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Abstract
Circadian rhythm is an internal timing system and harmonizes a variety of cellular, behavioral, and physiological processes 
to daily environment. Circadian disturbance caused by altered life style or disrupted sleep patterns inevitably contributes 
to various disorders. As the rapidly increased cancer occurrences and subsequent tremendous financial burdens, more 
researches focus on reducing the morbidity rather than treating it. Recently, many epidemiologic studies demonstrated that 
circadian disturbance was tightly related to the occurrence and development of cancers. For urinary system, numerous clini-
cal researches observed the incidence and progress of prostate cancer were influenced by nightshift work, sleep duration, 
chronotypes, light exposure, and meal timing, this was also proved by many genetic and fundamental findings. Although the 
epidemiological studies regarding the relationship between circadian disturbance and kidney/bladder cancers were relative 
limited, some basic researches still claimed circadian disruption was closely correlated to these two cancers. The role of 
circadian chemotherapy on cancers of prostate, kidney, and bladder were also explored, however, it has not been regularly 
recommended considering the limited evidence and poor standard protocols. Finally, the researches for the impacts of cir-
cadian disturbance on cancers of adrenal gland, penis, testis were not found at present. In general, a better understanding 
the relationship between circadian disturbance and urological cancers might help to provide more scientific work schedules 
and rational lifestyles which finally saving health resource by reducing urological tumorigenesis, however, the underlying 
mechanisms are complex which need further exploration.

Keywords Circadian rhythm · Circadian disturbance · Circadian sleep disorder · Epidemiological and fundamental 
evidence · Urological cancer

Introduction

Alternation of day and night is the most predictable envi-
ronmental changes on our rotating planet, which accompa-
nied with daily variations in environmental temperature, 

humidity, illumination, and food availability [1]. In order 
to adapt the Earth’s temporal rhythms, all organisms have 
evolved and internalized universally circadian clock that 
synchronize individual physiology and behavior to a solar 
day [2–4]. Before sunrise or sunset of the day, endogenous 
and self-sustaining circadian (circa = about, dies = day) clock 
has been precisely set to a 24-h oscillating rhythm [3]. The Tao Li, Yiting Jiang and Yunjin Bai contributed equally to this 
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well-known mammalian circadian clock rhythm is the body 
temperature, heart rate, and blood pressure which rise in the 
morning, but fall at night [5]. Others include sleep−wake 
cycle [6, 7], homeostasis [6, 8, 9], diet [6, 10], and hormone 
secretion (e.g., melatonin and cortisol) [6, 8, 9]. Thus, circa-
dian rhythm plays essential roles in the orchestration of daily 
life, and most physiological functions are strictly presented 
with regular activity and rest rhythm to guarantee the opti-
mal performance [1].

During the past history before modern society, human 
habits are more closely to natural environment and evolve 
under distinct day and night alterations [3]. However, the 
technological advance and global industrialization within 
the past century dramatically promote modern medical sci-
ence and improve human health, which coincide with rising 
rates of numerous disease [11]. Nowadays, artificial lights 
or luminescent screens have been extensively popularized 
due to elevated work program, increased social pressure, 
and gradually personal habits with entertainment technologi-
cal communication platforms [11]. Meanwhile, prolonged 
nightshift work, jetlag, circadian sleep disorders, and long-
distance travel across multiple time zones are more frequent 
[11]. All these factors inevitably alter the daily sleep/wake 
cycle and slowly disturb internal circadian rhythm (Fig. 1) 
[5, 11], which finally damage homeostasis, promote oxida-
tive stress, induce inflammatory responses, and accelerate 
coagulatory process [6, 8, 9, 12]; while such individuals are 
also more vulnerable to type 2 diabetes mellitus (T2DM), 

hypertension, hyperlipemia, obesity, atherosclerosis, and 
cancers (Fig. 2) [5, 6, 11, 13, 14].

The World Health Organization (WHO) has ranked can-
cers as the most common cause of death which annually take 
away 7 million lives worldwide [15]. Updated data in 2019 
reveals that about 24.6 million people suffer from cancer, 
with an estimated 16 million new diagnoses and 10 million 
cancer death happen in 2020 [15]. The latest CA Cancer 

Fig. 1  Misaligned environmental factors contribute to diseases 
through disturbing circadian clock. As the global industrialization 
and technological advances, rising rates of numerous diseases have 
coincided with altered lifestyles and work patterns. Nowadays, arti-
ficial lights or luminescent screens have been extensively popularized 
due to elevated work program, increased social pressure, and gradu-

ally personal habits with entertainment technological communication 
platforms. The prolonged nightshift work, jetlag, circadian sleep dis-
orders, and long distance travel across multiple time zones are more 
frequent. All these factors sharply alter the daily sleep/wake cycle and 
slowly disturb internal circadian clock

Fig. 2  Circadian disturbance can damage homeostasis, promote oxi-
dative stress, induce inflammatory responses, and accelerate coagu-
latory process, which contribute to numerous diseases including. 
T2DM, hypertension, hyperlipemia, obesity, atherosclerosis, and can-
cers.
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J Clin based on American Cancer Society also estimates 
that approximately 1,898,160 new cancer cases (about 5200 
cases/day) and 608,570 cancer death (> 1600 cases/day) 
will occur in US in 2021 [16], while urological malignancy 
(mainly cancers of prostate, kidney, and bladder) accounts 
for 12% of worldwide cancer death [17]. When consider-
ing the tremendous financial burdens and great damages to 
human health, it is essential to clarify the mechanistic risks 
of urological cancer to reduce or avoid the tumor occurrence.

It has been demonstrated that some critical processes 
in tumorigenesis are tightly involved with circadian clock 
rhythm, like cell division cycle [3]. Firstly, circadian rhythm 
regulates cell cycle via the relationship between molecu-
lar circadian clock elements [3, 18] and cyclin−cyclin-
dependent kinase (CDK) complexes [2, 3] or the cell cycle 
inhibitors at transcriptional or protein level, which finally 
manipulates gating of unidirectional progress through cell 
cycle stages [3, 19]. Moreover, circadian rhythm shares 
common enzymatic regulators in the phosphorylation and 
ubiquitination pathways with cellular cycle [3]. Thus, it is 
not surprising to establish interactions between circadian 
rhythm and tumorigenesis [3], considering the circadian dis-
turbance is closely related to biological property of cancer 
cells like DNA repair, proliferation, apoptosis, metabolism, 
and stemness [20].

Tremendous researches have proved that circadian dis-
turbance or circadian sleep disorders contribute to cancers 
of lung, breast, liver, pancreas, ovary, colon [6, 11, 13, 14], 
multiple lymphomas, and leukemias [3, 21]. However, its 
impact on urological cancer is scattered and unsystematic. 
Herein, we comprehensively review the epidemiological 
researches on the relationship between circadian rhythm and 
urological cancer, we also discuss the underlying mecha-
nism of how circadian disturbance contribute to urological 
carcinoma.

What is circadian clock and circadian rhythm

In 1971, Konopka and Benzer firstly reported the mutant 
clock gene in Drosophila [1, 22] while the affected Period 
was subsequently cloned [1, 23], and veil of circadian 
rhythm was then gradually uncovered. The 2017 Nobel 
Prize in Physiology or Medicine was awarded to Michael W. 
Young, Jeffrey C. Hall, and Michael Rosbash, just in order to 
reward their excellent achievements to discovery and clarify 
molecular regulatory mechanisms in circadian clock rhythm. 
Conceptually, there are three basic elements for an intact 
circadian clock system in whole animals: a master oscillator, 
an input pathway, and a humoral/neural output approach [1].

Suprachiasmatic nuclei (SCN) in anterior hypothalamus 
is the master oscillator of circadian clock for mammals [1, 
3, 24]. It is comprised by ~ 20,000 densely packed small neu-
rons in rodents and ~ 50,000 neurons in human [3, 25–27], 

its cellular component is also diverse and contains a variety 
of neurotransmitters and peptides [3, 28, 29]. Beside the 
central oscillator in SCN, circadian clock exists in virtually 
almost every peripheral tissue of multicellular organisms [1, 
3, 30], this is proved by a robust oscillation of circadian gene 
being found with cell-autonomous and self-sustained man-
ners in cultured cells in vitro [1, 3, 31, 32]. The input path-
way is passage which synchronizes the non-24 h rhythm of 
circadian clock to 24-h and adapts the phase to environment 
or local time [1, 33, 34]. For instance, the retina perceives 
photic cues and transmits environmental light–dark cycles 
to SCN as electrical signal [9], others include the serotonin 
input to SCN from Raphe nuclei or neuropeptide Y from 
intergeniculate leaflet through geniculohypothalamic tract 
[1, 35–37]. The perceived or transferred cues to SCN are 
known as Zeitgeber or time givers, while the fundamental 
one is light/dark cycles, others cover temperature alterations, 
eating/drinking patterns, physical activities, and social cues 
[9, 38, 39]. The final element is humoral/neural pathways 
which transfer central circadian information to peripheral 
effector organs of dominant rhythm [1]. The major neu-
ral pathways are subparaventricular zone, paraventricular 
nucleus of thalamus, as well as dorsomedial nucleus and 
medial preoptic area of hypothalamus [1, 35, 37, 40–42]. 
Moreover, almost all hormones are rhythmically secreted 
with the daily cycle [1, 43, 44], this is also believed to be 
controlled by SCN rhythm (Fig. 3) [1, 45].

Circadian clock regulates the fluctuant rhythms by posi-
tive and negative feedback loops [6, 9, 11, 46]. Briefly, pro-
tein of circadian locomotor output cycles kaput (CLOCK) 
and brain/muscle arnt-like protein 1 (BMAL1) form the pos-
itive transcription factor of a heterodimer complex to pro-
mote rhythmic transcriptions of Period (PER1, PER2, and 
PER3) and Cryptochrome (CRY1 and CRY2) by integrating 
with E-box enhancers [1, 3, 6, 11]. PER and CRY accumu-
late in cytoplasm through the day and then translocate back 
to nucleus to reduce CLOCK/BMAL1 activity by forming 
a heterodimer complex [1, 3, 47, 48]. PER/CRY complex is 
also subsequently disassembled and resolved after CLOCK/
BMAL1 concentration is declined [6, 11]. This feedback 
loop requires about 24-h to accomplish a full cycle [1, 3]. 
The remained free PER in cytoplasm is phosphorylated by 
casein kinase Iε (CKIε), and subsequently being ubiquit-
inated and degraded [49]. Moreover, the nuclear receptor 
REV-ERBα (also known as nuclear receptor subfamily 1 
group D member 1, Nr1d1) and retinoic acid-related orphan 
receptor alpha (RORα) can also regulate CLOCK/BMAL1 
complex, while REV-ERBα is phosphorylated by glycogen 
synthase kinase-3β (GSK3β) to transcriptionally repress 
BMAL1 but RORα induces it [6, 50].
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Circadian disturbance and cancer

A reciprocal relationship has been found between circadian 
rhythm and cell cycles [2, 3, 51]. Circadian signals in dif-
ferent tumor types are always disturbed typically by DNA 
hypermethylation [52, 53], histone modification, or altera-
tions in chromatin conformation and interactions [53, 54], 
which finally induce tumor cells to cycle at different rates 
[53]. As the cell cycle exit is always impaired in cancer, dis-
turbed circadian singles probably accelerate such cycle exit 
impairment to facilitate cell cycle progression, and thereby 
promote tumor initiation, growth, and spread [53]. Mis-
aligned circadian signal has been clarified during occurrence 
or progression in variable carcinoma hallmarks [53, 55] like 
maintaining proliferative signals, avoiding growth suppres-
sors, resisting cell death, achieving replicative immortality, 
activating or sustaining angiogenesis, inducing invasion or 
metastasis, leading instability or mutation in genome, dereg-
ulating cell energetics, promoting tumor inflammation, and 
evading immune destruction [53].

In 1960s, the impact of circadian asynchrony on tumori-
genesis was firstly reported [4, 56]. In 1980s, studies proved 
that disturbed endocrine rhythms promoted mammary tumor 

growth in rats [4, 57, 58]. In 2007, the International Agency 
for Research on Cancer Monograph classified circadian dis-
turbance resulting from nightshift work or jetlag as probably 
carcinogenic to humans (Group 2A), however, this was only 
supported by sufficient experimental animal evidence, but 
lacking enough clinical researches [59–61]. Since then, sci-
entific communities proved that circadian disturbance con-
tributed to initiation or development of various cancers such 
as lung, breast, pancreatic, colorectal, endometrial, leuke-
mias, and lymphomas [1, 3, 15, 17, 21, 62–64]. The Nurses’ 
Health Study revealed that women with rotating nightshift 
work ≥ 15  years showed approximately 28% increased 
risk [multivariate relative risk (MVRR) = 1.28, 95% con-
fidence interval (CI) 1.07–1.53; p = 0.03] of lung cancer 
[3, 65]. Females with predominantly (> 60%) nightshift 
work > 1.5 years had higher risk [odds ratio (OR) = 1.5; 95% 
CI 1.2–1.7] to develop breast cancer, while OR increased 
with the duration of nighttime employment [3, 66]. Female 
nurses receiving rotating shiftwork > 15 years experienced 
increased risk of colorectal cancer (MVRR = 1.35; 95% CI 
1.03–1.77; p = 0.04) [3, 65]. A US prospective cohort found 
the nightshift workers with duration > 20 years were more 

Fig. 3  Molecular mechanism of circadian clock. After Zeitgebers of 
light, temperature, eating/drinking, physical activity, and social cues 
are perceived and transmitted to SCN, the central circadian clock 
system synchronizes with geophysical time and feedbacks to the 
downstream brain regions and peripheral organs by nervous system 
and hormone release. Briefly, CLOCK and BMAL1 form positive 
transcription factor of a heterodimer complex to promote rhythmic 
transcriptions of PER, CRY , and clock-controlled genes (CCGs) by 
integrating with E-box enhancers. PER and CRY accumulate in cyto-
plasm through the day and then translocate back to nucleus to reduce 

CLOCK/BMAL1 activity by forming a heterodimer complex. PER/
CRY complex is also subsequently disassembled and resolved after 
CLOCK/BMAL1 concentration is declined. The remained free PER 
in cytoplasm is phosphorylated by casein kinase Iε (CKIε), and sub-
sequently being ubiquitinated and degraded. Moreover, nuclear recep-
tors of orphan nuclear receptor (REV-ERBα) and retinoic acid related 
orphan receptor alpha (RORα) can also regulate CLOCK/BMAL1 
complex, while REV-ERBα is phosphorylated by glycogen synthase 
kinase-3β (GSK3β) to transcriptionally repress BMAL1 but RORα 
induces it
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likely to suffer endometrial cancer (MVRR = 1.47; 95% CI 
1.03–1.14) [3, 67].

Moreover, as advantages of circadian rhythm in physio-
logical process, chronotherapy which termed as using timed 
dosing to obtain optimal therapeutic effects has been raised 
and shown good efficacy in cancer [68]. For instance, the 
chrono-chemotherapy was explored 50 years ago [69], while 
Walton et al. recently recruited 92 colorectal cancer patients 
which found that individuals received 5-Fluorouracil at the 
cycle peak (0400 h) experienced increased tolerability and 
better median survival rate than those with constant rate 
infusions [68, 70]. Patients with head and neck cancers who 
received chrono-radiotherapy demonstrated lower radiother-
apy toxicity [68, 71], while the higher radiotoxicity inci-
dence in dark months also suggested the seasonal effects of 
radiotherapy [68, 72]. In addition, other chronotherapies in 
cancers including immunotherapy, tyrosine kinase inhibi-
tors, as well as antiangiogenic and hormone therapy are all 
exploring [68].

However, the impact of circadian disturbance on uro-
logical cancer has been investigated but is far from being 
clarified. We thus comprehensively review the relationship 
between circadian disturbance and urological cancer from 
clinical data, while discuss related experimental evidence 
and chronotherapy. We finally expect to provide more sensi-
ble advices on sleeping, eating, working, and resting rhythm 
for public.

Circadian disturbance and prostate cancer

Being the most common urological cancer and the second 
most prevalent male malignancy, prostate cancer (PCA) 
accounts for 15% of all malignancies with 1.1 million new 
cases diagnosed worldwide in 2012 [73]. A latest paper in 
CA Cancer J Clin even estimated PCA as the most common 
male cancer in US in 2021, which accounts 26% (248,530 
cases) of all male malignancies [16]. Thanks to the PSA test-
ing and advanced treatments like Da Vinci system or second-
line endocrine drugs, the mortality of PCA has constantly 
declined by 4% per year during 1990s to 2000s [16]. The 
American Cancer Society also estimates that PCA shares the 
highest 5-year relative survival rate (98%) among all can-
cers; however, it still contributes the second leading cancer 
death that predicts to take away 34,130 lives in US in 2021 
[16]. Apart from some established risk factors such as age, 
ethnicity, and family history, researchers try to clarify the 
impacts of circadian disturbance on PCA [59, 61].

It was in 1996 that a retrospective Canadian study found 
pilots, an occupational representative for shiftwork or insuf-
ficient sleep, suffered increased risk of PCA [74, 75]. A 
subsequent Nordic study in 2002 proved pilots with trans-
meridian flights > 10,000 h had higher PCA incidences [75, 
76]. Such risks were also observed on public safety workers 

and waiters who always worked at night or experienced short 
sleep [75, 77]. Since then, more relevant clinical and funda-
mental researches were performed to explore whether and 
how circadian disturbance impacts PCA.

Nightshift work and PCA

Nightshift work means working at night but sleeping at 
day [78]. It comprises more than 15% of the workforce [14, 
79–81] and up to 50% of some professions have nightshift 
work, including police, firefighters, hospital workers, trans-
port drivers, and manufacturing employees [78]. Altered 
sleep−wake cycle in nightshift work inevitably impairs 
internal circadian rhythm to lead human disease [5, 82], 
including PCA.

The Canadian population-based case−control study has 
shown that night workers suffered from threefold increased 
risk of PCA (OR = 2.77; 95% CI 1.96–3.92) [60, 83]. A 
Japan Collaborative Cohort (JACC) study enrolled 20,363 
males and found that rotating nightshift work was associ-
ated with higher incidence of PCA (HR = 1.42; 95% CI 
0.95–2.12) after a follow-up for 14.2 years [84]. The MCC-
Spain case−control study randomly analyzed the difference 
between 1095 PCA cases and 1388 controls which revealed 
that nightshift work ≥ 1 year slightly enhanced PCA inci-
dence (OR = 1.14; 95% CI 0.94–1.37) [85, 86]. This risk 
was elevated with longer duration of nightshift exposure 
(≥ 28  years; OR = 1.37; 95% CI 1.05–1.81; p = 0.047) 
and was particularly obvious for morning chronotype 
(OR = 1.79; 95% CI 1.16–2.76) [85, 86]. The CAPLIFE 
study also absorbed 456 PCA patients and 410 controls 
which observed that the percentage of ever-night work-
ers was higher in PCA group (20.9%) than control arm 
(16.1%), while nightshift work was tightly correlated to 
PCA (OR = 1.47; 95% CI 1.02–2.11) especially for rotating 
nightshift work (OR = 1.73; 95% CI 1.09–2.75) [87].

On the contrary, a German retrospective cohort study 
found that rotating nightshift work was not related to PCA 
incidence (HR = 0.93; 95% CI 0.71–1.21) [60, 88]. A Swed-
ish prospective cohort study enrolled 12,322 male twins 
and reported the cumulative incidences of PCA was simi-
lar between night workers (3.3%) and non-night workers 
(3.9%) (p = 0.16) after following up for 8.7 years [89]. Cox 
regression analysis showed that night work did not impact 
PCA risk after adjustment for covariates, nor association 
was observed regarding the duration of night work [89]. The 
Prostate Cancer and Environment Study (PROtEuS) also 
included 1,904 PCA case and 1,965 controls but found no 
relation between nightshift work and overall PCA incidence 
[90].

Considering the discrepant results, reviews and meta-
analyses were performed to better explore the associa-
tion between nightshift work and PCA. In 2015, the first 
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meta-analysis with 2,459,845 participants and 9669 PCA 
cases found that nightshift work was significantly corre-
lated to elevated risk of PCA (RR = 1.24, 95% CI 1.05–1.46; 
p = 0.011) [59]. Another meta with 2,546,822 individuals 
and 10,715 PCA patients showed that ever exposure to 
nightshift work increased PCA risk (RR = 1.23; 95% CI 
1.08–1.41; p < 0.001) [91]. Although a nonlinear associa-
tion was observed between the duration of nightshift work 
and PCA risk (p = 0.001); subgroup analysis further demon-
strated a positive correlation with PCA incidence in rotating 
shiftwork group (RR = 1.10; 95% CI 1.00–1.26; p = 0.156) 
but not other shiftwork models [91]. Such conclusion was 
similar to another paper which reported that rotating night-
shift work (RR = 1.06; 95% CI 1.01–1.12; I2 = 50%) rather 
than fixed nightshift work (RR = 1.01; 95% CI 0.81–1.26; 
I2 = 33%) significantly increased risk of PCA, while the RR 
was 20% higher in rotating group [92]. Moreover, although 
a meta-analysis showed that nightshift work was not related 
to PCA risks (RR = 1.05; 95% CI 1.00–1.11; p = 0.06; 
I2 = 24.00%), subgroup analysis still found that shiftwork 
in Asian countries (RR = 2.45; 95% CI 1.19–5.04; p 0.02; 
I2 = 0.00%) rather than Western countries (RR = 1.05; 95% 
CI 0.99–1.11; p 0.09; I2 = 0.00%) promoted PCA risks 
[93]. This result was also insisted by another meta research 
which proved that Asian populations with nightshift work 
suffered slightly higher PCA incidence (RR = 1.98; 95% CI 
1.34–2.93; p = 0.618) [91]. On the contrary, the latest meta 
with 18 studies claimed that rotating nightshift work did not 
impact PCA risk (OR = 1.07; 95% CI 0.99–1.15; I2 = 45.7%; 
p = 0.016) [61]. Thus, the original and secondary researches 
did not provide consistent conclusion on whether nightshift 
work promoted PCA risk, authors speculated this discrep-
ancy as the result of different definitions on nightshift work 
and other confounders [90].

In addition, the impact of circadian disturbance on 
prostate specific antigen (PSA) level is also inconsist-
ent. The National Health and Nutrition Examination Sur-
vey (NHANES) study found that tPSA level in nightshift 
workers (1.32 ± 2.06 ng/mL) was significantly higher than 
nonshift workers (1.18 ± 1.34 ng/mL) [75]. The nightshift 
workers have higher risk of tPSA ≥ 4.0 ng/mL after age 
(OR = 2.48; 95% CI 1.08–5.70; p = 0.03) and confounders 
(OR = 2.62; 95% CI 1.16–5.95; p = 0.02) adjustment, while 
more nightshift workers also suffered from f/t ≤ 25% (OR: 
3.13; 95% CI 1.38–7.09; p = 0.01) when tPSA ≥ 4.0 ng/mL 
[75]. In contrast, another research claimed that tPSA con-
centration in nightshift workers was slightly lower than the 
day workers, however, the unknown confounders were not 
excluded and analyzed [94].

Sleep duration/chronotypes and PCA

Although the National Sleep Foundation suggests a sleep 
duration of 7–9 h for population aged 18–64 years and 7–8 h 
for aged > 65 years [95, 96], the National Health Interview 
Survey observed that 30% of workers (approximately 40.6 
million) slept less than 6 h in US [97]. Defined as midpoint 
between sleep onset and awakening when alarm clock is 
not used, chronotype is a marker of circadian rhythm which 
represent timing of sleep−wake cycle [98]. The impact of 
sleep duration or chronotype on PCA is also complicated.

A prospective study enrolled 22,320 Japanese men 
revealed that sleep duration was inversely associated to 
PCA risk, that males sleeping ≥ 9 h/night was less likely 
to develop PCA (RR = 0.48; 95% CI 0.29–0.79; p = 0.02) 
[99]. The US Health Professionals Follow-Up Study (HPFS) 
revealed that men slept ≥ 10 h/night (RR = 0.70; 95% CI 
0.50–0.99) had a 30% reduced risk of PCA than slept 8 h/
night, while those never feeling rest when they woke up were 
more likely (RR = 3.05; 95% CI 1.15–8.10) to develop fatal 
PCA than with feeling rest [100]. The AGES-Reykjavik 
prospective cohort study recruited 2102 men and diagnosed 
135 PCA (6.4%) after following-up for 5 years [101]. Mean-
while, those experienced severe (HR = 1.7; 95% CI 1.0–2.9) 
or very severe (HR = 2.2; 95% CI 1.2–3.9) sleep problems 
suffered more PCA incidence, this association was stronger 
(HR = 2.1; 95% CI 0.7–6.2; HR = 3.2; 95% CI 1.1–9.7) when 
restricted to advanced PCA (≥ T3 or lethal stage) [101]. A 
US prospective cohort study observed that rotating shift 
workers (RR = 1.08; 95% CI 0.95–1.22) or fixed night work-
ers (RR = 0.72; 95% CI 0.44–1.18) did not associate to fatal 
PCA than fixed day workers [102]. During the first follow-up 
of 8 years, sleep duration for 3–5 h/night (RR = 1.64; 95% 
CI 1.06–2.54) and 6 h/night (RR = 1.28; 95% CI 0.98–1.67) 
significantly increased PCA risk compared with sleeping for 
7 h/night, however, this association was not observed during 
the later follow-up [102].

Moreover, the EPICAP study analyzed 818 PCA cases 
and 875 controls which found that night work did not cor-
related to PCA risk, but the incidence of PCA was increased 
in evening chronotype (OR = 1.83, 95% CI 1.05–3.19) and 
elevated as night work duration was lengthened (p = 0.01) 
[103]. While permanent night work duration > 20 years 
promoted aggressive PCA occurrence (OR = 1.76, 95% 
CI 1.13–2.75), and the risk was more pronounced when 
combined with ≥ 6 consecutive nights (OR = 2.43, 95% CI 
1.32–4.47) or shift length > 10 h/night (OR = 4.64, 95% CI 
1.78–12.13) [103]. Although the CAPLIFE study reported 
that duration of nightshift work was not related to PCA inci-
dence (OR = 1.08; 95% CI 0.51–2.29), rotating shift inten-
sity (> 74 nights/ year) enhanced PCA risk (OR = 2.60; 95% 
CI 1.34–5.02) [87]. In addition, the evening chronotype 
suffered more PCA risk (OR = 3.14; 95% CI 0.91–10.76) 
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than morning type (OR = 1.25; 95% CI 0.78–2.00), while 
the highest risk was found when evening chronotype was 
combined to permanent night work (OR = 3.53; 95% CI 
0.76–16.34) or rotating nightshift work (OR = 2.72; 95% CI 
0.54–13.62) [87].

On the contrary, a Swedish National March Cohort study 
identified 785 PCA cases after a following-up for 13 years, 
however, neither sleep duration nor disruption (sleep quality, 
restorative power of sleep, and difficulty in falling asleep or 
maintaining sleep) was correlated to PCA risk, whether for 
overall or advanced/lethal cases [104].

Generally speaking, the current studies reveal that insuf-
ficient sleep promotes PCA occurrence and prolonged sleep 
duration reduces it, however, how much does sleep duration 
works remain to be better investigated. Moreover, evening 
chronotype increases PCA incidence particularly when com-
bined to other circadian disorders like nightshift work, but 
how does other chronotypes act is also indistinct [105].

Other disturbed circadian rhythms

Light is the primary Zeitgeber (or time synchronizer). As 
known, more than 80% worldwide population and one-fifth 
terrain in our planet suffer from light pollution as the wide-
spread of artificial lights, which dramatically changes inter-
nal circadian rhythm and contributes tremendous diseases 
[106]. The MCC-Spain Study which explored impact of arti-
ficial light-at-night (ALAN) exposure found that sleeping 
with more illuminated bedrooms (indoor ALAN) increased 
PCA risk than sleeping with total darkness (OR = 2.79; 
95% CI 1.55–5.04) [106]. Although the higher tertile of 
blue light spectrum (outdoor ALAN-MSI) was associated 
with more PCA incidence (OR = 2.05; 95% CI 1.38–3.03) 
than the lowest tertile, however, the highest tertile of visual 
light (outdoor ALAN) decreased PCA risk (OR = 0.56; 
95% CI 0.38–0.84) [106]. Kim et al. observed that ALAN 
(OR = 1.02; p = 0.0369) and urbanization (OR = 1.06; 
p = 0.0055) significantly promoted PCA incidence, while a 
relatively more PCA risk (72.6%) was found with higher 
ALAN level (25% vs. 75%) [107]. Another study also 
observed that ALAN was a highly significant predictor of 
PCA after age-standardized (p < 0.01) [108].

Defined as difference between social and biological 
time or between work and free days [109], the jetlag can 
also induce circadian disturbance which induces obesity, 
metabolic disorders, and cardiovascular risk [86]. The 
Alberta’s Tomorrow Project collected 7455 cancer-free 
men and followed-up for about 10 years which found that 
individuals with social jetlag for 1–2 h (HR = 1.52; 95% CI 
1.10–2.01) or > 2 h (HR = 1.69, 95% CI 1.15–2.46) signifi-
cantly increased PCA risk than those without (p = 0.004), 
such interaction remained even sleep duration was adjusted 
(p = 0.006) [86].

Meal timing is also synchronized with peripheral circa-
dian rhythm and the MCC-Spain found that sleeping two or 
more hours after supper decreased incidence of PCA than 
those sleeping immediately after supper (OR = 0.74; 95% 
CI 0.55–0.99), while the protection was more pronounced 
when supper-sleep interval was longer (OR = 0.65; 95% CI 
0.44–0.97) [110].

In a word, the current reports suggest tightly interaction 
between other forms of disturbed circadian rhythm (like 
increased light exposure, jetlag, and meal timing) and PCA 
risk, however, the published studies are still relatively small.

Genetic findings

Apart from the epidemiologic studies, genetic investiga-
tions have also explored whether and how circadian clock 
was involved to PCA.

For gene polymorphisms among nightshift workers, the 
EPICAP population-based study found that core-circadian 
pathway (p = 0.0006) was significantly correlated to PCA, 
both for low (p = 0.002) and high (p = 0.01) grade tumors 
[111]. This connection was also significant among night-
shift workers with aggressive PCA (p = 0.004), and espe-
cially predominant for those working at night < 20 years 
(p = 0.0002) or receiving long nightshift > 10  h/night 
(p = 0.001) [112]. Although ARNTL, NPAS2, and RORA 
were all significantly related to aggressive PCA for night-
shift workers at gene level [111, 112]. A population-based 
study which analyzed 41 tagging single nucleotide poly-
morphisms (SNPs) in 10 circadian core genes among 
Caucasian men (1308 PCA and 1266 controls) [113]. It 
found that more than one SNP in nine circadian genes 
(PER1/2/3, CSNK1E, CRY1/2, ARNTL, CLOCK, NPAS2) 
were significantly correlated to PCA (both for overall and 
aggressive risks), while four SNPs in three genes (PER1/3, 
CLOCK) were varied by disease aggressiveness [113]. A 
Chinese population-based study found that CRY2-variant 
C allele indicated about 1.7-fold increased PCA risk (95% 
CI 1.1–2.7) than GG genotype [114]. Meanwhile, the Pros-
tate Cancer Prevention Trial (PCPT) found that NPAS2 
variation was related to PCA risk in finasteride group, and 
one SNP remained statistically significant (rs746924; OR: 
1.5; p = 9.6 ×  10−5) even after Bonferroni correction [115]. 
Another research proved a SNP of NPAS2 (rs6542993 
A > T) was significantly connected to higher risk of PCA 
progression, both for localized (p = 0.001) and advanced 
(p = 0.039) cases [116]. Moreover, a gene- and pathway-
based study found that aggregate circadian genetic varia-
tion and melatonin pathway were closely correlated to PCA 
risk after Bonferroni correction (ppathway < 0.00625), while 
the top two significant genes were NPAS2 (pgene < 0.0062) 
and AANAT (pgene < 0.00078) after Bonferroni correction 
[117]. In addition, the Consortium meta-analysis of six 
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Table 1  Summary for the association between PCA and circadian clock genes

Author Refs Study design Study size Function Main result

Wendeu-Foyet [111, 112] Case–control study 732 cases and 783 controls Genotyping prediction The core-circadian pathway 
(CLOCK, BMAL1, CRY1/2, 
PER1/2/3, CSNK1E, 
NPAS2) (p = 0.0006) was 
correlated to PCA, both for 
low (p = 0.002) and high 
(p = 0.01) grade tumors

These pathway was also 
significant for nightshift 
workers with aggressive 
PCA (p = 0.004), and espe-
cially predominant for those 
working at night < 20 years 
(p = 0.0002) or receiving 
long nightshift > 10 h/night 
(p = 0.001)

ARNTL, NPAS2, and RORA 
were significantly related to 
aggressive PCA for night-
shift workers at gene level

Zhu [113] Case–control study 1308 cases and 1266 controls Genotyping prediction One SNP in nine circadian 
genes (PER1/2/3, CSNK1E, 
CRY1/2, ARNTL, CLOCK, 
NPAS2) were significantly 
correlated to PCA (both for 
overall and aggressive risks), 
while four SNPs in three 
genes (PER1/3, CLOCK) 
were varied by disease 
aggressiveness

Chu [114] Case–control study 187 cases and 242 controls Genotyping prediction CRY2-variant C allele 
indicated about 1.7-fold 
increased PCA risk (95% CI 
1.1–2.7) than GG genotype

Chu [115] Case–control study 450 cases and 422 controls Genotyping prediction NPAS2 variation was related 
to PCA risk, with one 
SNP remained statistically 
significant (rs746924) after 
Bonferroni correction

Yu [116] Case–control study 458 localized and 324 
advanced PCA

Genotyping prediction A SNP of NPAS2 (rs6542993 
A > T) was significantly con-
nected to PCA progression, 
both for localized (p = 0.001) 
and advanced (p = 0.039) 
cases

Gu [117] Bioinformatics tool 14,818 cases and 14,227 
controls

Genotyping prediction The top two significant 
genes related to PCA were 
NPAS2 (pgene < 0.0062) and 
AANAT (pgene < 0.00078) 
after Bonferroni correction

Mocellin [118] Consortium meta-analysis 14,160 cases and 12,724 
controls

Genotyping prediction Circadian pathway genetic var-
iation was significantly cor-
related to PCA (p = 4.1*10–6; 
top gene ARNTL, gene 
p = 0.0002)

Seven circadian pathway vari-
ation (PER1/2, TIMELESS, 
NPAS2, ARNTL, RORα/β) 
were significantly related to 
aggressive PCA
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GWASs (14,160 PCA and 12,724 controls) also proved 
that circadian pathway genetic variation was significantly 
correlated to PCA (p = 4.1 ×  10–6; top gene ARNTL, gene 
p = 0.0002); subgroup analysis revealed that seven cir-
cadian pathway variation (PER1/2, TIMELESS, NPAS2, 
ARNTL, RORα/β) were significantly related to aggressive 
PCA risk [118]. Taken together, genetic variations in circa-
dian clock genes have potential roles in carcinogenesis and 

progression of PCA [113, 116, 117], although functional 
and fundamental studies are warranted to better explore its 
underlying biological mechanisms [117] (Table 1).

On the contrary, after reviewing 3 studies (AGES-Rey-
kjavik, Physicians’ Health Study (PHS), and Health Pro-
fessionals Follow-Up Study (HPFS)), Chu et al. found that 
none of the 96 SNPs in 12 circadian clocks was individually 
consistent involved to fatal PCA [119]. Although even the 

Table 1  (continued)

Author Refs Study design Study size Function Main result

Markt [119] Kernel machine test 24, 40, and 105 fatal cases 
respectively

Genotyping prediction None of the 96 SNPs in 12 
circadian clocks was indi-
vidually consistent involved 
to fatal PCA

Even CRY1 variation was just 
nominally involved to fatal 
PCA (p = 0.01, 0.05, 0.01 for 
AGES-Reykjavik, PHS, and 
HPFS, respectively)

Cao [120] – Animal and/or cells Suppressor-Per1 Per1 could interact with AR 
to inhibit its transcriptional 
activity in LNCaP

Overexpressed Per1 signifi-
cantly reduced tumor growth 
and induced apoptosis for 
PCA cells

Jung-Hynes [121] – Animal and/or cells Suppressor-Per2, Clock
Promoter-Bmal1

Bmal1 was increased but Clock 
and Per2 were dramatically 
decreased in PCA cells

Upregulated Per2 could inhibit 
tumor growth and viability

Melatonin preserved Per2 
and Clock while decreased 
Bmal1 to manage PCA

Li [122] – Animal and/or cells Suppressor-Per3
Promoter-Bmal1

PER3 was downregulated 
both in human PCA tissue 
and  ALDHhiCD44+ (DP) 
PCA cells, PER3 concentra-
tion was associated to better 
patient survival

Low PER3 level induced 
expression of BMAL1 to lead 
phosphorylation of β-catenin 
and activate WNT/β-catenin 
pathway in TME

Cai [123] – Animal and/or cells Suppressor-Per3 PER3 in paclitaxel-resistant 
PCA tissue was significantly 
lower than nonresistant 
group, upregulation of PER3 
induced paclitaxel-resistant 
PCA being sensitive to 
paclitaxel

Overexpressed PER3 sig-
nificantly reduced IC-50, 
arrested cell cycle, and 
increased apoptosis

Overexpressed PER3 attenu-
ated this paclitaxel-resistance 
by inhibiting Notch1
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CRY1 variation was just nominally involved to fatal PCA 
(p = 0.01, 0.05, 0.01 for AGES-Reykjavik, PHS, and HPFS, 
respectively) in gene-based analyses [119] (Table 1). Thus, 
the relationship between circadian disturbance and PCA risk 
is still controversial at gene level [111, 115].

Fundamental researches

A meta-analysis from microarray expression has shown that 
PER1/2 were downregulated in human PCA sample [120]. 
Per1 could interact with AR to inhibit its transcriptional 
activity in LNCaP, and overexpressed Per1 significantly 
reduced tumor growth and induced apoptosis for PCA cells 
[120]. At gene and protein levels, another study found that 
Bmal1 was increased but Clock and Per2 were dramati-
cally decreased in PCA cells, while upregulated Per2 could 
inhibit tumor growth and viability [121]. Furthermore, as 
the regulator of circadian clock rhythm, melatonin preserved 
Per2 and Clock while decreased Bmal1 to manage PCA; 
it also resynchronized the circadian oscillatory rhythm 
of tumor cells (Per2 and Dbp) [121]. In the meantime, 
PER3 was downregulated both in human PCA tissue and 
 ALDHhiCD44+ (DP) PCA cells, while its concentration 
was associated to better patient survival [122]. The clono-
genicity and tumorigenicity in DP cells were significantly 
inhibited with the overexpressed PER3, while the colony-
forming and tumor-initiating abilities in DN cells were 
enhanced with PER3 knockdown; this was mechanistically 
explained by that low level of PER3 induced the expression 
of BMAL1 to lead phosphorylation of β-catenin and activate 
WNT/β-catenin pathway in TME [122]. Moreover, PER3 in 
paclitaxel-resistant PCA tissue was significantly lower than 
nonresistant group, while upregulation of PER3 induced 
paclitaxel-resistant PCA being sensitive to paclitaxel [123]. 
Subsequent research proved that overexpressed PER3 sig-
nificantly reduced IC-50, arrested cell cycle, and increased 
apoptosis; meanwhile, it also attenuated this paclitaxel-
resistance by inhibiting Notch1 [123]. All these suggest a 
key role of PER in PCA transformation [49, 120], however, 
studies about the other circadian clock genes are still limited 
(Table 1).

The impact of circadian disturbance was also performed 
on CRPC rat model, that continuous light decreased mela-
tonin level to stimulated PCA growth while melatonin sup-
plement inhibited tumor growth and reversed enzalutamide 
resistance [124]. Further analysis clarified that melatonin 
regulated epigenetic modification of carboxylesterase 1 
(CES1) by promoting SIRT1-mediated DNA methyltrans-
ferase 1 (DNMT1) deacetylation, while the restored car-
boxylesterase 1 (CES1) then reduced lipid droplet accumu-
lation to induce endoplasmic reticulum (ER) stress-related 
apoptosis and block intratumoral androgen synthesis, which 

finally inhibited CRPC progression and reversed enzaluta-
mide resistance [124].

Circadian radiotherapy and PCA

Circadian radiotherapy strategy has been performed to 
improve the therapeutic effects or to reduce toxicities. In 
2016, a retrospective study separated localized PCA cases 
with radiotherapy into daytime (n = 267; before 5 PM) and 
evening (n = 142; after 5 PM) groups [125]. As was shown, 
the evening group showed significantly increased acute 
gastrointestinal (HR = 0.79; 95% CI 1.18–2.72; p = 0.01) 
and genitourinary toxicities (HR = 2.41; 95% CI 1.49–3.88; 
p < 0.001), it also had more late gastrointestinal toxicities 
(≥ grate 2) (HR: 2.96; 95% CI 1.63–5.37; p < 0.001) espe-
cially for patients aged > 70 years [125]. Considering the cir-
cadian variation of DNA synthesis revealed an acrophase in 
the morning and a bathyphase in the evening, while S-phase 
cells were more tolerated to radiation-induced DNA dam-
age, authors suggested that rectal mucosa with less DNA 
synthesis in the evening might be more susceptible to radia-
tion damages [125]. For advanced PCA (≥ T2b), the evening 
group (69%) demonstrated poorer biochemical failure-free 
survival (BFFS) than daytime patients (81%) (p = 0.04), 
although after matching cohort for age, tumor stage, GS 
score, initial PSA, and ADT (HR = 1.95; 95% CI 1.00–3.81; 
p = 0.05) [125, 126]. This was explained by that the more 
advanced tumor stage had more circadian variation in pro-
lactin, melatonin, and thyroid-stimulating hormone [125]. 
Even though, the exact mechanism is unclear, and whether 
circadian treatment really works still need more clinical and 
basic evidence.

Circadian disturbance and kidney cancer

Renal cell carcinoma (RCC) represents approximately 90% 
of all kidney cancer and accounts for 3% of all human malig-
nancies [127]. The annual incidence of RCC increases about 
2% in Europe and worldwide during the past twenty years, 
which contributes to nearly 99,200 new cases of RCC and 
39,100 kidney cancer-associated death in European Union 
in 2018 [127], as well as more than 400,000 new cases and 
175,000 cancer-related death across the world [128]. Since 
1990s, the overall mortality of RCC is generally stabilized or 
decreased in Europe, but is increased in other regions (like 
Greece, Croatia, Ireland, Estonia, and Slovakia) [127]. The 
risk factors vary for kidney cancer, including obesity, age, 
hypertension, and cigarette smoking [17]; while associa-
tion between circadian disturbance and RCC has also been 
explored.
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Epidemiological finding

The Montreal Multisite Case−Control study found nightshift 
work slightly increased the risk of kidney cancer (OR = 1.42, 
95% CI 0.86–2.35) [83]. However, the NIH-AARP Health 
and Diet Study claimed that neither short nor long sleep 
duration impacts the kidney cancer incidence [129]. Hence, 
the current epidemiological researches on this issue are rela-
tively small and the results are controversial. However, some 
fundamental studies still try to explore whether circadian 
disturbance is involved in the onset or progression of kidney 
cancer from molecular level.

Genetic and fundamental research

In 2012, Mazzoccoli evaluated clock gene machinery on 11 
kidney cancer patients which found that PER2, TIPIN, and 
TIMELESS were significantly decreased but SERPINE1 was 
increased [130]. Commonly treated as a tumor suppressor 
in kidney cancer, Per2 revealed a circadian rhythmicity in 
Caki-2 cells; while HIF-1α could induce Per2 transcription 
and promote amplitude of Per2 oscillation by directly bind-
ing to its promoter [131]. Although HIF-1α-related gene 
pathway was the major risk factor for tumor growth in kid-
ney cancer, this study suggested that HIF-1α might induce 
Per2 transcriptional activity to inhibit tumor proliferation 
[131]. Considering the fundamental evidence on associa-
tion between circadian disturbance and kidney cancer is also 
limited and result is inconsistent, authors try to explore this 
issue from other angles.

In 2021, a Mendelian randomization (MR) study based 
on the UK Biobank observed that genetically predicted 
long-sleep duration decreased the odds of kidney cancer 
(OR = 0.44; 95% CI 0.21–0.90; p = 0.025) while genetic 

liability to continuous sleep period had lower risk of kidney 
cancer (OR = 0.50; 95% CI 0.25–0.99; p = 0.046), indicating 
a protective role of long-sleep duration on kidney malig-
nancy [132]. A multi-omics analysis with bioinformatics 
tools investigated the impact of nine core circadian clock 
genes (CLOCK, BMAL1, CRY1/2, PER1/2/3, RORA, and 
NR1D1) on kidney renal clear cell carcinoma (KIRC) [128]. 
It was found that patients with highly expressed CLOCK, 
CRY1/2, PER2/3, and RORA had better overall survival (OS); 
those with increased CLOCK, CRY1/2, PER1/2/3, and RORA 
enjoyed better disease-free survival (DFS) [128]. A analy-
sis from Cancer Genome Atlas (TCGA) using R and Perl 
programming languages proved that high levels of CLOCK, 
PER1/2/3, NR1D2, and RORA experienced longer OS for 
kidney cancer patients, however, those with high Timeless 
and NPAS2 levels suffered from poor survival [133]. These 
suggested that most of the low expressed circadian clock 
genes led to poor prognosis in kidney cancer patients; while 
the authors speculated the decreased clock genes might 
contribute to downregulation of cell-cycle genes and impair 
cell cycle in various stages, such alteration could change 
the malignant cell periodicity and induce abnormal uncon-
trolled cell proliferation which finally deteriorated OS [133]. 
In addition, an integrated analysis with genomic, transcrip-
tomic, and clinical data clarified 32 circadian clock genes 
as putative loss of-function  (ClockLoss, recurrently deleted 
and downregulated genes including CLOCK, CRY2, FBXL3, 
FBXW11, NR1D2, PER1, PER2, PER3, PRKAA2, RORA, 
and RORB) and gain-of-function  (ClockGain, recurrently 
amplified and upregulated genes including BMAL2/ARNTL2 
and NR1D1) players [4]. They found that downregulation of 
 ClockLoss genes revealed significantly higher mortality rates 
in pan-kidney (p = 0.011) and ccRCC (p < 0.0001) cancers, 
while high upregulated  ClockGain genes indicated poorer 

Table 2  Summary for the association between kidney cancer and circadian clock genes

Author Refs Study design Study size Function Main result

Zhou [128] Bioinformatics tool 533 KIRC samples Genotyping prediction Highly expressed CLOCK, CRY1/2, PER2/3, and RORA 
had better OS

Increased CLOCK, CRY1/2, PER1/2/3, and RORA enjoyed 
better DFS

BMAL1, PER1/2, RORA, and NR1D1 were significantly 
upregulated but CLOCK and CRY1/2 were downregu-
lated

Qiu [134] Bioinformatics tool 538 cases and 72 
adjacent normal 
tissues

Genotyping prediction High levels of CLOCK, PER1/2/3, NR1D2, and RORA 
experienced longer OS

Increased Timeless and NPAS2 levels indicated poor 
survival

CLOCK, PER1/2/3, CRY2, NPAS2, NR1D2, and RORA 
were highly expressed in kidney cancer patients with 
TNM stage (I-II)

PER1/2/3, CRY2, Timeless, NPAS2, NR1D2, and RORA 
were highly expressed in well differentiated carcinoma 
type (G1, G2)
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survival in pan-kidney (p = 0.0034) and ccRCC (p = 0.014) 
cancers [4]. This declared that  ClockLoss and  ClockGain were 
correlated with roles of tumor-suppressing and tumor-pro-
moting for kidney cancer, respectively [4]; but the underly-
ing mechanism is far from being understood (Table 2).

The multi-omics analysis found that all circadian genes 
in KIRC tissues were fluctuant expressed, except RORA; 
while BMAL1, PER1/2, RORA, and NR1D1 (p < 0.001) 
were significantly upregulated but CLOCK and CRY1/2 
(p < 0.001) were downregulated [128]. Analysis from 
TCGA showed that high expression rate of CLOCK, 
PER1/2/3, CRY2, NPAS2, NR1D2, and RORA were 
observed in kidney cancer patients with TNM stage (I-II), 
and high level of PER1/2/3, CRY2, Timeless, NPAS2, 
NR1D2, and RORA were found in well differentiated car-
cinoma type (G1, G2) [133] (Table 2). Thus circadian 
rhythm was tightly related to the stage of kidney can-
cer, while authors inferred that circadian genes promoted 
abnormal expression of oncogenes, tumor-suppressor 
genes, anti-apoptosis and pro-apoptotic genes during the 
initiation and progress of carcinoma [133]. Meanwhile, 
circadian rhythm was involved to several KIRC-related 
hallmark pathways, including cell cycle, apoptosis, DNA 
damage response; it also regulated DNA binding and gene 
expression in enrichment analysis [128]. Moreover, circa-
dian rhythm was strongly related to immune cells like B 
cell, CD4/8 cell, macrophage, neutrophil, and dendritic 
cell [128]. These proved that circadian rhythm regulated 
tumor microenvironment and immune system in kidney 
cancer [128, 134], however, the specific mechanism 
remained to be clarified.

Circadian chemotherapy and kidney cancer

Circadian chemotherapy strategy has explored to reduce 
the therapeutic toxicity of kidney cancer for decades 
[135]. In 1990s, Hrushesky et al. found that continuous 
fluorodeoxyuridine (FUDR) infusion with a circadian-
modified schedule (68% of the daily dose was given 
between 15:00 and 21:00) was effective for metastatic 
RCC compared with a constant schedule, however, the 
permitted safety was higher and toxicity is markedly 
reduced in the circadian model [135, 136]. Moreover, 
another multicenter study proved that metastatic RCC 
patients receiving FUDR infusion in circadian strategy 
(65% of the daily dose was administrated between 20:00 
and 02:00) had less diarrhea and dose-limiting toxicity 
than the flat schedule, meanwhile more dose escalation 
was given but less dose reduction was found in circa-
dian arm [135, 137]. Although chemotherapy is currently 
invalid for kidney cancer, whether the circadian strategy 
improves therapeutic effect or reduces toxicity for other 

treatments (like targeted drug or PD-1) remains to be well 
studied.

Although the research is limited and evidence is weak, 
the current epidemiological studies reveals that nightshift 
work potentially promote kidney cancer occurrence while 
genetic and fundamental analyses demonstrate that circa-
dian clock genes are altered in tumor tissues and involved 
with patients’ prognosis. Whether other forms of disturbed 
circadian rhythms like light/dark alteration, temperature 
cycles, eating/drinking patterns, physical activity, or social 
cues [1, 35, 43, 138] affect kidney cancer remains to be 
explored, how circadian clock genes involve in kidney 
cancer at molecular level also need further investigation.

Circadian disturbance and bladder cancer

Once as the most usual urological malignancy, bladder can-
cer is now the 7th most commonly diagnosed cancer for men 
and 11th for women [139]. The worldwide age-standardized 
incidence of bladder cancer (per 100,000 person/year) is 9.0 
for males and 2.2 for females while the mortality rate is 
3.2 for males and 0.9 for females [139], with an estimated 
430,000 new cases and 165,100 deaths being found in 2012 
[140]. When considering the tremendous incidence and mor-
tality rates, bladder cancer has led huge burdens to patients 
and families [140]. According to the data from Occupational 
Cancer Research Centre (OCRC), the estimated total cost 
for 199 new-diagnosed bladder cancer was $131 million, 
with an average per-case charge of $658,055 [141]. Bladder 
cancer has been proved being tightly related to factors of 
tobacco consumption, chemical exposure, industrialization 
and urbanization, and unhealthy lifestyles [140]. Recently, 
the association between circadian disturbance and bladder 
cancer is also been concerned.

Epidemiological finding

The NIH-AARP Health and Diet cohort study found that 
sleep less than 7–8 h potentially increased bladder cancer 
incidence (HR = 1.10; 95% CI 1.00–1.20; p = 0.07) [129, 
142]. The Montreal Multisite Case − Control Cancer study 
observed that long-term night work (> 10  years dura-
tion) significantly promoted occurrence of bladder cancer 
(OR = 1.74; 95% CI 1.22–2.49) [83]. Meanwhile, an inte-
grated analysis proved the down-regulation of  ClockLoss 
genes was significantly related to higher mortality inci-
dence (p = 0.027) and poorer OS (HR = 1.776; p = 0.043) 
for bladder cancer [4]. However, the MR study based on 
UK Biobank claimed that neither the genetic predicted 
short (OR = 1.15; 95% CI 0.79–1.66; p = 0.459) nor long 
(OR = 0.96; 95% CI 0.51–1.81; p = 0.892) sleep duration 
was correlated to bladder cancer [132]. Although the cur-
rent study on the association is small and conclusion is 
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controversial, some researches are performed to explore this 
issue on fundamental level.

Genetic and fundamental research

The mRNA levels of BMAL1, CLOCK, and PER1/2/3 in 
bladder tumor were significantly decreased than neighboring 
benign mucosa, while CRY1 was dramatically upregulated 
and CRY2 was downregulated in both tumor and neighbor-
ing tissue when compared with normal donor tissue [143]. 
A data-mining analysis found that TP53 (HUB node) was 
tightly correlated to CSNK1ε (circadian node), while some 
other circadian modes was related to other HUB nodes after 
passing one or two nodes [144]. Senescence is an impor-
tant tumor suppressive mechanism, while the senescence 
induced by radio- or chemotherapy prevents the occurrence 
and development of cancer by restricting unlimited cell pro-
liferation [145–147]. The CRY1 was accumulated in quies-
cent cisplatin-resistant bladder cells while CRY1 knockdown 
increased PTX-induced senescence [147]. Further research 
proved that elevated CRY1 in cisplatin-resistant bladder 
cells induced p53 degradation by promoting FOXO1 binding 
to its ubiquitin E3 ligase MDM2, which finally preventing 
PTX-induced senescence [147]. A genome-wide open chro-
matin analysis observed that overexpressed NPAS2 inhibited 
trans-well migration in SCABER cell probably via repress-
ing a subset basal maker genes like KRT5, KRT6A, and 

TFAP2C, while TCGA data also proved that higher NPAS2 
promoted OS for patients with bladder cancer [148]. These 
finally inferred that circadian disturbance might contrib-
ute additional mechanisms to progression and behavior for 
bladder cancer [143, 144], even the detail is blurry [148] 
(Table 3).

Circadian chemotherapy and bladder cancer

Hrushesky et al. has explored the monthly circadian-timed 
doxorubicin (morning)–cisplatin (evening) chemotherapy 
immediately after cystectomy which proved that circa-
dian-timed regimen with full doses for nine courses might 
delayed and prevented local or distant recurrence for locally 
advanced bladder cancer [135, 149]. Such circadian based 
adjuvant chemotherapy is more tolerated than other com-
bination regimens [135, 149]. For metastatic bladder can-
cer, circadian-timed combination chemotherapy achieved 
excellent quality of life with limited toxicity, which finally 
promoted patients’ experience [135, 150]. However, a well-
designed control group is necessary before any conclusion 
on circadian chemotherapy is made for bladder cancer.

Thus, the limited clinical studies found nightshift work or 
disturbed sleep rhythms potentially promoted risk of bladder 
cancer, while genetic and fundamental researches observed 
that circadian clock genes were involved to its tumorigenesis 
and progression. Just like the situation on kidney cancer, 

Table 3  Summary for the association between bladder cancer and circadian clock genes

Author Refs Study design Study size Function Main result

Litlekalsoy [144] Case–control study 27 cases and benign tissues, 
and 15 normal bladder 
tissue

Suppressor-Per2, Clock
Promoter-Bmal1

BMAL1, CLOCK, and PER1/2/3 in bladder 
tumor were significantly decreased than 
neighbouring benign mucosa

CRY1 was dramatically upregulated and 
CRY2 was downregulated in both tumor and 
neighbouring tissue

Polo [145] Bioinformatics tool no Suppressor-CSNK1ε TP53 (HUB node) was tightly correlated to 
CSNK1ε (circadian node), some other circa-
dian modes was related to other HUB nodes 
after passing one or two nodes

Jia [148] – Animal and/or cells Promoter-CRY1 CRY1 was accumulated in quiescent 
cisplatin-resistant bladder cells while 
CRY1 knockdown increased PTX-induced 
senescence

Elevated CRY1 in cisplatin-resistant bladder 
cells induced p53 degradation by promoting 
FOXO1 binding to its ubiquitin E3 ligase 
MDM2, which finally preventing PTX-
induced senescence

Iyyanki [149] – Animal and/or cells Suppressor-NPAS2 Overexpressed NPAS2 inhibited trans-well 
migration in SCABER cell probably via 
repressing a subset basal maker genes like 
KRT5, KRT6A, and TFAP2C

Higher NPAS2 promoted OS for patients with 
bladder cancer
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researches on association between circadian disturbance and 
bladder cancer is small and the evidence is also weak. More 
epidemiological studies on whether circadian disturbance 
impacts bladder cancer are warrant, while fundamental stud-
ies about how circadian disturbance regulates bladder cancer 
are also being expected.

Conclusion

The altered life style or elevated work pressure in modern 
society has gradually disturbed internal circadian rhythm, 
which finally contributes to various disease including cancer. 
More studies are continuous clarifying whether and how 
circadian disturbance are involved with occurrence and pro-
gression of various malignancies. Regarding the impact of 
circadian disturbance on urological cancers, some researches 
have proved a potential connection with PCA, while investi-
gations for kidney and bladder cancers are relatively small, 
but no studies focus on other urological malignancies. These 
associations are generally controversial and evidence is rela-
tively weak, whether from epidemiological or fundamental 
results. The impact of circadian disturbance on urological 
cancers is worth to be expected. However, it is difficult to 
clarify which specific circadian disorder contribute to uro-
logical cancer as the Zeitgeber is various and circadian clock 
is very vulnerable to be affected; moreover, circadian clock 
cycle is consisted by 32 genes (about 7 core genes), which 
specific circadian gene is responsible for some cancer is also 
hard to illuminate.
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