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We live in a rhythmic environment



A (Very) Short History of Circadian Clocks



Plant leaves move to 
maximize sun exposure

…and they anticipate sunrise

Plant leaves exhibit daily movements

1880:
“The Movements of Plants” 
by Charles Darwin 



Algae emit bioluminescence at night

Night Hauling by Andrew Newell Wyeth, 1944Woody Hastings



Fish integrate daily and monthly cycles

California grunion anticipate high tide
to lay eggs above the water line

California Grunion Spawning Runs California Department of Fish 
and Wildlife
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 The California grunion (Leuresthes tenuis) is a 
member of the New World silversides family, 
Atheriniopsidae, along with the jacksmelt and 
topsmelt. Their usual range extends from Point 
Conception, California, to Point Abreojos, Baja 
California. Occasionally, they are found farther north, 
to Monterey Bay, California, and south to San Juanico 
Bay, Baja California. They inhabit the nearshore 
waters from the surf to a depth of 60 ft. Tagging 
studies indicate that they do not migrate.
 Grunion are the object of a unique recreational 
)shery. These )sh are famous for their remarkable 
spawning behavior, which evokes an “I don’t believe 
it!” response from people when they see it or hear 
about it for the )rst time.
 Grunion leave the water at night to spawn on 
beaches during the spring and summer months. For 
four consecutive nights, beginning on the nights of 
the full and new moons, spawning occurs after high 
tides and continues for several hours. As waves break 
on the beach, grunion swim as far up the slope as 
possible. The female arches her body and excavates 
the semi-*uid sand with her tail to create a nest. 
Twisting her body, she digs into the sand until half-
buried with her head sticking out. She then deposits 
her eggs into the nest. Males curve around the 
female and release milt. The milt *ows down the 
female’s body until it reaches and fertilizes the eggs. 
As many as eight males may fertilize the eggs in a 
single nest. After spawning, the males immediately 
retreat toward the water while the female twists free 
and returns with the next wave. While spawning may 
only take 30 seconds, some )sh remain stranded on 
the beach for several minutes. 
 Spawning occurs from March through August, 
and occasionally in February and September. Peak 
spawning occurs from late March to early June. 

California Grunion Life History Information

California grunion, Leuresthes tenuis
illustration by P. Johnson

 Mature grunion may spawn during successive 
runs, with females spawning up to six times each 
season. Females lay between 1,600 and 3,600 eggs 
during one spawn, with larger females producing 
more eggs.
 Eggs are deposited during the highest tides of the 
month and incubate in the sand during the lower 
tides, when they will not be disturbed by wave 
action. The eggs are kept moist by residual water in 
the sand. They hatch about 10 days later, during the 
next high tide series, when they are inundated with 
sea water and agitated by rising surf. 
 Most of the grunion seen on southern California 
beaches are between 5 and 6 in. long, with some as 
long as 7 in. Grunion mature and spawn at the end of 
their )rst year. An average one-year-old male is 4½ 
in. long while a female of the same age is slightly 
larger at 5 in. At the end of two years, males average 
5½ in. and females around 5¾ in. long. By the end of 
three years, an average male is nearly 6 in. and a 
female is a little over 6¼ inches in length. Few live to 
be more than three years old. 
 Grunion food habits are not well known. They 
have no teeth, so they are presumed to feed on very 
small organisms. Shorebirds, isopods, *ies, sand 
worms, and beetles eat grunion eggs, while humans, 
larger )sh, and other animals prey upon grunion. 
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Human physiology is rhythmic

Greatest cardiovascular efficiency and 
muscle strength (17:00 a.k.a. 5:00 PM)

Highest body temperature
(19:00 a.k.a. 7:00 PM)Lowest body temperature

(04:30 a.k.a. 4:30 AM)



Rhythmic cycles are internally driven

Set by light

No timing 
cues

TENTH ANNIVERSARY AFOSR SCIENTIFIC SEMINAR 99

mals at all levels of complexity including man himself. It is a gen-
eral feature of the physiological organization of living things on this
planet. This ubiquity is matched by the diversity of functions within
the individual organism that manifest the oscillation. In the unicel-
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FIGURE 1. The circadian oscillation of locomotry activity in Peromyscus
maniculatus, freerunning and entrained. A  1:23 light-dark cycle is imposed
from day 0 to day 59. The oscillation is captured into entrainment by day
6. From day 60 to day 92 the rhythm again freeruns in constant darkness.
An 18:6 light-dark cycle is imposed from day 93 to day 132 when the rhythm
is again allowed to free run. Note the remarkable precision of the period of
the freerunning oscillation.

dark light

“Circadian” (circa = about, -dian = daily) is used to describe biological phenomena 
that exhibit ~24 hour oscillations independent of external timing cues

Seminal experiments led by Colin Pittendrigh at Princeton in the 1960s described 
behavioral rhythms in rodents and provided strong evidence for internal clocks



Rhythmic cycles are genetically determined

1971: Ron Konopka & Seymour Benzer identify flies with altered circadian rhythms due to genetic changes
2114 Genetics: Konopka and Benzer

A. normal

< - 24 hours =B. arrhythmic mutant

C. short-period mutant

CW-= 19 hours - >
D. long-period mutant

< --- 28 hours 3

Fig. 2. Locomotor activity rhythms, monitored in infrared light, for individual rhythmically normal or mutant flies previously ex-
posed to LD 12:12. Activity registered by event recorder. Records read from left to right, each new line representing the start of a suc-
cessive interval. For visual continuity, each successive interval is also replotted to the right of the immediately preceding interval. The
traces for normal and arrhythmic are plotted modulo 24 hr; for the short-period mutant modulo 19 hr is used; the long-period mutant is
plotted modulo 28 hr. T = 250C.

0.5 hr for the short-period mutant and 28.5 + 0.5 hr for the
long-period mutant, while no arrhythmic male showed any
evident periodicity. Eight normal C-S males showed an
average period of 23.8 i 0.5 hr. Thus, in every case, the
rhythm of ongoing locomotor activity in the adult corresponds
to the rhythm of eclosion for the population.
Genetic mapping of rhythm mutants
To locate the mutant genes on the X chromosome, recombina-
tion was measured with respect to morphological markers with
known position. Eclosion profiles were determined for various
recombinant types and compared to the normal parental type.
Fig 3 illustrates the method for the short-period mutant. The
result is that recombinants lacking the portion of the marked
chromosome carrying the genes for yellow-2 and scute (and,
hence, having obtained this portion from the rhythm-mutant
chromosome) display the mutant period. The reciprocal re-
combinants (not shown) have a normal period. Thus, this
rhythm mutation would appear to be located toward the left
end of the X chromosome (the centromere being at the right
end). The same procedure was also followed for the arrhythmic
mutant; it also mapped to the same portion of the chromo-
some. The mapping was repeated for both mutants using the
X-linked visible markers white, singed, and miniature; the re-
sults confirmed the assignment of both mutations to the left
end of the X chromosome.
As a further check on all three rhythm mutants, recom-

binant males were recovered from crosses using the markers
white, singed, miniature, or yellow, white, split. Each male was
mated to virgin attached-X females to produce a stock of
identical males, and the eclosion profile or locomotor rhythm
of the stock was determined. The results in all 27 cases tested
(9 for each rhythm mutant) were consistent with location of
all three mutations to the left of white.
Complementation tests on rhythm mutants
The recombination experiments indicated similar positions
on the X chromosome for the 3 rhythm mutations, raising
the question whether these mutations represent changes in
the same functional gene (cistron). This can be tested by
constructing females bearing a different rhythm mutation on

.301

20[
10

0o
0.ca-
a)

U)

- vf recombinants-xxxlT anormal
|X 11 parental::i,~I type

:U x
II-

II

x III
0 1 2 DAYS

30 - vf recombinants-a, ,
mutantparental

20 type
1XVt

0

40
x

-30

20

-10

-D

30
x

20

10

2 DAYS

Fig. 3. Genetic recombination of the short-period gene with
marker genes on the X chromosome. The eclosion profile is
shown for one recombinant type emerging from the cross, com-
pared to the normal and mutant parental types.

each of the two X chromosomes, and observing the resultant
rhythms. This has been done for all combinations of the 3
rhythm mutant genes with each other and with the normal
gene, measuring the activity rhythm on individual flies.
Table 1 gives the results. Note the cases of heterozygotes
with a mutant gene on one X chromosome and a normal gene
on the other. For both the arrhythmic and the long-period
mutants, the result is a rhythm with period close to normal.
Thus, these mutant genes may be regarded as recessive to
the normal one. In the case of the short-period mutant, how-
ever, the period of the heterozygote is intermediate between
short and normal. This gene can, therefore, influence the
rhythm even in the presence of a normal gene; it is only
partially recessive. When the short-period mutant gene is
opposed to the arrhythmic one, the rhythm displays a short
period. Similarly, the arrhythmic gene is overshadowed by
the long-period one. When the short-period and long-period
mutants are tested together the result is a period close to

...

.........

01 -4T- m a^2

Proc. Nat. Acad. Sci. USA 68 (1971)

1

Seymour Benzer

This was the first demonstration that behavior can be controlled by a single gene!
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Benzer’s arrhythmic mutant “per0” Behavior restored by fixing the “period” gene



Rhythms are driven by “feedback loops”

(http://www.learnabout-
electronics.org/Oscillators/osc11.php)
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Light-emitting proteins let us watch biology

Luciferase
(~100,000X)



Light-emitting proteins let us watch biology

Green Fluorescent Protein, “GFP”



Molecular clocks are everywhere

running rhythms have been demonstrated in
the Drosophila ring gland (8) and Malpighian
tubules (9). At a molecular level, two differ-
ent Drosophila clock genes, period (per) (10)
and timeless (tim) (11), have been identified.
The transcripts and proteins from both of
these genes cycle daily in abundance, and
both genes are needed to maintain a biolog-
ical clock (12).

In mammals, all demonstrated clock in-
put comes from the eye (13), although the
exact photoreceptor is unknown (14). Pho-
toreceptors within the brain can mediate
rhythms in birds (15) and insects (4, 16).
Drosophila that lack all known photorecep-
tive organs can still transmit light informa-
tion to the clock (17), indicating the exis-
tence of unidentified circadian photorecep-
tors within the animal.

Functional per in the head of the fly has
been explicitly shown to be essential for
one output: behavior (6). Eclosion (10) and
transcriptional control (18) have been
shown to require per, but without any spe-
cific localization of the message or its pro-
tein. PER protein has been detected in
many tissues throughout the animal (19).
Although specific functions outside the
head are unknown, per in these tissues may
be needed for localized clock function.
These per-dependent oscillators could be
targets for signals from the head; however,
light sensitivity is a characteristic of a fully
autonomous oscillator that can receive
stimuli from the environment, transmit this
information to the oscillator, then use the
oscillator to affect downstream clock-con-
trolled functions.

per-driven bioluminescent oscillations
occur in living per-luc Drosophila (per is
fused to the luciferase gene luc) (20–22).
These rhythms are entrainable by light and
free-run in constant darkness (20). To ex-
amine the circadian autonomy of Drosophila
tissues, we monitored rhythmic biolumines-
cence from cultured dissociated body seg-
ments (head, thorax, or abdomen) from
per-luc animals (23, 24); per-driven green
fluorescent protein (GFP) was used concur-
rently as a bright spatial expression marker.

Each of the three segments are capable
of rhythmic bioluminescence (Fig. 1) in
light-dark (LD) conditions. Changing the
conditions to constant darkness (DD) re-
sulted in a gradual decrease in amplitude.
The cultures were able to reentrain to a new
LD cycle, where the new onset of light
occurred 6 hours later than the free-running
subjective dawn. Reentrainment occurred
within one cycle, with the main biolumi-
nescent peak falling about 20 hours after
lights-on, just as it did in the initial LD
cycle. The waveform and phase of the
rhythms from all three segments were near-
ly identical, and there was very little noise

in the individual traces, especially when
compared with whole-animal records (20–
22). Also, there was no evidence of the
second peak of bioluminescence that was
previously reported in whole-animal studies

(20, 21), indicating that this feature likely
arises from a whole-animal physiological-
bioluminescent phenomenon rather than as
a direct feature of per transcription.The pro-
boscis and antenna (Fig. 2A) expressed per-
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Fig. 1. Bioluminescence
rhythms in cultured body
segments. per-driven
GFP expression can be
seen throughout the
whole fly (A). Individual
(B) heads, (C) thoraxes,
and (D) abdomens were
individually cultured in LD
and DD and monitored
for bioluminescence ex-
pression levels. Of the
cultured segments 79%
(221/279) demonstrated
rhythms in LD; 59% (130/
222) demonstrated at
least two cycles in DD,
and 82% (182/222) be-
came arrhythmic within
four cycles in DD. Filled
bars, darkness; open
bars, light; gray bars sub-
jective light. CPS, counts
per second.
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Fig. 2. Bioluminescent rhythms in distinct tissues. Expres-
sion of per-driven GFP by (A) the proboscis (blue arrow) and
antennae (white arrow).
(B) Single probosci and
(C) antennae were cul-
tured individually and
were rhythmic in LD and
DD. (D) Expression of
per-driven GFP in the leg.
(E) Rhythmic per-driven
bioluminescence in the
leg. (F) Expression of per-
driven GFP in the whole
wing. (G) Rhythmic per-
driven bioluminescence
in the wing: 94%
(159/169) of the cultures
exhibited rhythms in LD;
82% (137/167) persisted
for at least two cycles in
DD; and 18% (30/166)
became arrhythmic with-
in four cycles in DD. Filled
bars, darkness; open
bars, light; gray bars sub-
jective light.
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Molecular clocks are everywhere

though other glucose-dependent signaling path-
ways may also affect circadian clocks (18).

The Bmal1 promoter is repressed by REV-
ERBa. Therefore, we examined the effects of re-
ducing glucose availability on circadian rhythms
using fibroblasts stably expressing luciferase
under the control of a Bmal1 promoter. In a stan-
dard (high-glucose) medium, Bmal1-luciferase
exhibited a high-amplitude circadian rhythmwith
a period of 25.3 hours (Fig. 2, B and C). De-
creasing the amount of glucose in the medium
increased the circadian period up to 30.7 hours
and decreased the amplitude of Bmal1-luciferase
expression (Fig. 2D). AICAR treatment had
similar effects on circadian period and amplitude
(Fig. 2, B to D), which reinforced the idea that
the circadian effects of glucose limitation are
mediated by AMPK. We also found evidence to
suggest that AMPK activation shifts the phase of
entrainment in mouse fibroblasts and mouse
livers (6) (figs. S7 and S8).

If AMPK-directed cryptochrome phosphoryl-
ation regulates the phase of peripheral clocks, the
activity, expression, and/or localization of AMPK
must be subject to diurnal regulation. Studying
mouse liver, we found that the phosphorylation
of AMPK substrates Raptor-Ser792 and ACC1-
Ser79 was reproducibly higher during the sub-
jective day than at night (Fig. 3A and fig. S9).We
also observed circadian expression of the mRNA
encoding the regulatory AMPKb2 subunit (Fig.
3B and fig. S10). Because the subunit composi-
tion of AMPK complexes regulates its localiza-
tion (19), oscillating AMPKb2 could diurnally
regulate the nuclear import of AMPK. Indeed,
AMPKa1 exhibited a robust circadian rhythm of
nuclear localization (Fig. 3C and fig. S11A),
peaking synchronously with ampkb2 expression.
The time of peak AMPKa1 nuclear localization

coincides withminimumnuclear CRY1 (Fig. 3C),
which suggests that rhythmic nuclear import of
AMPK may contribute to the AMPK-mediated
phosphorylation and degradation of cryptochromes.

To determine whether AMPK affects circadian
clocks in vivo,wemeasured CRY1 protein in liver
nuclei from mice injected with either saline or
AICAR during the early nighttime hours. AMPK
activation reduced endogenous CRY1 by an av-
erage of 67% in vivo (Fig. 3D). To specifically
examine AMPK’s role in the liver, we studied
circadian proteins and transcripts in the livers of
control mice (LKB1+/+) or littermates harboring
loss of lkb1 in hepatocytes (LKB1L/L). Liver-
specific deletion of lkb1 abolished AMPK activa-
tion in that organ (20) and significantly increased
the amount of CRY1 present in liver nuclei across
the circadian cycle, particularly during the day-
time hours when AMPK was most active in
control mice (Fig. 3E and fig. S11B). This in-
crease was associated with decreased REV-ERBa
and decreased amplitude of circadian transcripts
throughout the circadian cycle (Fig. 3F). Thus,
loss of AMPK signaling in vivo stabilizes crypto-
chromes and disrupts circadian rhythms, consistent
with the hypothesis that this pathway contributes
to the metabolic control of light-independent
peripheral circadian clocks.

In summary, we provide evidence that mam-
malian cryptochromes, which evolved from blue
light photoreceptors, have been repurposed by
AMPK to act as chemical energy sensors and can
transduce nutrient signals to clocks (fig. S12).
Although our data suggest that AMPK phospho-
rylation of cryptochromes contributes to meta-
bolic entrainment of peripheral clocks, we expect
that the communication of nutritional status to
clocks is complex and that additional pathways
contribute in vivo (6). Given that AMPK is a

central regulator of metabolic processes, the
rhythmic regulation of AMPK has implications
for the circadian regulation of metabolism. Genetic
alteration of circadian clocks either ubiquitously
(21, 22) or in a tissue-specific manner (23, 24)
elicits dramatic changes in feeding behavior, body
weight, running endurance, and glucose homeosta-
sis, each of which is also altered by manipulation
of AMPK (25–30). The abilities of AMPK to me-
diate circadian regulation and of CRY1 to function
as a chemical energy sensor suggest a close re-
lation between metabolic and circadian rhythms.
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Fig. 3. AMPK is rhythmic and regulates CRY1 stability in mouse livers. (A) IB
for phospho-Raptor-S792 (pRaptor) and Raptor in mouse liver lysates. CT,
circadian time. (B) QPCR analysis of cDNA prepared frommouse livers. (C) IB
for AMPKa1, AMPKa2, CRY1, PER2, REV-ERBa, and Lamin A in liver nuclei
from two mice at each indicated circadian time (CT). WT (a1+/+ or a2+/+)
and ampka1−/− (a1−/−) or ampka2−/− (a2−/−) samples demonstrate
antibody specificity. (D) Mice were injected with saline or AICAR, and liver
samples were collected 1 hour later at zeitgeber time (hours after lights on, ZT)
ZT18. (Top) CRY1 in liver nuclei (Nuc) and phospho-Raptor in whole-cell lysates
(WCL). (Bottom)Means T SD of the relative amount of CRY1. **P< 0.01 versus
saline-treated samples. (E) CRY1, PER2, REV-ERBa, and Lamin A detected by IB in liver nuclei from LKB1+/+ and LKB1L/L mice. (F) QPCR for dbp, reverba, cry1,
and per2 in mouse liver. All transcripts were normalized to u36b4.
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Proteins in mouse liver nuclei:

“A rose is not necessarily and unqualifiedly a rose; that 
is to say, it is a very different biochemical system at 
noon and at midnight.”          

~ Colin S. 
Pittendrigh

noon midnight



Clocks drive rhythmic gene expression

any obvious transcription-factor or miRNA-binding motifs. The
core clock genes oscillated synchronously, with the peak phases
of a given gene falling within 3 h of each other across all organs
(Fig. S5). Several core clock genes showed 1- to 2-h phase
advances and delays in skeletal muscle and cerebellum, re-
spectively, compared with other organs. However, these cases
were in the minority, and given the limitations in our ability to
precisely resolve small (<2 h) phase differences from data with
a 2-h resolution, their significance remains unclear. This finding
indicates that the antiphased patterns observed in genes like
Vegfa are not due to phase differences between the core clocks
of each organ. Rather, these phenomena are due to additional,
organ-specific levels of timing regulation positioned between
the core clock and these output genes.

Pathways. Given the high temporal and spatial resolution of our
study, we were able to examine ways in which time and space
influenced biological pathways. We used the Reactome (17)
database as a basis for our pathway network and found many
pathways enriched for circadian genes both within and across
organs (Fig. S6).
Several genes oscillated synchronously across all organs, like

the core clock genes. For example, Dtx4, a Notch pathway E3
ubiquitin ligase, oscillated in phase with Arntl in all organs
(Fig. 3A). We also noted that genes with “opposite” functions
(e.g., activators vs. repressors) often had opposite phases. For
example, members of the initial vascular endothelial growth
factor (VEGF) signaling cascade oscillated in the heart (Fig. 3B).
These VEGF pathway members included the primary circulating
ligand, Vegfa, and its two principal membrane-bound receptors,
Flt1 and Kdr. This cascade regulates angiogenesis, with critical
roles in development, cancer, and diabetes (18). At dusk, ex-
pression of Vegfa and Kdr in the heart was low, whereas Flt1 was
high. KDR is thought to mediate most of the known cellular

responses to VEGF signaling, whereas FLT1 is thought to be a
decoy receptor (19). Thus, the rhythmic timing of these receptors
appears to reflect function, in that FLT1 (the decoy) is present
when KDR is not and vice versa.
Whereas members of some systemic pathways, such as the core

circadian clock, were expressed in phase across organs, many were
not. For instance, expression of the insulin-like growth factor Igf1
oscillated in the liver, peaking in the early subjective night (Fig.
3C). Because the liver produces nearly all of the circulating IGF1
(20), IGF signaling throughout the entire body is likely under
clock influence. IGF1 is one of the most potent natural activators
of the PIK3-AKT-MTOR pathway, which stimulates growth,
inhibits apoptosis, and has a well-known role in cancer (21).
However, peak expression of Pik3r1, which encodes the regulatory
subunit for PIK3, did not occur at the same time across all organs.
Instead, there was a steady progression throughout the night
spanning nearly 10 h, as it peaked first in liver, then heart, fol-
lowed by aorta, lung, skeletal muscle, and finally in kidney (Fig.
3C). Because the core clocks of these organs were in phase with
each other, as mentioned earlier, the timing differences of Pik3r1
are most likely driven by some unknown, organ-specific mecha-
nism situated between the core clock pathway and Pik3r1.
Some pathways known to function systemically were only

rhythmic in a single organ. For example, IGF1’s principal
membrane-bound receptor, IGF1R, is present in numerous
organs. However, Igf1r expression oscillated only in kidney. In
addition to Igf1r, many other membrane-bound receptors that
activate the PIK3-AKT-MTOR cascade were also rhythmically
expressed only in kidney (Fig. 3D). These receptors included
Erbb2, Erbb3, and Erbb4 (tyrosine kinase receptors), Tlr2 (toll-
like receptor), Cd19 (antigen receptor), and Il7r (cytokine/
interleukin receptor). These receptors were all notably in phase
with one another, all having peak expression in the subjec-
tive midday. Thus, there is kidney-specific clock regulation of

Fig. 2. Parameters of circadian genes
across organs. (A) Relationships among
organ, oscillation amplitude, and oscilla-
tion phase of circadian genes. (Upper
Left) Histograms of amplitudes within
each organ (number of circadian genes
within each amplitude bin is shown on
the horizontal axis, grouped by organ).
(Upper Right) Histograms of amplitudes
within each phase, across all organs.
(Lower Right) Histograms of phases
within each organ, with summary radial
diagrams (number of circadian genes
within each phase bin is shown on the
vertical axis, grouped by organ). Larger
versions of these radial diagrams are in-
cluded in Fig. S1C for clarity. (Lower Left)
Venn diagrams of the identities of the
genes that oscillated within a given pair
of organs. (B) Ontogenic tree constructed
using the average phase differences be-
tween each organ pair’s shared circadian
genes as the distance metric. Shared
genes correspond to the overlapping
regions from Venn diagrams in A.
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Molecular clocks modulate physiology

"La fixité du milieu intérieur est la condition d'une vie libre et indépendante" 

("The constancy of the internal environment is the condition for a free and 
independent life")

~Claude Bernard (1813-1878)



Molecular clocks modulate physiology
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Molecular clocks modulate physiology
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Mismatch with natural cycles is detrimental
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Disruption of natural cycles elevates risk

Light at Night



Disruption of natural cycles elevates risk

Time Zones:
Divergence from 
“solar time” is 
highly variable



Disruption of natural cycles elevates risk

Fangyi Gu et. al., Cancer Epidemiol Biomarkers Prev; 26(8) August 2017 

Time Zones:
Westward divergence from “solar time” is associated with increased cancer risk



Disruption of natural cycles elevates risk

Shift Work



Shift work increases risk of some cancers

Dapang Rao, Haifeng Yu, Yu Bai, Xiangyi Zheng, Liping Xie



We model shift work using altered lighting
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Chronic jet lag (CJL) enhances tumors in mice

CJL

Papagiannakopoulos et al., 2016
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Chronic LD inversion affected neither the number of tumor-
bearing mice nor tumor type (mammary gland tumors or other
tumors). In both groups, approximately 80% of the animals
developed mammary tumors, including carcinomas and carci-
nosarcomas (Table S1).

Investigating Proposed Mechanisms of Shift
Work-Related Carcinogenesis
To gain more insight into these increased health risks resulting
from chronically alternating light cycles, we focused on the pro-
posed mechanisms linking shift work to cancer [3]. We analyzed
clock (Per1, Per2, Bmal1) and clock-controlled (Dbp, c-Myc)
gene expression in liver and corticosterone serum concentra-
tions (Figure 3) to identify alterations and desynchronization
among organ-specific clocks and/or between central and
peripheral clocks. In line with behavior and CBT, Per1, Per2,
and Dbp hepatic gene expression re-entrained within 7 days in

Figure 1. Peak Temperature Phases under Normal and CRD
Conditions
(A–C) Peak temperature phases of p53R270H/+WAPCre animals maintained

under stable LD 12:12 conditions (closed circles) or weekly alternating

light cycles (open circles) (n = 5 animals per group) before start of the

light inversions (A), at the first LD inversion (B), and after 18 LD inversions (C).

Per graph, subsequent days are plotted from top to bottom. Time of day

on the x axis is expressed as external time (ExT), with ExT 0 corresponding

with mid-dark. The upper axis indicates the ExT before the LD inversion.

Values represent the mean ± SEM. Diamonds indicate the average

temperature peak times of animals maintained under normal LD conditions.

Data are presented as double plots to help with visualizing phase shifts

(day 0 + 1, day 1 + 2, day 2 + 3, etc., on consecutive lines). Gray areas indicate

darkness.

Figure 2. Long-Term Health Effects Resulting from CRD Exposure
(A) Relative body weight gain of p53R270H/+WAPCre animals exposed to a

regular LD cycle (closed circles, n = 20) or weekly alternating LD cycles (open

circles, n = 21) in the longitudinal study. Note the significantly stronger weight

gain of animals exposed to chronically alternating light cycles compared

with animals maintained under a regular LD cycle in the longitudinal study

(RM-ANOVA, group: F(1, 39) = 4.950, p = 0.0319; time: F(27, 1053) = 42.48,

p < 0.0001; interaction: F(27, 1053) = 3.738, p < 0.0001). Values represent the

mean ± SEM.

(B) Percentage of mice with palpable tumor in normal LD cycles (n = 20; closed

circles) or chronic CRD conditions (n = 21; open circles). Black color indicates

mammary gland tumor, whereas red color indicates other tumor types.

See Table S1 for pathology data.

Current Biology 25, 1932–1937, July 20, 2015 ª2015 Elsevier Ltd All rights reserved 1933
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We chose to study lung adenocarcinoma
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We measure lung tumors after CJL
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CJL increases KRAS-driven lung tumors

Marie Pariollaud et al., (2022) Science Advances
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We used RNA sequencing to ask WHY
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We used RNA sequencing to ask WHY
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HSF1 daily drop is lost in CJL
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Does body temperature influence cancer risk?
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