medium. 
Immunostained slides were scanned using a PerkinElmer Slide 
Scanner (Panoramic MIDI Digital SlideScanner). Inform v2.1 image 
analysis software (Cambridge Research and Instrumentation) was 
used as a nonbiased method to quantitate staining as previously 
described (97). Quantitation of BrdU-, Ki67-, and c-MYC–positive 
nuclei was performed using tumors of the same histological grade.

Flow cytometry
Tumor-bearing lungs were harvested and manually dissociated to 
single-cell suspensions in FACS buffer [phosphate-buffered saline (PBS) 
supplemented with 2% fetal bovine serum and 2 mM EDTA]. Briefly, 
lungs were diced with scissors, incubated for 30 min in CDTI 
(collagenase, deoxyribonuclease, and trypsin inhibitor) buffer, and 
processed through a 70-m cell strainer. After red blood cell lysis, 
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leukocytes were enriched using Percoll gradient centrifugation. Cells 
were counted, and 16 × 106 cells per sample were stained with the 
following antibodies purchased from BioLegend. Samples were an-
alyzed using the Cytek Aurora spectral flow cytometer. The follow-
ing antibodies and fluorophores were used: LiveDead eFluor 
780, CD45.2-phycoerythrin (PE)/Dazzle 594, CD4-BV605, CD8-AF700, 
B220-BV785, Thy1.2-fluorescein isothiocyanate, CD11c-BV650, 
F4/80-BV421, CD11b-PerCP/Cy5.5, / T cell receptor–PE, Ly6G-
PE/Cy7, Ly6C-allophycocyanin, and NK1.1-BV711.

RNA sequencing
RNA from lung tumors and remaining lung tissues was isolated 
using QIAzol reagent using standard protocols (QIAGEN, catalog 
no. 799306). RNA purity was assessed by Agilent 2100 Bioanalyzer. 
Total RNA samples were sent to BGI Group, Beijing, China, for li-
brary preparation and sequencing. Reads (single-end 50 base pairs 
at a sequencing depth of 20 million reads per sample) were generated 
by BGISEQ-500.

RNA sequencing analysis
Kallisto (https://pachterlab.github.io/kallisto/) was used to align to 
the reference transcriptome (ftp://ftp.ensembl.org/pub/current_fasta/
mus_musculus/cdna/) and estimate transcript abundance. Differ-
ential gene expression analysis (DESeq2) was carried out using R 
(www.r-project.org/). Differentially expressed genes were defined 
as having an adjusted P value < 0.05 and fold change > ±0.5. Gene 
Ontology analysis was conducted on selected genes using the DAVID 
(https://david.ncifcrf.gov/) program. GSEA (www.gsea-msigdb.
org/gsea/index.jsp) was generated with transcripts per million reads 
(TPM) values from the above experiment using the Java GSEA package.

Lung nuclear extracts
Freshly collected lungs were mechanically homogenized in sucrose 
solution, and nuclei were isolated by ultracentrifugation through a 
denser layer of sucrose. Briefly, the whole lung was placed into a 
large (15 ml) dounce homogenizer on ice containing about 4 ml of 
ice-cold PBS and 4 ml of ice-cold homogenization solution [2.2 M 
sucrose with protease inhibitors, dithiothreitol (DTT), and phenyl-
methylsulfonyl fluoride (PMSF)]. Tissue was disrupted by pressing 
piston up/down 6× with loose piston and then 4× with tight piston. 
Homogenized tissue was added to an additional volume of ice-cold 
homogenization solution for a total volume of about 33 ml, which 
was then slowly poured on top of 10 ml of cushion solution (2.05 M 
sucrose with protease inhibitors, DTT, and PMSF) in the ultra-
centrifugation tube (Beckman polyallomer, #326823). After a 45-min 
spin at 24,600 rpm in prechilled SW32Ti rotor at 4°C, supernatants 
were carefully aspirated (the white pellets contain the nuclei). 
Nuclei were resuspended in 500 l of nuclear resuspension buffer 
[5 mM Hepes (pH 7.6), 50 mM KCl and EDTA with DTT, protease 
inhibitors, and PMSF] and transferred into a small (2 ml) dounce 
homogenizer on ice. Nuclei pellets were further resuspended by 
pressing piston up/down 3× with loose piston and then 2× with 
tight piston. Nuclei were then transferred to fresh 1.5-ml tubes, and 
500 l of 2× NUN (NP40, urea, and NaCl) buffer (+ protease in-
hibitors and PMSF) was added while gently vortexing. After 20-min 
incubation on ice, lysates were centrifuged for 20 min in ultracen-
trifuge at 38,000 rpm in prechilled 70.1Ti rotor with delrin adapters 
at 4°C. Supernatants were then transferred to clean tubes before 
protein quantification by bicinchoninic acid (BCA) assay.

Cell culture
A-427 and SK-LU-1 cells were purchased from the American Type 
Culture Collection, cultured in Dulbecco’s modified Eagle’s medium + 
10% fetal bovine serum (Thermo Fisher Scientific) and 1% penicillin- 
streptomycin (Gibco), and maintained in an atmosphere containing 
5% CO2 at 37°C.

Generation of cell lines expressing shRNA-targeting HSF1
Lentiviral shRNAs (Sigma-Aldrich, TRCN0000007480-1-2) were pro-
duced by transient transfection in 293T cells. Beginning 48 hours 
after viral transduction, infected cells were cultured in selection me-
dia for 3 to 5 days.

Proliferation and colony formation assays
For proliferation assay, cells were plated into six-well plates at 5000 
cells per well and counted every 2 days for 10 days. For colony for-
mation assay, cells were plated into six-well plates at 500 cells per 
well, and medium was changed every 2 or 3 days with medium con-
taining DTHIB (MedChemExpress, HY-138280) or corresponding 
concentration of dimethyl sulfoxide (DMSO). After indicated days 
of treatment, cells were washed in PBS, fixed for 10 min with 100% 
methanol, and stained with 0.05% crystal violet for 20 min. Plates 
were rinsed in deionized H2O, imaged, and quantified using the 
ChemiDoc XRS+ System (Bio-Rad).

HSE-Luc activity
The pGL4.41[luc2P/HSE/Hygro] plasmid (HSE-Luc; Promega) was 
transfected into HEK293T cells, and a stable clone expressing HSE-
Luc was selected with hygromycin (200 mg/ml). For activity mea-
surements, cells were plated in a flat, white, clear-bottom 96-well plate 
at a concentration of 50,000 cells per well. After 6 hours, cells were 
pretreated with DTHIB (5 M) and/or vehicle overnight. Compound 
A3 (10 M; a gift from R. Morimoto, Northwestern University), 
MG132 (10 M; Sigma-Aldrich), or DMSO was added for an addi-
tional 6 hours. Plates were then equilibrated to room temperature 
and lysed by the addition of Bright-Glo reagent (100 l; Promega) 
to each well. After a 10-min incubation to stabilize the signal, lumines-
cence was then measured using an Infinite F200 PRO plate reader 
(Tecan) and corrected for background signal.

RNA extraction and quantitative RT-PCR
RNA was extracted from frozen tissues with Qiazol reagent using 
standard protocols (QIAGEN, catalog no. 799306). cDNA was pre-
pared using QScript cDNA Supermix (VWR, catalog no. 101414-106) 
and analyzed for gene expression using quantitative real-time PCR 
with iQ SYBR Green Supermix (Bio-Rad, catalog no.1708885).

Western blots
Tissues or cells were lysed in radioimmunoprecipitation assay buffer 
supplemented with protease and phosphatase inhibitors. Protein 
lysates were separated by SDS–polyacrylamide gel electrophoresis 
and transferred to polyvinylidine difluoride membranes. Proteins 
were detected by standard Western blotting procedures. Antibodies 
were diluted 1:1000 for BMAL1 (Abcam, ab93806), CRY1 and CRY2 
(98), c-MYC (Abcam, ab32072), HSF1 (CST-12972), KRASG12D 
(CST-14429), p-ERK1/2 (CST-4370), and ERK1/2 (CST-4695); 1:2000 
for REV-ERB (33), DNAJB1 (Enzo, ADI-SPA-400), and HSP90AA1 
(GTX109753); 1:10,000 for LAMIN A (Sigma-Aldrich, L1293); 
1:50,000 for ACTIN (Sigma-Aldrich, A1978). Imaging and band 
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quantification were carried out using ChemiDoc XRS+ System 
(Bio-Rad).

Web-based analysis tools
Pathway analysis was performed with Enrichr (http://amp.pharm.
mssm.edu/Enrichr). Quantifying circadian clock function using clock 
gene coexpression (CCD method) was carried using the web appli-
cation available at https://hugheylab.shinyapps.io/deltaccd. Heatmap 
was generated by clustering using the Cluster 3.0 program (log2 
transform data, center genes on mean, Hierarchical clustering with 
average linkage) (99) and then visualized with Java TreeView ver-
sion 1.1.6r4 (100). The decovolution of RNA sequencing data using 
CIBERSORTx was carried out using the web application available at 
https://cibersortx.stanford.edu. For imputed gene expression, high- 
resolution mode analysis was performed using signature matrix 
“sigmatrix_NSCLC” and the control groundtruth dataset “groundtruth_
NSCLCsubsets.”

Statistical analysis
Statistical analyses were performed using GraphPad Prism 8 software. 
Unless otherwise indicated, analysis of variance (ANOVA) was 
used to determine significance with a threshold of 0.05 acceptable 
false positive (P < 0.05). Rhythmicity was determined by JTK_Cycle 
analyses (101).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo1123

View/request a protocol for this paper from Bio-protocol.
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