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To anticipate daily recurring changes in the envi-
ronment (such as the day-night cycle, ambient tem-
perature changes, or food availability), mammals 
evolved a circadian system that imposes a daily 

rhythmicity on behavior, physiology, and metabo-
lism. This internal timekeeping system has a peri-
odicity of approximately (circa) 1 day (diem) and 
is composed of a central clock located in the 
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Abstract Epidemiological studies associate night shift work with increased 
breast cancer risk. However, the underlying mechanisms are not clearly under-
stood. To better understand these mechanisms, animal models that mimic the 
human situation of different aspects of shift work are needed. In this study, we 
used “timed sleep restriction” (TSR) cages to simulate clockwise and counter-
clockwise rotating shift work schedules and investigated predicted sleep pat-
terns and mammary tumor development in breast tumor–prone female 
p53R270H©/+WAPCre mice. We show that TSR cages are effective in disturbing 
normal activity and estimated sleep patterns. Although circadian rhythms were 
not shifted, we observed effects of the rotating schedules on sleep timing and 
sleep duration. Sleep loss during a simulated shift was partly compensated 
after the shift and also partly during the free days. No effects were observed on 
body weight gain and latency time of breast cancer development. In summary, 
our study shows that the TSR cages can be used to model shift work in mice 
and affect patterns of activity and sleep. The effect of disturbing sleep patterns 
on carcinogenesis needs to be further investigated.
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hypothalamus (i.e., the suprachiasmatic nuclei 
[SCN]) and peripheral clocks in virtually all cells of 
the organism (Reiter, 1993). To remain in phase with 
the day-night cycle, this central SCN clock is reset on 
a daily basis by so-called Zeitgebers (“time-givers”), 
of which daylight perceived by the eyes is the stron-
gest clock-resetting cue. In turn, the SCN clock relays 
time information to peripheral clocks through 
humoral and neuronal signals, resulting in a time-
coordinated regulation of cell, tissue, and organ func-
tion (Schibler et al., 2003; Albrecht, 2006; Buhr and 
Takahashi, 2013).

Inherent to our 24/7 society, many people need to 
work outside office hours and even during the night, 
which causes a misalignment of clock-controlled 
body functions and rest-activity rhythms (Arendt, 
2010). Evidently, disturbance of our circadian rhythms 
has a direct impact on our health and wellbeing, and 
this is illustrated by acute effects, such as sleep dis-
ruption, fatigue, and concentration problems 
(Åkerstedt and Wright, 2009; Arendt, 2010). A recent 
meta-analysis indicates that shift work sleep disorder 
is highly prevalent among night shift workers with a 
prevalence of 26.5% (Pallesen et al., 2021). Importantly, 
epidemiological evidence and studies performed 
with experimental animals have shown that chronic 
disturbance of circadian rhythms is associated with a 
variety of other diseases, including obesity, diabetes, 
cardiovascular disease, and cancer (Costa, 1996; 
Scheer et al., 2009; Costa, 2010; Van Dycke et al., 
2015b). The International Agency for Research on 
Cancer (IARC) classified shift work as “probably car-
cinogenic” (Ward et al., 2019). Epidemiological stud-
ies have pointed toward an association between shift 
work and breast cancer risk, although the strength of 
this association varied in different studies and some 
reported no association at all (Lee et al., 2018; 
Manouchehri et al., 2021). A meta-analysis of the epi-
demiological data showed a positive association 
between night shift work and breast cancer risk in 
workers who worked in night shifts for less than 
10 years, but not in those who worked night shifts for 
more than 10 years in a row (Manouchehri et al., 
2021). In animal studies, there was also supporting 
evidence for a relationship between chronic circadian 
rhythm disturbance and carcinogenesis (National 
Toxicology Program, 2021), although it should be 
noted that experimental designs in these studies 
hardly reflected the situation experienced by actual 
human shift workers. For example, methods used are 
genetic disruption of the molecular clock (Yu and 
Weaver, 2011), surgical induction of SCN lesions to 
disrupt central clock regulation (Filipski et al., 2003), 
and models based on changes in light schedules, such 
as a chronic jet lag (Filipski et al., 2004; Van Dycke et 
al., 2015b). It was found that chronic jet lag enhanced 

the outgrowth of tumor xenografts in mice (Filipski et 
al., 2004, 2006), while light at night promoted grafting 
of human breast cancer cells in immunodeficient rats 
(Blask et al., 2002). Another limitation of such animal 
studies is that they only look at outgrowth of tumors 
(following a grafting or chemical induction proce-
dure) rather than tumor initiation and/or progres-
sion. Previously, a transgenic mouse model was 
developed with mammary gland–specific expression 
of the p53R270H©/+ mutation, resulting in spontaneous 
mammary gland tumorigenesis mimicking human 
breast cancer development (Wijnhoven et al., 2005). 
Expression of the mutation in mammary tissue was 
achieved by crossing p53R270H©/+ mutant mice with 
mammary-specific Cre transgenic mice having Cre 
recombinase under the control of the hormone-induc-
ible Whey Acidic Protein (WAPCre mice; Wagner et 
al., 1997). This mouse model has been shown to 
develop human relevant mammary gland tumors, 
including hormonal receptor status, with a latency 
time of approximately 1 year (Wijnhoven et al., 2005). 
Previously, we investigated the impact of circadian 
disturbance on tumor initiation using the p53R270H©/+ 
WAPCre mouse model for breast cancer and chronic 
alternating light/dark cycles. We could show that a 
chronic jet lag–mimicking protocol actually reduced 
mammary tumor latency (Van Dycke et al., 2015b).

Animal studies that adequately investigate the 
impact of shift work on tumor initiation and progres-
sion have thus far been lacking, and this can be largely 
attributed to the difficulty of accurately modeling the 
situation of human shift workers, who in contrast to 
animals fairly easily can choose to live out of phase 
with their biological clock for a certain period of time. 
Only a limited number of studies have appeared in 
which the work component of shift work has been 
simulated (Salgado-Delgado et al., 2008; Grønli et al., 
2017). This can be achieved by gently handling the 
animals and exposing them to new objects after 
showing behavioral signs of sleepiness during the 
“work” period, a condition referred to as timed sleep 
restriction (TSR) (Barclay et al., 2012). We have devel-
oped a new cage design based on the 8229 Sleep 
Deprivation Feedback System for Mice (Pinnacle 
Technologies), in which TSR is induced by gently and 
continuously forcing animals to be active at a desired 
time of the day.

In this study, we used these specially designed 
TSR cages as a novel approach to simulate rotating 
shift work. We validated the TSR cages by investigat-
ing activity, sleep probability, and core body tempera-
tures patterns. Furthermore, we investigated the 
effect of shift work on tumor initiation in mice. 
Around 36% of human shift workers are subjected to 
a rotating shift work regime, which forces the body 
clock to continuously adjust to variable working 
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schedules (Williams, 2008). Here, we subjected female 
p53R270H©/+ WAPCre mice to a forward or backward 
rotating shift work–mimicking protocol under con-
stant light/dark conditions and studied the impact 
on mammary tumor development.

MATERIALS AND METHODS

Experimental Setup

All studies were performed with p53R270H©/+WAPCre 
conditional mutant mice in an FVB genetic back-
ground. The generation of p53R270H©/+ and mammary 
gland–specific WAPCre mice has been described 
before (Wijnhoven et al., 2005). Note that as Cre 
recombinase expression in the currently used 
WAPCre mouse model does not require pregnancy 
(Derksen et al., 2011), mice were nulliparous. Female, 
7- to 11-week-old, p53R270H©/+ WAPCre mice were ran-
domly assigned to a control group (CTRL; n = 28), a 
clockwise shift work group (CW; n = 25), or a counter-
clockwise shift work group (CCW; n = 25) and housed 
in groups of 4-5 animals in specially designed, round, 
30-cm diameter TSR cages, equipped with a timer-
controlled rotation bar (spinning at 3 rpm) allowing 
us to keep animals awake and active at desired time 
windows (Figure 1a). Animals received RM1 chow 
diet from Special Diet Services (SDS, France). To 
record locomotor activity and core body temperature, 
each TSR cage contained one additional p53R270H©/+ 
WAPCre mouse carrying a telemetry transmitter (DSI 
PhysioTel TA-F10), which was implanted intraperito-
neally 2 weeks prior to the start of the experiment. 
Surgery was performed on a heating pad and under 
inhalation of anesthesia (2.5%-3% isoflurane). Before 
the surgery, the animals were injected subcutane-
ously with buprenorphine (Temgesic, 0.1 mg/kg) 
and 3 more doses at 8-h intervals after surgery to con-
trol the pain. After surgery, the respiratory pattern of 
mice was monitored based on clinical observations 
and the animals were put under a heating lamp until 
they were actively awake. Animals were kept in a 12 
h:12 h light/dark cycle with mid-dark defined as 
External Time 0 (ExT0), and food and water provided 
ad libitum.

Prior to the main cohort study, a pilot experiment 
was performed using 4 p53R270H©/+WAPCre mice with 
implanted telemetry transmitters to validate the TSR 
cage for simulating rotating shift work in mice and the 
recording of data. Forward and backward rotating 
cycles of “day,” “evening,” and “night shifts” (5 work 
days, separated by 2 free days) were simulated by 
forced sleep restriction at ExT18.5 to 2.5, ExT2.5 to 
10.5, or Ext10.5 to 18.5, respectively (see Figure 1b).

In the main cohort study, animals in the CTRL 
group were exposed to simulated weeks of 5 working 
days, in which only “day shifts” were scheduled, and 
2 days off as a weekend before the next week started. 
Animals in the CW and CCW shift work groups were 
exposed to the same number of working days, in 
which forward rotating (“day”-“evening”-“night”) or 
backward rotating (“day”-“night”-“evening”) shifts 
were scheduled, followed by the same weekend off as 
the controls. These TSR protocols continued until end-
of-life (see Figure 1c). Activity and core body tempera-
ture were recorded in weeks 2-4 and weeks 15-17 of 
the experiment, spanning an evening, night, and day 
shift (CW protocol) or a night, evening, and day shift 
(CCW protocol, separated by 2 free days.

All experiments involving animals were approved 
by the Animal Experiments Committee of the 
Erasmus University Medical Center and were per-
formed in accordance with the national and interna-
tional legislation, and experiments were approved by 
DEC Consult, a Dutch equivalent of the IACUC (pro-
tocol number EMC2721).

Analysis of Locomotor Activity and Core Body 
Temperature

Locomotor activity was recorded using PhysioTel 
TA-F10 telemetry transmitters in combination with 
a PhysioTel RPC-1 Receiver (DSI Physiotel, trans-
mitter model TA10TA-F40, receiver board model 
TA10TA-F40; DataScience), and the data were col-
lected in 10-min bins. Activity data of each animal 
were first normalized by expressing the activity in a 
10-min bin as the percentage of the total activity dur-
ing that particular day (spanning ExT0 to 24 for the 
validation and cohort studies) and smoothed the data 
by applying a symmetric 70-min moving average fil-
ter. Next, activity day curves were generated by aver-
aging the time point data from 5 free days (randomly 
picked from 7 free days using a list randomizer 
(Random.org/lists) or 5 “day shift,” “evening shift,” 
or “night shift” work days. Note that “weekend 
days” with a starting night shift were not counted as 
a free day. Data were plotted as a line graph with 1 
standard deviation, which indicated the variation 
between days. Group activity day curves were gener-
ated by averaging the individual day curves from 4-5 
animals and plotting the mean activity as a curve 
with shaded area of 1 standard deviation, which indi-
cated the variation between animals. The total activ-
ity over the morning, evening, and night or over the 
whole day was calculated as the sum of 10-min bin 
activity for each mouse over an 8- or 24-h period, 
respectively. Subsequently the group average of these 
sums was calculated.
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The core body temperature was recorded by the 
telemetry device in 10-min bins. For each mouse, data 
were smoothed data by applying a symmetric 70-min 
moving average filter. Individual and group tempera-
ture day curves were generated in the same way as 
described for the locomotor activity curves. Differences 

in the core body temperature between free days and 
working days (Δ core body temperature) were calcu-
lated by subtracting the temperature value on work-
ing days from the value on free days for each 10-min 
bin of the group temperature day curves using Excel 
(Office 365 software version 2102), Microsoft, USA.

Figure 1. Experimental setup using timed sleep restriction (TSR) mouse cage. (a) Photo of a TSR mouse cage in which rotating shift 
work can be simulated. Animals are kept awake at preset times over the day by a timer-controlled bar rotating at 3 rpm. The cage is 
placed onto a DSI PhysioTel Receiver RPC-1 plate to record behavioral activity and core body temperature from implanted DSI Physio-
Tel TA-F10 telemetry transmitters. (b) Schematic representation of the forward (CW) and backward (CCW) rotating cycles of “day shift,” 
“evening shift,” and “night shift” work weeks used for the validation experiment (total n = 4, CW n = 2, CCW n = 2). Black boxes represent 
periods of forced activity (i.e., rotation bar “on”); the gray background indicates the 12-h dark phase and the white background is the 
12-h light phase of the 24-h day-night cycle. Time of the day is expressed as External Time (ExT) in which ExT0 represents mid-dark and 
ExT12 mid-day. As mice are nocturnal animals, “day,” “evening,” and “night” refer to the main activity phase (day), late activity phase 
(evening), and sleep phase (night) of the mice, rather than actual astronomical day (as experienced by humans). (c) Graphic visualization 
of timed sleep restriction schedules, which mimic regular (“day shift” only) work weeks (CRTL) and forward (CW) or backward (CCW) 
rotating shift work weeks. Mice were continuously exposed to the schedules until end of life. The graphs are double plots to help with 
visualizing the direction of the rotation of the forced activity shifts during the simulated work week for each group. Black boxes indicate 
periods of forced activity (i.e., rotating bar “on”) and a gray background indicates the dark phase, whereas white background indicates 
the light phase. Time of the day is expressed as External Time (ExT) in which ExT0 represents mid-dark.
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Analysis of Sleep Patterns

Predicted sleep patterns were generated from 
locomotor activity data using the ChronoSapiens 
software version 10.3 as described previously (Juda 
et al., 2013; Roenneberg et al., 2015). Instead of actual 
sleep, these predicted patterns represent sleep prob-
ability because they are based on deduced periods 
of inactivity from the locomotor activity data. In 
brief, a non-rhythmic trend was calculated using 
centered moving 24-h averages. Using a selected 
threshold representing 15% of the trend, the periods 
of sleep (=1) and wakefulness (=0) were dichoto-
mized, in which values equal or below the threshold 
were considered sleep periods. Sleep onsets and off-
sets were predicted using a 2-step method in the sta-
tistical program ChronoSapiens as described 
previously (Roenneberg et al., 2015). Similar to the 
analysis of locomotor activity, sleep day curves of 
individual animals were generated from the dichot-
omized data set by applying a symmetric 70-min 
moving average filter and averaging the sleep prob-
ability time points over 5 days free, “day shift,” 
“evening shift,” or “night shift” days. Data were 
plotted as a line graph with 1 standard deviation 
representing the variation between days. Group 
activity day curves were generated by averaging the 
data from 4 to 5 animals and plotting the activity in 
a curve with 1 standard deviation representing the 
variation between animals. The heatmaps, which 
indicated the differences in sleep probability 
between free and working days (Δ sleep), were gen-
erated using Excel (Office 365 software version 2102, 
Microsoft, USA). Time spent asleep was calculated 
by multiplying the average sleep probability of a 
particular day with either 8 (for a morning, evening, 
or night) or 24 h (for a whole day).

To compare sleep and core body temperature dif-
ferences on free and working days, the sleep proba-
bility difference (Δ sleep work days vs days off) was 
scatter plotted against the temperature difference (Δ 
CBT work days vs days off) for each available 10-min 
bin point. Orange and blue dots indicate time points 
(10-min bins) during which the rotating arm was on 
or off, respectively.

Monitoring of the Body Weight and Mammary 
Tumor Development

All mice from the cohort study were weighed 
weekly to determine body weight, which was 
expressed as the percentage of body weight gain rela-
tive to body weight at the start of the experiment and 
was statistically analyzed until 26 weeks of exposure, 
when the first signs of breast tumor growth became 
apparent as this might influence body weight. Weekly 

monitoring of body weight and exposure to the TSR 
protocol did continue till end-of-life. Mammary 
tumor development was monitored and latency time 
was noted for each animal at the moment a tumor 
was palpated while checking all animals once every 
week. Animals were sacrificed by CO2 inhalation 
when mammary tumors reached a volume of approx-
imately 1 cm3 or when the animals exhibited a dete-
riorating clinical condition due to other causes.

Necropsy, Histology, and Pathological Examination 
of the Animals

Tissues with gross lesions were dissected from each 
sacrificed animal at necropsy and sampled into a vial 
with sufficient 10% neutral buffered formalin (Baker 
Formalin Solution 10%, VWR). Following a 24- to 48-h 
post-fixation period at room temperature, these tissue 
samples were transferred into 70% ethanol and stored 
at 4 °C until further processing. Finally, all tissue sam-
ples were routinely processed to paraffin blocks, and 
sections of 5 µm thickness were stained with hema-
toxylin and eosin according to standard procedures. 
All slides were examined microscopically by experi-
enced veterinary pathologists, and mammary tumors 
were classified as described previously (Cardiff et al., 
2000; Wijnhoven et al., 2005; Radaelli et al., 2009).

Statistics

All data are expressed as means ± standard devia-
tion (SD). Statistical analyses for activity and sleep 
were performed in Excel (Office 365 software version 
2102, Microsoft) using a 2-sample Student t test with 
unequal variances when comparing 2 experimental 
groups or a paired Student t test when comparing dif-
ferent conditions within an experimental group. 
Body weight data were statistically analyzed using a 
2-way repeated-measures analysis of variance 
(RM-ANOVA). In the body weight analysis, one 
mouse was excluded as it died earlier than 26 weeks 
in experiment. One mouse missed 2 data points 
(weeks 16 and 17), which were replaced by the aver-
age of the values adjacent to it (week 15: 25.3 g; week 
18: 25.0 g and resulted in week 16: 25.2 g and week 17: 
25.1 g). Survival data were estimated by the Kaplan-
Meier method; statistical comparisons were made 
using the log-rank (Mantel-Cox) method. The pathol-
ogy data were analyzed using a chi-square test to 
identify statistical significance and the average num-
ber of mammary tumors using a 2-tailed Student t 
test. All analyses were performed in GraphPad Prism 
(version 9.3.1; San Diego, CA, USA; http://graph-
pad.com), and the threshold for significance was set 
at p < 0.05 in all cases.

http://graphpad.com
http://graphpad.com
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RESULTS

Validation of TSR Cages

To investigate whether the TSR cages (Figure 1a) 
can serve as a valid animal experimental paradigm for 
human shift work, we first tested whether 8 h of forced 
activity applied at a given time of the day resulted in 
an increased locomotor activity during that particular 
part of the day. To this end, four 7- to 11-week female 
p53R270H©/+WAPCre mice were exposed to forward and 
backward rotating cycles of 5 “day,” “evening,” and 
“night shifts,” separated by 2 days off (see Figure 1b 
and Suppl. Fig. S3). As mice are nocturnal animals, 
please note that throughout this article the use of 
“day” (ExT18.5-2.5), “evening” (ExT2.5-10.5), and 
“night” (ExT10.5-18.5) refers to the main activity phase 
(day), late activity phase (evening), and sleep phase 
(night) of the mice, rather than actual astronomical 
day. The variability between days for the activity day 
curves was low in each of these 4 animals (as indicated 
by the shaded areas, which in each graph delineate 1 
standard deviation from the mean; Figure 2a and 2b), 
and each type of simulated shift work resulted in a 
specific signature (Suppl. Fig. S1A). The individual 
day curves were combined to produce the overall 
activity day curve, which also takes into account inter-
animal variation (Suppl. Fig. S1B).

When the activity day curves (Figure 2a) were 
viewed in the light of a quantitative analysis of the 
impact of TSR on activity distribution (Figure 1c and 
Suppl. Table S1), it was observed that a “day shift” 
causes a small but statistically significant increase in 
activity during the day (p < 0.05) and a small reduction 
during the evening (p < 0.001). In marked contrast, 
“evening” and “night shifts” resulted in an (almost) 
2-fold increase in activity during the evening (p < 0.01) 
and night (p < 0.01), respectively, while in both condi-
tions day activity was 2-fold reduced (p < 0.01). Thus, 
the rotating bar causes a time-of-day dependent shift 
in behavioral activity distribution, with approximately 
half of the total daily activity confined to the time win-
dow in which forced activity is applied.

Next, we used the ChronoSapiens software to pre-
dict sleep episodes from the locomotor activity 
recordings and calculated sleep probability (i.e., the 
chance that a mouse is asleep at a given moment) 
rather than actual sleep. Analogous to the locomotor 
activity day curves, the individual animals show 
highly similar sleep day curves with a shift-specific 
pattern (Suppl. Fig. S2A). Importantly, when compar-
ing with the activity day curves at the group level 
(Suppl. Fig. S1B), it became clear that sleep probabil-
ity was always close to zero during periods of forced 
activity, and that animals (independent of a given 

schedule) immediately show a high sleep probability 
after every period of forced activity (Suppl. Fig. S2B).

Subsequent analysis of the combined sleep day 
curves (Figure 2b) and statistical analysis of the 
observed differences (Figure 1d and Suppl. Table S1) 
show that the sleep probability during an 8-h forced 
activity interval is significantly reduced (>90%, 
p < 0.01) and that, independent of the type of shift, 
sleep is limited to less than 20 min (or 0005-0033 h, 
Suppl. Table S1). Compared to days off, the 1 h 21 min 
day sleep loss on “day shift” working days is signifi-
cantly (p < 0.05) paid off by 1 h 12 min extra sleep dur-
ing the evening. On the other hand, the 3 h 9 min 
evening sleep loss during an “evening shift” and the 
3 h 30 min night sleep loss during a “night shift” are 
only partly compensated for by about 90 min of extra 
sleep during the day and, in the case of a “night shift,” 
36 min of extra sleep during the evening (albeit not 
statistically significant). This would suggest that 
these mice sleep shorter on days with an “evening” 
or “night shift.” Indeed, in comparison with free days 
and “day shift” days, 24-h sleep levels appear some-
what (albeit not statistically significant) less on days 
with “evening” or “night shifts” (Figure 1d).

Taken together, these data demonstrate that forced 
activity schedules, as facilitated by the TSR cage, 
serve as a valid tool to simulate the voluntary devia-
tion from standard working hours and induce dis-
turbed sleep-wake patterns in animals, in a way that 
is very similar to what actual human shift workers 
experience.

Impact of Simulated Rotation Shift Work on Sleep

To study the impact of shift work on breast cancer 
initiation, we set up a cohort of 7- to 11-week female 
p53R270H©/+WAPCre mice and allocated them ran-
domly to groups exposed to a clockwise (CW) or 
counterclockwise (CCW) rotating shift work schedule 
(n = 25 animals per group) and took animals exposed 
to only “day shifts” along as controls (CTRL, n = 28 
animals; see Figure 1c). Animals were exposed to this 
protocol until end-of-life (Figure 1c). Two weeks after 
the start of the experiment, we analyzed sleep proba-
bility, using the transmitter containing mice, added to 
(but not part of) the cohort (n = 4-5 animals/group). 
Similar to the validation study (Figure 2), we found 
overall that sleep is reduced during periods of forced 
activity (independent of the type of simulated shift 
work), while at other moments of the day, sleep is 
increased compared with the controls (Figure 3a-3c). 
Next, we investigated to what extent the different 
shift work schedules impacted sleep distribution and 
overall day sleep (during the active phase).
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Figure 2. Validation of the timed sleep restriction (TSR) mouse cage. (a) Activity day curves, which show the distribution of locomotor 
activity over a 24-h day (n = 4 animals; n = 5 days recorded per animal) for free days (gray lines) and “day” (green lines), “evening” (yel-
low/orange lines), and “night” (red lines). Shaded area per graph line represents 1 standard deviation from the group mean. Light/dark 
phase and forced activity periods are indicated by the black-and-white and colored horizontal bars, respectively. (b) Sleep day curves, 
showing sleep probability over the day. Sleep probability is expressed as the chance (%) that animals are asleep at a given time point. 
Standard deviation, light/dark regime, and forced activity windows are plotted the same as in (a). (c) Quantitative analysis of the impact 
of timed sleep restriction on the activity distribution. Total activity per day (ExT0-24), as well as activity during the day (ExT18.5-2.5), 
evening (ExT2.5-10.5), and night (ExT10.5-18.5), is indicated on free days (gray bars) and “day” (green bars), “evening” (yellow/orange 
bars), and “night shift” days (red bars). Error bars indicate standard deviations. *p < 0.05. **p < 0.01. ***p < 0.001. (d) Quantitative analysis 
of the impact of timed sleep restriction on the sleep distribution. Graph is plotted the same way as in (c). 
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Regular Day Work. In the CTRL group (Figure 3a), the 
significant day sleep loss during “day shifts” (1 h 
20 min; p < 0.05) appears to be compensated for by 
some (yet not significant) additional sleep during the 
evening (21 min) and night (29 min), leaving the ani-
mals with an overall sleep loss of 30 min during “day 
shift” working days (Figure 3d and Suppl. Table S2). 
However, this reduction in total sleep on working 
days does not significantly differ from overall sleep 
on free days or from the average overall sleep calcu-
lated over a full cycle of 3 working weeks, that is, con-
taining a “day,” “evening,” and “night shift” week 
(Figure 3e and Suppl. Table S2).

Forward Rotating Shift Work. In the CW rotating shift 
work group (Figure 3b), day sleep loss during “day 
shifts” (2 h 2 min; p < 0.001) is markedly paid off by 
extra evening sleep (1 h 9 min; p < 0.05), with some 
additional sleep during the night (11 min; ns), resulting 
in an overall sleep loss of 44 min per day (ns, Figure 3d 
and Suppl. Table S2). In case of “evening shifts”, how-
ever, mice hardly compensate for the substantial eve-
ning sleep loss (3 h 45 min; p < 0.001), as the extra sleep 
during the day (50 min; ns) and night (9 min; ns) still 
renders animals with a 2 h 44 min overall sleep loss on 
“evening shift” days (p < 0.01). Similarly, the marked 
night sleep loss during “night shifts” (3 h 29 min; 
p < 0.001) is not prominently counterbalanced by extra 
sleep during the day (36 min; ns) and evening (43 min; 
p < 0.05), as evident from the 2 h 9 min overall sleep 
loss on “night shift” days (p < 0.01). Indeed, when 
comparing the total sleep between shift work days 
with free days (Figure 3d and Suppl. Table S2), the 
sleep loss is more than 2 h and statistically significant 
for both evening (p < 0.01) and “night shift” days 
(p < 0.01). Yet, when overall sleep on free and shift 
working days was compared with the 3-week average 
sleep (in which a full cycle of shifts is completed), we 
did not observe any significant differences in the total 
amount of daily sleep (Figure 3e and Suppl. Table S2). 
It should be noted that animals on a CW shift work 
schedule seem to be sleeping more than the 3-week 
average (1 h 19 min; p < 0.01) on free days, suggesting 
that days off are used for rebound sleep.

Backward Rotating Shift Work. In the CCW rotating 
shift work group (Figure 3c), and in contrast to the 
CTRL and CW rotating shift work group, “day shift”–
related loss in day sleep (1 h 20 min; p < 0.01) appears 
to be overcompensated by 30 min of extra sleep (com-
pared with free days), which results from a trend 
toward extra sleep in the evening (54 min; ns) and 
night (55 min; ns) (Figure 3d and Suppl. Table S2). 
Similar to CW shift working animals, evening sleep 

loss in mice exposed to a CCW rotating schedule (2 h 
57 min; p < 0.001) is counteracted by a trend toward 
extra sleep during the day (1 h 10 min; ns) and night 
(29 min; ns), limiting the overall sleep loss on “eve-
ning shift” days to 1 h 17 min (p < 0.05) . Interestingly, 
during “night shifts,” the loss of night sleep (2 h 
57 min; p < 0.001) is completely compensated for by 
additional sleep during the day (1 h 29 m; p < 0.01) 
and evening (1 h 26 min; ns) (Figure 3d and Suppl. 
Table S2). A comparison of total daily sleep on free 
days and working days reveals that the CCW sched-
ule does not result in significant sleep loss during 
work days, as was the case for animals subjected to 
“evening” or “night shifts” in the CW schedule (Fig-
ure 3e and Suppl. Table S2). This observation can be 
well explained by the higher levels of rebound sleep 
during non-working hours, although, in comparison 
with the average daily sleep over 3 weeks, animals 
still sleep significantly less on CCW “evening shift” 
days (Figure 3e and Suppl. Table S2).

To determine whether the mice adapted to the 
forced activity protocol, or oppositely developed 
severe sleeping problems, we repeated the sleep 
probability measurements 15 weeks after the start of 
the forced activity protocol. Again, we did not observe 
any major differences in the overall sleep, nor any 
changes in the sleep distribution over the day when 
comparing sleep behavior from the first period 
(weeks 2-4) with the second (weeks 15-17; Suppl. 
Table S4). Animals are still awake when subjected to 
forced activity during the “day,” “evening,” or “night 
shifts,” and any sleep loss is compensated by extra 
sleep during the other parts of the day.

In conclusion, we did not observe significant dif-
ferences between “day shift” working mice (CTRL 
group) or forward and backward rotating shift work-
ing mice (CW and CCW group, respectively) when 
total sleep in these groups was compared with aver-
age sleep over a completed 3-week cycle of shift 
work. This indicated that the overall sleep duration 
was not affected by the shift work (Suppl. Table S2). 
Individual shifts, however, can give rise to sleep loss. 
This particularly holds true for “evening” and “night 
shifts” in a forward rotating schedule (which goes 
along with rebound sleep on free days), and to a 
lesser extent for “evening shifts” in a backward rotat-
ing schedule.

Impact of Rotating Shift Work Schedules on Core 
Body Temperature Rhythms

Previously, we have shown that reversing the 
light/dark cycle causes the circadian clock of 
p53R270H©/+ WAPCre mice to shift 12 h within 4 days 
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Figure 3. Sleep behavior under normal or simulated shift work conditions. (a-c) Sleep day curves for animals (n = 4-5 per group) exposed 
to regular work weeks (CRTL; panel a), forward rotating shift work weeks (CW; panel b), and backward rotating shift work weeks 
(CCW; panel c). Sleep is expressed as the percentage of mice estimated to be asleep at a given time. Shown is sleep on free days (gray 
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using core body temperature rhythms as a read-out 
(Van Dycke et al., 2015a). To investigate whether sim-
ulated shift work through forced activity also causes 
the circadian system in these mice to shift, we ana-
lyzed core body temperature rhythms next (weeks 
2-4). In the absence of forced activity, female 
p53R270H©/+ WAPCre mice show a stable and highly 
reproducible temperature rhythm with a main peak 
at the light/dark transition and a second smaller 
peak around the dark-light transition (Figure 4a, gray 
curves). Exposure of the animals to any of the shift 
work types does not significantly change the overall 
shape of the temperature day curves (Figure 4a-4c, 
colored curves), although forced activity appears to 
result in a slightly higher body temperature during 
working hours, and is accompanied by a drop in tem-
perature on the other moments of the day. Although 
these differences only occasionally reach statistical 
significance (Suppl. Table S3), they are in line with 
the notion that physical activity leads to additional 
heat production due to muscle contractions. Indeed, 
when the delta core body temperature (difference 
between work and free days) is plotted versus the 
delta sleep (difference between work and free days) 
for all 10 min bins, there is a positive correlation 
between increased temperature and sleep loss (Figure 
4d). And yet, despite these forced activity–related 
core body temperature changes, we did not observe 
any shifts in the position of the 2 temperature peaks, 
suggesting that the temperature rhythm, and by 
proxy the circadian system, was not phase-shifted by 
any of the applied shift work schedules.

Long-Term Health Effects

Previously, we found that circadian disturbance by 
chronic jet lag affects weight gain of young adult 
p53R270H©/+ WAPCre mice (Van Dycke et al., 2015b). 
As shown in Figure 5a, in this study we observed that 
the relative weight gain of mice exposed to forward 
(CW) or backward (CCW) rotating shift work proto-
cols was not significantly different from control mice, 

which were exposed to “day shifts” (2-way 
repeated=measures ANOVA: F50,1325 = 0.75, p = 0.85).

All animals were tumor-free over the first 26 weeks 
of exposure to simulated shift work and were sacri-
ficed due to tumor growth from about 28 to 78 weeks 
in experiment (Figure 5b). Median survival were 
47.9 weeks in the CTRL group and 45.9 and 43.9 weeks 
in the CW and CCW groups, respectively (Figure 5b 
and 5d), and there were no statistically significant dif-
ferences between the groups (log-rank (Mantel-Cox) 
test, p = 0.88). This indicates that the used TSR proto-
col did not have an effect on mammary tumor initia-
tion in the female p53R270H©/+WAPCre mice.

Each experimental group showed limited mortal-
ity that was unrelated to mammary tumor develop-
ment (i.e., animals having a different tumor before a 
mammary tumor, or due to a diagnosed or unknown 
cause of death unrelated to tumors), and these ani-
mals were excluded from further data analysis 
(CTRL: n = 9, CW: n = 7, and CCW: n = 8; Figure 5d). 
This shows that the expression of the 
p53R270H©/+ WAPCre mutation was not exclusively 
restricted to the mammary gland, as was previously 
observed (Van Dycke et al., 2015b). The remaining 
animals were all sacrificed with mammary tumors 
(CTRL: n = 15, CW: n = 17, and CCW: n = 14), and there 
were some animals with multiple tumors (CTRL: 
n = 7, CW: n = 5, and CCW: n = 4). All mammary 
tumors were taken together per group and classified 
into 2 categories (carcinoma and sarcomas/following 
microscopic examination [Figure 5c]). Statistical anal-
ysis of the distribution of these mammary tumor 
classes across the groups revealed no significant 
result when comparing all groups (chi-square test, 
p = 0.12). This suggests that exposure to the rotating 
shift work schedule does not increase the incidence of 
specific mammary tumors, compared with exposure 
to the control shift work schedule.

In conclusion, there is no effect of simulated rotat-
ing shift work on metabolic outcome measures, such 
as body weight gains over time, or on mammary 
tumor latency time in female p53R270H©/+WAPCre 
mice.

lines), regular/morning shift days (green lines), “evening shift” days (yellow/orange lines), and “night shift” days (red lines). Shaded 
areas represent 1 standard deviation from the mean. Light/dark phases and forced activity periods are indicated by the black-and-white 
or colored horizontal bars, respectively. Differences in sleep probability (Δ sleep, as calculated per 10 min bin) between working and free 
days are indicated by a heatmap, in which red represents sleep loss on working days and green indicates extra sleep. Asterisks represent 
statistical significance of sleep loss or extra sleep during the day (ExT18.5-2.5), evening (ExT2.5-10.5), or night (ExT10.5-18.5), as indicated 
in Suppl. Table S3. *p < 0.05. **p < 0.01. ***p < 0.001. (d) Quantitative analysis of sleep distribution. Indicated is sleep during the day 
(light colors), evening (intermediate colors), or night (dark colors) on free days (gray bars) and “day shift” (green bars), “evening shift” 
(yellow/orange bars), or “night shift” days (red bars). Error bars represent standard deviations. Statistical significance of sleep loss or 
extra sleep during a specific time window is not included here, but can be deduced from the heat maps in panels (b) and (c) or Suppl. 
Table S2. (e) Total daily sleep on free days (gray bars) and on regular/“day shift” (green bars), “evening shift” (yellow/orange bars), or 
“night shift” (red bars) working days. Blue bars indicate the average sleep per day over 3 weeks. Error bars represent standard deviations. 
*p < 0.05. **p < 0.01. ***p < 0.001. 

Figure 3. (continued)
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Figure 4. Core body temperature under normal or simulated shift work conditions. (a-c) Core body temperature day curves for animals 
(n = 4-5 per group) exposed to regular work weeks (CRTL; panel a), forward rotating shift work weeks (CW; panel b), and backward rotating 
shift work weeks (CCW; panel c). Shown are the temperature curves on free days (gray lines), regular/morning shift days (green lines), “eve-
ning shift” days (yellow/orange lines), or “night shift” days (red lines). Shaded areas delineate 1 standard deviation from the mean. Light/
dark phases and forced activity periods are indicated by the black-and-white or colored horizontal bars, respectively. (d) Scatter plot of sleep 
probability differences (Δ sleep work days vs days off) against core body temperature differences (Δ CBT work days vs days off) for each 
available 10-min bin point. Orange and blue dots indicate time points (10 min bins) during which the rotating arm was on or off, respectively. 
Note that forced activity is linked to reduced sleep and higher core body temperature. 
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DISCUSSION

Previously, we have shown that circadian distur-
bance due to chronic jet lag promotes tumor develop-
ment in the p53R270H©/+ WAPCre mouse model of breast 
cancer (Van Dycke et al., 2015b). In this study, we used 
the same mouse model to investigate the carcinogenic 
properties of shift work. To this end, we have designed 
and validated a shift work–mimicking protocol using 
TSR cages and exposed the animals to forward (CW) 
or backward rotating (CCW) shift work schedules and 
investigated the estimated sleeping patterns and effect 
on mammary tumor development.

To the best of our knowledge, this is the first study 
that has used TSR cages to mimic chronic shift work 
in mice, and we therefore first explored whether these 
cages kept animals awake during a “day,” “evening,” 
or “night” shift. The gold standard for sleep analysis 
in humans is taking electroencephalograms (EEGs) of 
brain activity, but doing this in mice is rather challeng-
ing. We therefore chose to predict sleep patterns from 
telemetry-based recordings of animal activity 
(Roenneberg et al., 2015; Van Dycke et al., 2015b). 
When the gentle forced activity was applied to mice, 
the sleep probability is close to zero, suggesting that, 
irrespective of the work shift type, the animals were 
awake during shift hours in which the bar inside the 
cage was rotating. There is no overall sleep loss due to 
the rotating shift work over a 3-week period, and this 
can be explained by catching up on sleep during free 
days. Previous studies in human shift workers gener-
ally do show a reduction in total sleep time in periods 
with night shifts (Hulsegge et al., 2019). This might be 
due to the fact that for shift workers it is more difficult 
to catch up on sleep on free days as a result of social 
obligations (e.g., parental commitments) and/or due 
to the inability to sleep during the day, when our bio-
logical clock dictates us to be awake (Åkerstedt and 
Wright, 2009; Costa, 2010; Sallinen and Kecklund, 
2010; Juda et al., 2013; Casjens et al., 2022).

A limitation of using telemetry to predict sleep 
patterns is that we were unable to predict different 
sleep stages (e.g., NREM and REM sleep), and there-
fore, sleep architecture might still be affected. Studies 
investigating sleep structure in human night shift 
workers are limited, although there are indications 
that sleep structure might be affected in addition to 
sleep duration, in particular in night shift workers 
who experience fatigue (Gorlova et al., 2019). The 
development of multisensory trackers (such as com-
mercially available health trackers) might allow more 
feasibility of studies into sleep architecture in night 
shift workers in the future (Clark et al., 2021). Another 
limitation of this is that all mice were exposed to the 
rotating bar and thus TSR. As such, we could not 
investigate whether being exposed to TSR during the 

active phase (our “day-shift” control group) influ-
ences sleep, activity, or core body temperature com-
pared to no TSR at all (an “unemployed” control 
group). Whereas the alternating light schedules in 
our previous jet lag study were chronically shifting 
the core body temperature rhythm (Van et al., 2015a), 
in this study, the acrophase of the body temperature 
rhythms did not change when the mice were exposed 
to CW or CCW shift work schedules. The low vari-
ability between days in the sleep curves on shift work 
days, as indicated by the low standard deviation, fur-
ther supports the absence of an effect on the body 
temperature rhythm. Taken together, these results 
show that the CW and CCW shift work–mimicking 
protocols do not lead to a phase shift of the biological 
clock in mice. These observations appear to be in line 
with human studies in which endogenous circadian 
rhythms do not adjust to shift work easily, although 
research in night shift workers is limited (Folkard, 
2008; Arendt, 2010). Here, our data indicate that being 
awake does not shift the endogenous biological 
rhythm in mice. In contrast, previous research showed 
that non-photic stimuli, such as vigorous locomotor 
activity, were able to entrain the circadian rhythm, 
which can induce a phase shift (Mrosovsky, 1996; 
Mistlberger and Skene, 2004; Hilaire et al., 2007).

Another important entrainer of peripheral tissues 
is timing of food consumption (Stephan, 2002). In the 
study from Salgado-Delgado et al. (2008), for instance, 
rats were kept awake during the inactive phase by a 
slowly rotating wheel, and it was found that the noc-
turnal food consumption of the animals decreased 
while the diurnal consumption increased (Salgado-
Delgado et al., 2008). In our study, food was not mon-
itored separately for nocturnal and diurnal 
consumption, so it remains unknown whether the 
mice adapted their feeding habits. Salgado-Delgado 
and coworkers did not measure core body tempera-
ture rhythms, but instead observed that rhythmic 
expression of PER1 and PER2 proteins in the SCN 
remained unaltered. The absence of a phase shift in 
the core body temperature rhythm in the animals in 
our study, as well as in other parameters in the 
Salgado-Delgado study, may result from the stable 
light/dark cycles applied in both studies. Further 
studies are needed, therefore, to improve our under-
standing of how these factors may affect endogenous 
circadian rhythms. This might relate to the hypothe-
sis that exposure to night shift work results not only 
in a misalignment between the circadian system and 
the external light-dark cycle, but also in a state of 
internal desynchronization between various levels of 
the circadian system (Boivin et al., 2022).

The forward or backward rotating shift work 
schedules did not affect mammary tumor latency 
tumor spectrum, or food consumption or body 
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Figure 5. Effect of simulated rotating shift work on body weight gain, tumor latency, and mammary tumor spectrum in female 
p53R270H©/+WAPCre mice. (a) Relative body weight gains (%) over a 26-week period of exposure to simulated rotating shift work (“day 
shift” only) weeks (CRTL; n = 20) and forward (CW; n = 19) or backward (CCW; n = 17) rotating shift work weeks. Group means were cal-
culated from individual animal weights, which were normalized to body weights at the start of the experiment. Error bars indicate 1 stan-
dard deviation from the mean (SD). (b) Survival curves were generated according to the Kaplan-Meier method; statistical comparisons were 
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weight gain in the animals, compared with the regu-
lar “day shift” work schedule. No changes in tumor 
spectrum are in line with our previous study in which 
circadian rhythm disturbance was induced by expos-
ing the mice to an alternating light/dark schedule 
(Van Dycke et al., 2015b). It is important to note that 
the strain of mice can influence tumor type in 
p53-deficient mice. For example, BALB/c mice tend 
to show a different tumor spectrum (Chan et al., 2021; 
Majhi et al., 2021), with a relatively high percentage 
of adenosarcomas compared with several other 
genetic backgrounds (such as A/J mice).

In our previous study, the mice exposed to weekly 
alternating light/dark schedules did show a reduc-
tion in mammary tumor latency and increased body 
weights (Van Dycke et al., 2015b). In this previous 
study, the latency to mammary gland tumor devel-
opment was reduced by 17% in the mice exposed to 
alternating light/dark schedules compared with the 
control mice (median latency time: 42.6 vs 50.3 weeks, 
respectively). In this study, median survival 
was47.9 weeks in the CTRL group, and 45.9 and 
43.9 weeks in the CW and CCW groups, respectively. 
A possible explanation for these contrasting results 
is that in this study no phase shift in core body tem-
perature rhythms was detected. Another explana-
tion could be that the rotating shift work schedules 
in the current setting were not severe enough as a 
circadian clock disturbing stimulus, as mice were 
only exposed to 5 nights of shift work every 3 weeks 
and this might have allowed for sufficient compen-
sation time. This might be reflected in the observa-
tion that no differences in overall sleep duration 
between the groups were detected over these cycles 
of 3 weeks. Also, the difference in experimental 
setup is an important factor for finding different 
results. A last explanation could be that the ad libi-
tum availability of food may have masked a minor 
effect from the altered sleep patterns induced by the 
simulated shift work. Interestingly, all these aspects 
(e.g., phase-shifting, sleep disturbance, timing of 
food consumption) have been proposed as underly-
ing mechanisms to link shift work to increased 

breast cancer risk in humans. In addition, diet com-
position, in particular fat content, could be of influ-
ence on mammary tumor incidence (Zhu et al., 
2016). Future studies could also include monitoring 
the effects of TSR on the estrous cycle, as chronic cir-
cadian disturbance is associated with irregular men-
strual cycle and menopause age in women (Lawson 
et al., 2011; Stock et al., 2019). As unraveling causal 
mechanisms that link shift work to long-term health 
outcomes is difficult in epidemiological studies due 
to the complexity of factors involved and the rela-
tively long duration of such studies in comparison 
with animal studies, the TSR cages presented in this 
study allow for further research disentangling these 
underlying mechanisms.

To summarize, TSR cages offer a unique opportu-
nity to test potential factors underlying the health 
effect of night shift work in tractable mouse models 
and easily control for confounding factors, such as 
the daily light/dark cycle. Further studies using these 
cages will aid in further disentangling the complex 
interplay of factors involved in night shift work and 
other circadian disturbances. In conclusion, our study 
shows that TSR shift work protocols in female 
p53R270H©/+WAPCre mice merely alter sleep patterns, 
without affecting core body temperature rhythms, 
and light/dark exposure does not affect mammary 
tumor initiation or tumor types. 
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made using the log-rank (Mantel-Cox) method. Animals entered the experiment at the age of 7-11 weeks and were exposed to simulated 
rotating shift work until the end of life. Tumors appeared from about 28 weeks of experiment onward. The survival curve displays mice 
in which a mammary tumor was found, whereas a vertical small line on the curve illustrates mice that died because of another tumor. 
The CCW curve does not drop to zero as the last mouse was censored, as death was caused by another tumor (non-mammary tumor). 
(c) Bar chart indicating the mammary tumor type distribution (%) per experimental group. Tumor types were divided in 2 categories: 
carcinomas (*= which could be classified into solid carcinomas, adenocarcinomas, and adenosquamous carcinomas) and sarcomas or 
carcinosarcomas. The mammary tumor type distribution was not significantly different between the groups (chi-square test; p = 0.12) (d). 
Table listing several animal and tumor data per experimental group. Other tumors were found in lung (bronchioalveolar carcinoma), 
spleen (lymphosarcoma), uterus (histiocytic sarcoma, hemangiosarcoma, carcinoma and adenocarcinoma), ovary (histiocytic sarcoma), 
liver (histiocytic sarcoma), and lymph nodes (lymphosarcoma).

Figure 5. (continued)



490 JOURNAL OF BIOLOGICAL RHYTHMS / October 2023

AUTHOR CONTRIBUTIONS

GTJvdH, HvS, TR, LVMvK, IC, and KCGVD came up with 
the research question and design of the study. KCGVD per-
formed the animal study, with support from CTMvO. The 
animal material was processed by DCFS. Analyses of the 
data were done by AAS and KCGVD. GH assisted with data 
analysis of predicted sleep data. Generation and interpreta-
tion of pathology data were done by DCFS and SALZ. AAS 
wrote the first draft of the article with further contributions 
from SALZ, GvdH, LVMvK, and IC. All authors interpreted 
the data, reviewed, edited, and approved the manuscript.

CONFLICT OF INTEREST STATEMENT

The author(s) have no potential conflicts of interest with 
respect to the research, authorship, and/or publication of 
this article.

ORCID IDS

Serge A. L. Zander  https://orcid.org/0000-0003- 
4756-843X
Linda W. M. van Kerkhof  https://orcid.org/0000-0001- 
5742-2659

NOTE

Supplementary material is available for this article online.

REFERENCES

Åkerstedt T and Wright KP (2009) Sleep loss and fatigue 
in shift work and shift work disorder. Sleep Med Clin 
4:257-271.

Albrecht U (2006) Orchestration of gene expression and physi-
ology by the circadian clock. J Physiol-Paris 100:243-251.

Arendt J (2010) Shift work: coping with the biological clock. 
Occup Med 60:10-20.

Barclay JL, Husse J, Bode B, Naujokat N, Meyer-Kovac J, 
Schmid SM, Lehnert H, and Oster H (2012) Circadian 
desynchrony promotes metabolic disruption in a 
mouse model of shiftwork. PLoS ONE 7:e37150.

Blask DE, Dauchy R, Sauer LA, Krause JA, and Brainard 
GC (2002) Light during darkness, melatonin suppression 
cancer progression. Neuro Endocrinol Lett 23:52-56.

Boivin DB, Boudreau P, and Kosmadopoulos A (2022) 
Disturbance of the circadian system in shift work and 
its health impact. J Biol Rhythms 37:3-28.

Buhr ED and Takahashi JS (2013) Molecular components of 
the mammalian circadian clock. Handb Exp Pharmacol 
217:3-27.

Cardiff RD, Anver MR, Gusterson BA, Hennighausen L, 
Jensen RA, Merino MJ, Rehm S, Russo J, Tavassoli FA, 
and Wakefield LM (2000) The mammary pathology 
of genetically engineered mice: the consensus report 
and recommendations from the Annapolis meeting. 
Oncogene 19:968-988.

Casjens S, Brenscheidt F, Tisch A, Beermann B, Brüning T, 
Behrens T, and Rabstein S (2022) Social jetlag and sleep 
debts are altered in different rosters of night shift work. 
PLoS ONE 17:e0262049.

Chan CS, Sun Y, Ke H, Zhao Y, Belete M, Zhang C, Feng 
Z, Levine AJ, and Hu W (2021) Genetic and stochas-
tic influences upon tumor formation and tumor 
types in Li-Fraumeni mouse models. Life Sci Allian 
4:e202000952.

Clark I, Stucky B, Azza Y, Schwab P, Müller S, Weibel D, 
Button D, Karlen W, Seifritz E, and Kleim B (2021) 
Diurnal variations in multi-sensor wearable-derived 
sleep characteristics in morning-and evening-type shift 
workers under naturalistic conditions. Chronobiol Int 
38:1702-1713.

Costa G (1996) The impact of shift and night work on 
health. Appl Ergonom 27:9-16.

Costa G (2010) Shift work and health: current problems and 
preventive actions. Safe Health Work 1:112-123.

Derksen PW, Braumuller TM, van der Burg E, Hornsveld 
M, Mesman E, Wesseling J, Krimpenfort P, and Jonkers 
J (2011) Mammary-specific inactivation of E-cadherin 
and p53 impairs functional gland development and 
leads to pleomorphic invasive lobular carcinoma in 
mice. Dis Mod Mech 4:347-358.

Filipski E, Delaunay F, King VM, Wu MW, Claustrat B, 
Grechez-Cassiau A, Guettier C, Hastings MH, and 
Francis L (2004) Effects of chronic jet lag on tumor pro-
gression in mice. Cancer Res 64:7879-7885.

Filipski E, King VM, Li X, Granda TG, Mormont M-C, 
Claustrat B, Hastings MH, and Lévi F (2003) Disruption 
of circadian coordination accelerates malignant growth 
in mice. Pathol Biologie 51:216-219.

Filipski E, Li XM, and Levi F (2006) Disruption of circadian 
coordination and malignant growth. Cancer Causes 
Contr 17:509-514.

Folkard S (2008) Do permanent night workers show circa-
dian adjustment? A review based on the endogenous 
melatonin rhythm. Chronobiol Int 25:215-224.

Gorlova S, Ichiba T, Nishimaru H, Takamura Y, Matsumoto 
J, Hori E, Nagashima Y, Tatsuse T, Ono T, and Nishijo 
H (2019) Non-restorative sleep caused by autonomic 
and electroencephalography parameter dysfunction 
leads to subjective fatigue at wake time in shift work-
ers. Front Neurol 10: 66.

Grønli J, Meerlo P, Pedersen TT, Pallesen S, Skrede S, Marti 
AR, Wisor JP, Murison R, Henriksen TE, and Rempe 

https://orcid.org/0000-0003-4756-843X
https://orcid.org/0000-0003-4756-843X
https://orcid.org/0000-0001-5742-2659
https://orcid.org/0000-0001-5742-2659


Streng et al. / IMPACT OF SIMULATED ROTATING SHIFT WORK ON MAMMARY TUMOR DEVELOPMENT 491

MJ (2017) A rodent model of night-shift work induces 
short-term and enduring sleep and electroencephalo-
graphic disturbances. J Biol Rhythms 32:48-63.

Hilaire MAS, Klerman EB, Khalsa SBS, Wright KP Jr, 
Czeisler CA, and Kronauer RE (2007) Addition of a 
non-photic component to a light-based mathematical 
model of the human circadian pacemaker. J Theor Biol 
247:583-599.

Hulsegge G, Loef B, van Kerkhof LW, Roenneberg T, van 
der Beek AJ, and Proper KI (2019) Shift work, sleep 
disturbances and social jetlag in healthcare workers. J 
Sleep Res 28:e12802.

Juda M, Vetter C, and Roenneberg T (2013) Chronotype 
modulates sleep duration, sleep quality, and social jet 
lag in shift-workers. J Biol Rhythms 28:141-151.

Lawson CC, Whelan EA, Hibert ENL, Spiegelman D, 
Schernhammer ES, and Rich-Edwards JW (2011) 
Rotating shift work and menstrual cycle characteristics. 
Epidemiology 22:305.

Lee H-E, Lee J, Jang T-W, Kim I-A, Park J, and Song J (2018) 
The relationship between night work and breast can-
cer. Ann Occup Environ Med 30:11.

Majhi PD, Griner NB, Mayfield JA, Compton S, Kane JJ, 
Baptiste TA, Dunphy KA, Roberts AL, Schneider SS, 
and Savage EM (2021) Genetic modifiers regulating 
DNA replication and double-strand break repair are 
associated with differences in mammary tumors in 
mouse models of Li-Fraumeni syndrome. Oncogene 
40:5026-5037.

Manouchehri E, Taghipour A, Ghavami V, Ebadi A, 
Homaei F, and Latifnejad Roudsari R (2021) Night-
shift work duration and breast cancer risk: an updated 
systematic review and meta-analysis. BMC Women 
Heal 21:1-16.

Mistlberger RE and Skene DJ (2004) Social influences on 
mammalian circadian rhythms: animal and human 
studies. Biol Rev 79:533-556.

Mrosovsky N (1996) Locomotor activity and non-photic 
influences on circadian clocks. Biol Rev Camb Philos 
Soc 71:343-372.

National Toxicology Program (2021) NTP Cancer Hazard 
Assessment Report on night shift work and light 
at night. Research Triangle Park (NC): National 
Toxicology Program.

Pallesen S, Bjorvatn B, Waage S, Harris A, and Sagoe 
D (2021) Prevalence of shift work disorder: a sys-
tematic review and meta-analysis. Front Psychol 
12:638252.

Radaelli E, Arnold A, Papanikolaou A, Garcia-Fernandez 
R, Mattiello S, Scanziani E, and Cardiff R (2009) 
Mammary tumor phenotypes in wild-type aging 
female FVB/N mice with pituitary prolactinomas. 
Veter Pathol 46:736-745.

Reiter RJ (1993) The melatonin rhythm: both a clock and a 
calendar. Experientia 49:654-664.

Roenneberg T, Keller LK, Fischer D, Matera JL, Vetter C, 
and Winnebeck EC (2015) Human activity and rest in 
situ. Methods Enzymol 552:257-283.

Salgado-Delgado R, Ángeles-Castellanos M, Buijs MR, and 
Escobar C (2008) Internal desynchronization in a model 
of night-work by forced activity in rats. Neuroscience 
154:922-931.

Sallinen M and Kecklund G (2010) Shift work, sleep, and 
sleepiness—differences between shift schedules and 
systems. Scand J Work Environ Health 36:121-133.

Scheer FA, Hilton MF, Mantzoros CS, and Shea SA (2009) 
Adverse metabolic and cardiovascular consequences of 
circadian misalignment. Proc Natl Acad Sci 106:4453-4458.

Schibler U, Ripperger J, and Brown SA (2003) Peripheral 
circadian oscillators in mammals: time and food. J Biol 
Rhythms 18:250-260.

Stephan FK (2002) The “other” circadian system: food as a 
Zeitgeber. J Biol Rhythms 17:284-292.

Stock D, Knight J, Raboud J, Cotterchio M, Strohmaier S, 
Willett W, Eliassen A, Rosner B, Hankinson S, and 
Schernhammer E (2019) Rotating night shift work and 
menopausal age. Hum Reprod 34:539-548.

Van Dycke KC, Pennings JL, van Oostrom CT, Van Kerkhof 
LW, van Steeg H, van der Horst GT, and Rodenburg 
W (2015a) Biomarkers for circadian rhythm disruption 
independent of time of day. PLoS ONE 10:e0127075.

Van Dycke KC, Rodenburg W, van Oostrom CT, Van 
Kerkhof LW, Pennings JL, Roenneberg T, van Steeg H, 
and van der Horst GT (2015b) Chronically alternating 
light cycles increase breast cancer risk in mice. Curr 
Biol 25:1932-1937.

Wagner KU, Wall RJ, St-Onge L, Gruss P, Wynshaw-Boris 
A, Garrett L, Li M, Furth PA, and Hennighausen L 
(1997) Cre-mediated gene deletion in the mammary 
gland. Nucleic Acids Res 25:4323-4330.

Ward EM, Germolec D, Kogevinas M, McCormick D, 
Vermeulen R, Anisimov VN, Aronson KJ, Bhatti P, 
Cocco P, and Costa G (2019) Carcinogenicity of night 
shift work. Lancet Oncol 20:1058-1059.

Wijnhoven SW, Zwart E, Speksnijder EN, Beems RB, Olive 
KP, Tuveson DA, Jonkers J, Schaap MM, van den Berg 
J, and Jacks T (2005) Mice expressing a mammary 
gland–specific R270H mutation in the p53 tumor sup-
pressor gene mimic human breast cancer development. 
Cancer Res 65:8166-8173.

Williams C (2008) Work-life balance of shift workers. 
Ottawa (ON, Canada): Statistics Canada.

Yu EA and Weaver DR (2011) Disrupting the circadian 
clock: gene-specific effects on aging, cancer, and other 
phenotypes. Aging (Albany NY) 3:479-493.

Zhu Y, Aupperlee MD, Zhao Y, Tan YS, Kirk EL, Sun X, 
Troester MA, Schwartz RC, and Haslam SZ (2016) 
Pubertal and adult windows of susceptibility to a high 
animal fat diet in Trp53-null mammary tumorigenesis. 
Oncotarget 7:83409.


