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1  | INTRODUC TION

Circadian rhythms are existed in almost all species and show 24 
hours’ cycles. In mammals, circadian clock is maintained by a master 
clock in hypothalamus suprachiasmatic nucleus, and clocks are also 
located in most other tissues. The regulation of circadian clock de‐
pends on self‐continued transcription‐translation feedback loops.1‐4 
In mammals, the core clock genes are CLOCK and BMAL1. CLOCK 
(Circadian locomotor output cycles kaput) dimerizes with BMAL1 
(Brain‐Muscle Arnt‐Like protein 1) to activate circadian output genes 
via binding to their E‐BOX region on promoter, for example, Period 

(PER) 1/2, Cryptochrome (CRY) 1/2. Then PER1/2 and CRY1/2 enter 
into the nucleus to suppress activity of CLOCK/BMAL1, thereby in‐
hibiting their own transcription.2 And the other feedback loops are 
generated by the Rev‐erb and Ror genes, whose proteins regulate the 
BMAL1 gene transcription.5‐7

Previous studies have shown that the clock proteins are sub‐
ject to phosphorylation, ubiquitination or other post‐translational 
modifications (PTMS).8 Recently, GSK3β (glycogen synthase kinase 
3) has been confirmed as a crucial regulator for stability and activ‐
ity of clock proteins, including CLOCK, BMAL1, PER and CRY.9‐12 In 
general, GSK3β can phosphorylate clock proteins, thus leading to 
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Abstract
Circadian rhythms are maintained by series of circadian clock proteins, and post‐
translation modifications of clock proteins significantly contribute to regulating cir‐
cadian clock. However, the underlying upstream mechanism of circadian genes that 
are responsible for circadian rhythms in cancer cells remains unknown. PIWIL1 par‐
ticipates in many physiological processes and current discoveries have shown that 
PIWIL1 is involved in tumorigenesis in various cancers. Here we report that PIWIL1 
can suppress circadian rhythms in cancer cells. Mechanistically, by promoting SRC 
interacting with PI3K, PIWIL1 can activate PI3K‐AKT signalling pathway to phos‐
phorylate and inactivate GSK3β, repressing GSK3β‐induced phosphorylation and 
ubiquitination of CLOCK and BMAL1. Simultaneously, together with CLOCK/BMAL1 
complex, PIWIL1 can bind with E‐BOX region to suppress transcriptional activities of 
clock‐controlled genes promoters. Collectively, our findings first demonstrate that 
PIWIL1 negatively regulates circadian rhythms via two pathways, providing molecu‐
lar connection between dysfunction of circadian rhythms and tumorigenesis.
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ubiquitination and proteasome‐dependent degradation. However, 
the upstream mechanism controlling the circadian system has not 
been better understood.

In human, PIWI protein subfamily mainly includes PIWIL1, 
PIWIL2, PIWIL3 and PIWIL4, and participates in stem cell self‐re‐
newal, spermatogenesis and RNA silencing.13‐15 PIWIL1 (Piwi‐like 
RNA‐mediated gene silencing 1), also known as HIWI, contains 
two conserved domains: the PAZ domain in middle and the PIWI 
domain in C‐terminal.16 Current discoveries have shown that 
PIWIL1 is involved in tumorigenesis in various cancers, including 
proliferation, migration and invasion of cancers.17‐20 Meanwhile, 
evidences have demonstrated that the dysfunction of circadian 
rhythms is associated with tumours.21,22 Yet, the link between 
PIWIL1 and circadian rhythms remains unclear, and then we have 
proposed the hypothesis that PIWIL1 can regulate circadian 
rhythms.

Here we report that PIWIL1 can suppress circadian rhythms 
in cancer cells. The results revealed that PIWIL1 can activate 
SRC‐PI3K‐AKT signalling pathway, thus leading to phosphoryla‐
tion of GSK3β, repressing GSK3β‐induced phosphorylation and 
degradation of CLOCK and BMAL1. Simultaneously, together 
with CLOCK and BMAL1 complex, PIWIL1 can bind with E‐BOX 
region to inhibit the transcriptional activities of clock‐controlled 
genes (CCG) promoters. Our discoveries provide a novel molec‐
ular connection between dysfunction of circadian rhythms and 
tumorigenesis.

2  | MATERIAL S AND METHODS

2.1 | Plasmid construction and shRNA

cDNA encoding MYC‐tagged PIWIL1 and MYC‐tagged PIWIL1 dele‐
tion mutants were synthesized and inserted into pcDNA3.1(+) ex‐
pression vector (Invitrogen) by segment and fusion PCR. Meanwhile, 
PIWIL1‐specific shRNA (shPIWIL1) was synthesized and cloned into 
pGPU6/GFP/Neo (GenePharma, Shanghai, China). The target se‐
quence of shPIWIL1 was 5'‐GCCGTTCATACAAGACTAATT‐3'.

2.2 | Antibody

The whole rabbit polyclonal antibodies (pAbs) and mouse monoclo‐
nal antibodies (mAbs) were listed below: pAb anti‐PIWIL1 (Abcam, 
Cambridge, UK), pAb anti‐CLOCK (CST, Boston), pAb anti‐BMAL1 
(CST), pAb anti‐MYC‐tag (Santa Cruz, USA), pAb anti‐HA‐tag (Santa), 
mAb anti‐GAPDH (Abcam), mAb anti‐GSK3β (Zen Bioscience, 
Chengdu, China), pAb anti‐pGSK3β(S9) (CST), pAb anti‐AKT (CST), 
pAb anti‐pAKT(S473) (CST), pAb anti‐SRC (CST), pAb anti‐PER2 
(CST), pAb anti‐CRY1 (CST).

2.3 | Cell culture and treatment

293T, Hela and MCF7 cells were maintained in State Key 
Laboratory of Biotherapy of West China Hospital. The cells were 

cultured in DMEM containing 10% FBS and transfected with jet‐
PRIME (#114‐15, SA, France), then incubated in 5% CO2 incubator 
at 37°C. For treatment, after transfection, cells were pre‐treated 
with 6 μg/mL cycloheximide (CHX) for 0‐8 hours to inhibit pro‐
tein synthesis, 10 μmol/L MG132 for 6 hours to suppress protein 
degradation, 10 μmol/L TWS119 for 6 hours (inhibitor of GSK3β), 
50 μmol/L LY294002 (inhibitor of PI3K) for 4 hours, 1 μmol/L 
Saracatinib and Bosutinib (AZD, SKI, inhibitors of SRC) for 4 hours, 
respectively. Then the cells were harvested and analysed using 
appropriate antibodies. All experiments were repeated at three 
times.

2.4 | Immunoprecipitation and Western blot

For immunoprecipitation (IP), cells were lysed by using protein ex‐
traction buffers (PP1801, Bioteke, China) containing protease in‐
hibitor (04693116001, Roche, Switzerland) after transfected for 
48 hours. The proteins extracted were immunoprecipitated with 
specific antibody and protein A + G agarose beads (P2012, Beyotime, 
China). For Western blot, proteins were separated with SDS‐PAGE 
and detected with special primary antibody and horseradish peroxi‐
dase‐conjugated secondary antibodies. Then special proteins were 
visualized with the enhanced chemiluminescence Western blot de‐
tection system (WBKLS0100, Millipore).

2.5 | Immunofluorescence

The cells were fixed using 4% paraformaldehyde in PBS for 
10 minutes and permeabilized for 3 minutes with 0.5% Triton, and 
blocked for 30 minutes with 1% BSA, incubated with primary an‐
tibody for overnight at 4°C, and next incubated with Alexa Fluor® 
488 (A‐11055; Thermo Fisher Scientific, USA), Alexa Fluor® 555 
(A‐31570; Thermo Fisher Scientific, USA) and Alexa Fluor® 647 
(132570; Jackson Immuno Research, USA) at room temperature for 
1 hour, each step was followed with two washes for 5 minutes in 
PBS. Finally, the specimens were counterstained with DAPI (1‰) for 
2 minutes nuclear stain. The images were obtained using confocal 
microscope (Olympus, Japan).

2.6 | Chromatin immunoprecipitation and 
quantitative PCR

Chromatin immunoprecipitation (ChIP) was performed with the 
ChIP Assay Kit (Beyotime, China) according to manufacturer's 
protocols. Cells were fixed with formaldehyde for 10 minutes, 
crosslinking was stopped with 125 mmol/L glycine, and lysed 
using SDS lysis buffer with protease inhibitor cocktail (Roche). 
Cell lysates were ultrasonicated and immunoprecipitated with an‐
tibody. The DNA eluted and purified was subjected to qPCR with 
primers as below: Per2 sense: 5'‐GGACGACGGGTAGCACGAA‐3'; 
Per2 antisense: 5'‐GCCGCTGTCACATAGTGGAAAA‐3'; CRY1 
sense: 5'‐CATAGAGGCAGGAAGGAGAA‐3'; CRY1 antisense: 
5'‐ATCAGCCTTTCTTTGGTTCT‐3'. For quantitative PCR, it was 
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performed by real‐time PCR system (BioRad, Hercules, CA), with 
the first denaturation step at 95°C for 10 minutes, followed with 40 
cycles containing denaturation at 95°C for 20 seconds, annealing at 
60°C for 30 seconds and extension at 72°C for 30 seconds.

2.7 | Dual luciferase activity assay

For dual luciferase activity assay, E‐BOX sequences of PER2 and 
CRY1 were inserted into pGL3 reporter vectors (Promega, WI). A 
total of 0.45 μg plasmid and 0.1 μg renilla plasmid were co‐trans‐
fected into Hela cells. After 48 hours, cells were harvested using 
Luciferase Assay Buffer, then detected with Luciferase Assay 
Reagent II and Stop & Glo Reagent according to the manufactur‐
er's protocols.

2.8 | Statistical analysis

The whole experiments were repeated for three times, and the data 
were presented as the mean ± SD with GraphPad Prism 7.0 soft‐
ware. The statistical analyses were analysed with spss version 17.0. 
Differences were determined with Student's t test between the 
experimental groups. Statistical significance were considered as 
P < 0.05.

3  | RESULTS

3.1 | PIWIL1 increases CLOCK and BMAL1 
expression

First, we screened cancer cell lines for PIWIL1 expression, and the 
results showed that PIWIL1 was expressed in HeLa, MCF7, HepG2, 
A549 and HT‐29 cancer cells (Figure S1A,B). To investigate the ef‐
fect of PIWIL1 on circadian proteins of CLOCK and BMAL1, we con‐
structed over‐expression and shRNA expression vectors of PIWIL1, 
which were injected into Hela and MCF7 cells. The Western blot 
results showed that up‐regulated PIWIL1 can increase CLOCK and 
BMAL1 expression, while PIWIL1 knockdown decreased CLOCK 
and BMAL1 expression (Figure 1A and Figure S2). Subsequently, im‐
munofluorescence assays was performed and indicated that PIWIL1 
increased CLOCK and BMAL1 expression in Hela and MCF7 cells 
(Figure 1B).

The changes of CLOCK and BMAL1 protein levels may be due to 
proteins degradation or changes at mRNA levels. We first performed 
the real‐time PCR and no significant changes were observed after 
altering the PIWIL1 expression (Figure 1C). Interesting, the cytoso‐
lic/nuclear fractionation assays further revealed that PIWIL1 posi‐
tively regulated CLOCK and BMAL1 expression both in cytoplasm 

F I G U R E  1   PIWIL1 increases CLOCK and BMAL1 expression. PIWIL1 positively regulated CLOCK and BMAL1 expression in Hela and 
MCF7 cells compared with Control transfected with empty vector (pcDNA3.1) and shRNA vector (shNC) (A). Fluorescent staining of CLOCK 
and BMAL1 decreased in PIWIL1 knockdown cells, Scale bars correspond to 5 μm (B). qPCR results showed that PIWIL1 did not affect the 
mRNA levels of CLOCK and BMAL1 in PIWIL1 overexpression or knockdown HeLa and MCF7 cells (C). PIWIL1 positively regulated CLOCK 
and BMAL1 expression both in cytoplasm and nucleus, GAPDH and LaminB1 were employed as internal controls (D). Data were presented 
as mean ± SD (N = 3). NS, no significant change. *P < 0.05
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and nucleus (Figure 1D). Above results suggested that PIWIL1 plays 
a role in regulating circadian proteins.

3.2 | PIWIL1 interacts with CLOCK and BMAL1 via 
PIWI domain

Evidences have shown that PIWIL1 can regulate CLOCK and BMAL1, 
so we next confirmed whether PIWIL1 can interact with CLOCK 
and BMAL1. IP assays were performed, showing that exogenous 
and endogenous PIWIL1 can interact with CLOCK and BMAL1 in 
293T and Hela cells (Figure 2A,B). Then immunofluorescence assays 
showed that PIWIL1, CLOCK and BMAL1 were overlapped in cy‐
toplasm and nucleus (Figure 2C), suggesting the existence of com‐
plex. Subsequently, two‐step immunoprecipitation assays further 
confirmed the complex comprised of PIWIL1, CLOCK and BMAL1 
(Figure 2D).

To identify the functional domains involved in interaction with 
CLOCK and BMAL1, we constructed a series of PIWIL1 deletion 
mutants (Figure 2E). Immunoprecipitation assays showed that the 
mutants of PIWIL1 lacking of PIWI domain such as N or dPIWI failed 
to interact with CLOCK and BMAL1, only mutants contained PIWI 
domain remained the ability in Hela cells (Figure 2F), verifying the 
importance of PIWI domain.

3.3 | PIWIL1 suppresses GSK3β‐induced 
phosphorylation and ubiquitination of 
CLOCK and BMAL1

As we all know that phosphorylation and ubiquitination of CLOCK 
and BMAL1 significantly contribute to the stability of these pro‐
teins, and can regulate circadian rhythms.10 In Hela cells treated 
with CHX to inhibit protein synthesis, PIWIL1 knockdown increased 

F I G U R E  2   PIWIL1 interacts with CLOCK and BMAL1 via PIWI domain. Exogenous Immunoprecipitation (IP) assays showed that PIWIL1 
interacted with CLOCK and BMAL1 in 293T. Input, protein sample without immunoprecipitation (A). Endogenous IP results revealed that 
PIWIL1 bound with CLOCK and BMAL1 in Hela (B). Immunofluorescence assays showed that PIWIL1, CLOCK and BMAL1 were overlapped 
in cytoplasm and nucleus. Scale bar corresponds to 10 μm (C). Two‐step IP results indicated that PIWIL1, CLOCK and BMAL1 formed 
complex (D). Schematic of PIWIL1 deletion mutants (E). PIWIL1 deletion mutants contained PIWI domain can interact with CLOCK and 
BAML1 in Hela cells (F)
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degradation of CLOCK and BMAL1 (Figure 3A). Ubiquitination as‐
says showed that PIWIL1 knockdown increased the levels of poly‐
ubiquitination of BMAL1 (Figure 3B).

Previous studies showed that GSK3β can induce phosphorylation 
and ubiquitination of CLOCK and BMAL,10,19,23 so we would like to 
understand whether PIWIL1 can block GSK3β‐induced phosphory‐
lation and degradation of CLOCK and BMAL1. Immunoprecipitation 
assays showed that anti‐GSK3β can pull down more CLOCK, BMAL1 
and ubiquitinated CLOCK and BMAL1 in PIWIL1 knockdown cells 
(Figure 3C). Next we treated the cells with GSK3β inhibitor TWS119 
and harvested for Western blot, the results revealed that GSK3β 
inhibitor TWS119 recovered CLOCK and BMAL1 expression de‐
creased by PIWIL1 knockdown (Figure 3D).

To further look into the impact of PIWIL1 on phosphorylation 
of CLOCK and BMAL1, Phos‐tag SDS PAGE gels assays were per‐
formed to separate phosphorylated proteins and the results showed 

that PIWIL1 can inhibit the phosphorylation of CLOCK and BMAL1 
(Figure 3E).

3.4 | PIWIL1 activates SRC‐PI3K‐AKT pathway to 
suppress GSK3β activity

As a kinase, GSK3β is effective in unstimulated cells and can be regu‐
lated by phosphorylation at Ser9 by other kinase,24,25 so we exam‐
ined whether PIWIL1 can suppress the GSK3β activity. The results 
showed that PIWIL1 knockdown significantly decreased the level of 
phosphorylation of GSK3β at Ser9 in Hela cell. And this effect can 
be abolished by LY294002, an inhibitor of PI3K (Figure 4A), showing 
that PIWIL1 inhibited GSK3β activity via PI3K pathway.

Studies have shown that SRC is involved in PI3K‐induced AKT 
phosphorylation to regulate PI3K‐AKT pathway.26‐28 So we hy‐
pothesized that PIWIL1 can activate PI3K‐AKT pathway via SRC to 

F I G U R E  3   PIWIL1 suppresses GSK3β‐induced phosphorylation and ubiquitination of CLOCK and BMAL1. PIWIL1 knockdown increased 
degradation of CLOCK and BMAL1 compared with Control after Hela cells were treated with cycloheximide (CHX) at 6 μg/mL for indicated 
time (hours) (A). Ubiquitination assay showed that PIWIL1 knockdown increased the level of poly‐ubiquitination of BMAL1. HeLa cells were 
transfected with HA‐ubiquitin vector, followed with treatment of MG132 for 6 h (B). Anti‐GSK3β can pull down more CLOCK, BMAL1 
and ubiquitinated CLOCK and BMAL1 in PIWIL1 knockdown cells (C). GSK3β inhibitor TWS119 recovered CLOCK and BMAL1 expression 
decreased by PIWIL1 knockdown Hela cells (D). Phos‐tag SDS PAGE assays indicated that PIWIL1 inhibited the phosphorylation of CLOCK 
and BMAL1. ALP, alkaline phosphatase (E). Data were presented as mean ± SD (N = 3). *P < 0.05
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phosphorylate AKT and GSK3β. First, the immunoprecipitation assays 
showed that PIWIL1 can interact with SRC (Figure 4B). Then we ob‐
served that PIWIL1 overexpression increased the interaction between 
SRC and p85 regulatory subunit of PI3K, while PIWIL1 knockdown 
can weaken the interaction (Figure 4C). Furthermore, when inhibitors 
of SRC, AZD and SKI were introduced, CLOCK and BMAL1 expres‐
sion were significantly decreased, as well as phosphorylation level 
of GSK3β, and PIWIL1 knockdown cannot restore this effect of SRC 

inhibitors (Figure 4D). Taken together, PIWIL1 promotes the stability of 
CLOCK and BMAL1 proteins in a SRC‐dependent manner.

3.5 | PIWIL1 suppresses transcriptional activation 
activity of E‐BOX

We have provided evidences that PIWIL1 can enhance the stability 
of CLOCK and BMAL1, we would like to know whether PIWIL1 can 

F I G U R E  4   PIWIL1 activates SRC‐PI3K‐AKT pathway to repress GSK3β activity. PIWIL1 knockdown decreased the level of 
phosphorylation of GSK3β in Hela. This effect can be abolished by LY294002, an inhibitor of PI3K (A). Immunoprecipitation (IP) results 
showed that PIWIL1 interacted with SRC in Hela cells (B). PIWIL1 positively regulated the interaction between SRC and p85 regulatory 
subunit of PI3K (C). SRC inhibitors (AZD, SKI) attenuated PIWIL1‐dependent stability of CLOCK and BMAL1 (D). Data were presented as 
mean ± SD (N = 3). *P < 0.05
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regulate CCG by recruiting CLOCK/BMAL1 complex to CCG promot‐
ers on E‐BOX region. ChIP was performed to explore whether PIWIL1 
can enhance the interaction between CLOCK/BMAL1 and E‐BOX re‐
gion, and our results showed that PIWIL1 significantly enhanced this 
interaction. Interestingly, we first showed that PIWIL1 can bind with 
E‐BOX regions on promoters of PER2 and CRY1, suggesting its novel 
function in gene transcription (Figure 5A and Figure S3A).

Next, reporter gene vectors with E‐BOX elements of PER2 and 
CRY1 were constructed. Dual luciferase reporter gene assays re‐
vealed that PIWIL1 overexpression can suppress transcriptional 
activation activities on promoters of PER2 and CRY1; and vice versa 
(Figure 5B and Figure S3B). Taken together, PIWIL1 can negatively 
regulate transcriptional activities of E‐BOX region on promoters of 
PER2 and CRY1.

3.6 | PIWIL1 knockdown recovers circadian 
rhythms in cancer cells

Above results have proved that PIWIL1 can regulate CLOCK and 
BMAL1, we thereby explored whether PIWIL1 impacted on circa‐
dian rhythms. Control (WT HeLa cells) and shPIWIL1 Hela cells were 
first synchronized by dexamethesone and harvested for Western 
blot. The results showed that the expressions of CLOCK, BMAL1, 
PER2 and CRY1 did not exhibit obvious circadian rhythms in Control 
(WT HeLa cells) group. However, when PIWIL1 was knockdown, 

circadian proteins exhibited approximately 24 hours’ circadian 
rhythms (Figure 6A,B). Taken together, PIWIL1 knockdown can re‐
cover circadian rhythms of circadian genes to a certain extent by 
regulating CLOCK and BMAL1 post‐translation modifications.

4  | DISCUSSION

Recent researches have shown that PIWIL1 is involved in tumorigen‐
esis,29‐31 meanwhile, the tumorigenesis is associated with circadian 
rhythms in humans.21,22 Then our immunoprecipitation results showed 
that PIWIL1 can interact with circadian core proteins CLOCK and 
BMAL1 in cancer cells, suggesting the linkage between PIWIL1 and cir‐
cadian rhythms. Subsequently, we have found that PIWIL1 can be as 
the upstream regulator of circadian network to positively regulate clock 
proteins, showing that PIWIL1 can suppress circadian rhythms.

The circadian rhythms are maintained by self‐sustained transcrip‐
tional and post‐translational feedback loops,1,32,33 and the PTMS of 
clock proteins contribute to regulate circadian rhythms.34‐37 Our re‐
sults first showed PIWIL1 can promote the stability of CLOCK and 
BMAL1 through GSK3β‐induced phosphorylation and ubiquitina‐
tion degradation of CLOCK and BMAL1 (Figure 3). Then we gave 
the evidences that PIWIL1 promotes SRC interacting with PI3K, 
activates PI3K‐AKT signalling pathway, phosphorylates and inacti‐
vates GSK3β. Thus, with kinase activity loss of GSK3β, CLOCK and 

F I G U R E  5   PIWIL1 suppresses 
transcriptional activity of E‐BOX. 
Chromatin immunoprecipitation results 
showed that PIWIL1 bound with E‐BOX 
regions on promoters of PER2 and CRY1, 
and enhanced this interaction between 
CLOCK/BMAL1 and E‐BOX region (A). 
Dual luciferase reporter gene assays 
revealed that PIWIL1 overexpression 
can suppress transcriptional activities of 
E‐BOX on promoters of PER2 and CRY1; 
and vice versa. Data were presented as 
mean ± SD (N = 3). *P < 0.05 (B)
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BMAL1 cannot be appropriately phosphorylated, ubiquitinated and 
degraded (Figure 4).

Furthermore, the impact of PIWIL1 on circadian rhythms is not 
limited to suppress the kinase activity of GSK3β but also can bind to 
E‐BOX region of CCG promoter and enhance the interaction between 

CLOCK/BMAL1 and E‐BOX region. Interestingly, by performing dual 
luciferase report gene assays, the results revealed that PIWIL1 can 
negatively regulate transcriptional activation activities of E‐BOX on 
promoters of PER2 and CRY1 in Hela cells (Figure 5), extending the 
nuclear function of PIWIL1.

F I G U R E  6   PIWIL1 knockdown 
recovers circadian rhythms in cancer 
cells. CLOCK, BMAL1, PER2 and CRY1 
exhibited approximately 24 hours’ 
circadian rhythms in PIWIL1 knockdown 
cells (A). The intensity of bands was 
quantified by Quantity One software, the 
data were normalized and represented as 
mean ± SD (N = 3). *P < 0.05 (B)

F I G U R E  7   Schematic model for PIWIL1 regulating circadian rhythms
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Above results revealed that PIWIL1 can lead to accumulation of 
the CLOCK and BMAL1 proteins and then disrupt the transcription‐
translation feedback loops. Next, our further discoveries showed 
that PIWIL1 knockdown can recover the circadian rhythms to a 
certain extent in HeLa cancer cells (Figure 6), first indicating that 
PIWIL1 can play as a regulator for circadian clock. Circadian clock 
controls about 5%–10% genes expressions in mammal genome, in‐
volving in various physiological processes,38,39 therefore, the effects 
of PIWIL1 may extend to more CCG and signalling pathways.

Collectively, our work provided the evidences showing that 
PIWIL1 regulates circadian rhythms at least via two pathways 
in cancer cells: (a) To activate SRC‐PI3K‐AKT signalling pathway 
to phosphorylate and inactivate GSK3β, preventing CLOCK and 
BMAL1 from GSK3β‐induced phosphorylation and degradation; (b) 
To bind with E‐BOX region together with CLOCK/BMAL1 complex 
to repress the transcriptional activities of PER2 and CRY1 promoters 
(Figure 7). Taken together, our findings reveal a novel function of 
PIWIL1 in regulating circadian rhythms, providing molecular connec‐
tion between dysfunction of circadian rhythms and tumorigenesis.

ACKNOWLEDG EMENTS

This work was supported by Sichuan Science and Technology 
Program (Grant/Award Number: 2019YFS0272), the National 
Natural Science Foundation of China (Grant/Award Number: 
31571381 and 31300961) and the National Basic Research Program 
of China (973 Program, 2012CB947600).

CONFLIC T OF INTERE S T

The authors declare no conflicts of interest.

AUTHORS’  CONTRIBUTIONS

Hao Tan and Yongxin Ma designed the research; Hao Tan performed, 
analysed the experiments and data; Yilu Lu and Yingchuan Zhu re‐
viewed the article; Dachang Tao and Yunqiang Liu contributed the 
reagents and analytic tools; Hao Tan and Yongxin Ma wrote the 
manuscript.

DATA AVAIL ABILIT Y S TATEMENT

The data used to support the findings of this study are available from 
the corresponding author upon request.

ORCID

Yongxin Ma  https://orcid.org/0000‐0003‐1550‐3615 

R E FE R E N C E S

 1. Duguay D, Cermakian N. The cross talk between physiology and 
circadian clock proteins. Chronobiol Int. 2009;26:1479‐1513.

 2. Ko CH, Takahashi JS. Molecular components of the mammalian cir‐
cadian clock. Hum Mol Gene. 2006;15:R271‐R277.

 3. Cho CH. Molecular mechanism of circadian rhythmicity of seizures 
in temporal lobe epilepsy. Front Cell Neurosci. 2012;6:55.

 4. Reppert SM, Weaver DR. Molecular analysis of mammalian circa‐
dian rhythms. Annu Rev Physiol. 2001;63:647‐676.

 5. Lee J, Lee S, Chung S, et al. Identification of a novel circadian clock 
modulator controlling BMAL1 expression through a ROR/REV‐
ERB‐response element‐dependent mechanism. Biochem Biophys 
Res Commun. 2016;469:580‐586.

 6. Preitner N, Damiola F, Lopez‐Molina L, et al. The orphan nuclear 
receptor REV‐ERBalpha controls circadian transcription within 
the positive limb of the mammalian circadian oscillator. Cell. 
2002;110:251‐260.

 7. Yin L, Lazar MA. The orphan nuclear receptor Rev‐erbalpha recruits 
the N‐CoR/histone deacetylase 3 corepressor to regulate the circa‐
dian Bmal1 gene. Mol Endocrinol. 2005;19:1452‐1459.

 8. Gallego M, Virshup DM. Post‐translational modifications reg‐
ulate the ticking of the circadian clock. Nat Rev Mol Cell Biol. 
2007;8:139‐148.

 9. Spengler ML, Kuropatwinski KK, Schumer M, Antoch MP. A serine 
cluster mediates BMAL1‐dependent CLOCK phosphorylation and 
degradation. Cell Cycle. 2009;8:4138‐4146.

 10. Sahar S, Zocchi L, Kinoshita C, et al. Regulation of BMAL1 protein 
stability and circadian function by GSK3beta‐mediated phosphory‐
lation. PLoS ONE. 2010;5:e8561.

 11. Ko HW, Kim EY, Chiu J, et al. Ahierarchical phosphorylation cascade 
that regulates the timing of PERIOD nuclear entry reveals novel 
roles for proline‐directed kinases and GSK‐3beta/SGG in circadian 
clocks. J Neurosci. 2010;30:12664‐12675.

 12. Harada Y, Sakai M, Kurabayashi N, et al. Ser‐557‐phosphorylated 
mCRY2 is degraded upon synergistic phosphorylation by glycogen 
synthase kinase‐3 beta. J Biol Chem. 2005;280:31714‐31721.

 13. Cox DN, Chao A, Baker J, Chang L, Qiao D, Lin H. A novel class 
of evolutionarily conserved genes defined by piwi are essential for 
stem cell self‐renewal. Genes Dev. 1998;12:3715‐3727.

 14. Yuan ZH, Zhao YM. The regulatory functions of piRNA/PIWI in 
spermatogenesis. Yi Chuan. 2017;39:683‐691.

 15. Suzuki R, Honda S, Kirino Y. PIWI expression and function in cancer. 
Front Genet. 2012;3:204.

 16. Cerutti L, Mian N, Bateman A. Domains in gene silencing and cell 
differentiation proteins: the novel PAZ domain and redefinition of 
the Piwi domain. Trends Biochem Sci. 2000;25:481‐482.

 17. Liu XY, Sun Y, Guo JP, et al. Expression of hiwi gene in human gastric 
cancer was associated with proliferation of cancer cells. Int J Cancer. 
2006;118:1922‐1929.

 18. Wang D‐W, Wang Z‐H, Wang L‐L, Song Y, Zhang G‐Z. Overexpression 
of hiwi promotes growth of human breast cancer cells. Asian Pac J 
Cancer Prev. 2014;15:7553‐7558.

 19. Xie Y, Yang Y, Ji D, Zhang D, Yao X, Zhang X. Hiwi downregulation, me‐
diated by shRNA, reduces the proliferation and migration of human 
hepatocellular carcinoma cells. Mol Med Rep. 2015;11:1455‐1461.

 20. Wang X, Tong X, Gao H, et al. Silencing HIWI suppresses the 
growth, invasion and migration of glioma cells. Int J Oncol. 
2014;45:2385‐2392.

 21. Matsuo T, Yamaguchi S, Mitsui S, et al. Control mechanism of 
the circadian clock for timing of cell division in vivo. Science. 
2003;302:255‐259.

 22. Savvidis C, Koutsilieris M. Circadian rhythm disruption in cancer 
biology. Mol Med. 2012;18:1249‐1260.

 23. Iitaka C, Miyazaki K, Akaike T, Ishida N. A role for glycogen syn‐
thase kinase‐3beta in the mammalian circadian clock. J Biol Chem. 
2005;280:29397‐29402.

 24. Bain J, Plater L, Elliott M, et al. The selectivity of protein kinase 
inhibitors: a further update. Biochem J. 2007;408:297‐315.

https://orcid.org/0000-0003-1550-3615
https://orcid.org/0000-0003-1550-3615


4698  |     TAN eT Al.

 25. Freland L, Beaulieu JM. Inhibition of GSK3 by lithium, from single 
molecules to signaling networks. Front Mol Neurosci. 2012;5:14.

 26. Castoria G, Migliaccio A, Bilancio A, et al. PI3‐kinase in concert with 
Src promotes the S‐phase entry of oestradiol‐stimulated MCF‐7 
cells. EMBO J. 2001;20:6050‐6059.

 27. Nijhuis E, Lammers JW, Koenderman L, Coffer PJ. Src kinases reg‐
ulate PKB activation and modulate cytokine and chemoattractant‐
controlled neutrophil functioning. J Leukoc Biol. 2002;71:115‐124.

 28. Schlessinger J. New roles for Src kinases in control of cell survival 
and angiogenesis. Cell. 2000;100:293‐296.

 29. Xie K, Zhang K, Kong J, et al. Cancer‐testis gene PIWIL1 promotes 
cell proliferation, migration, and invasion in lung adenocarcinoma. 
Cancer Med. 2018;7:157‐166.

 30. Sun R, Gao C‐L, Li D‐H, Li B‐J, Ding Y‐H. Expression status of 
PIWIL1 as a prognostic marker of colorectal cancer. Dis Markers. 
2017;2017:1204937.

 31. Krishnan P, Ghosh S, Graham K, Mackey JR, Kovalchuk O, Damaraju 
S. Piwi‐interacting RNAs and PIWI genes as novel prognostic mark‐
ers for breast cancer. Oncotarget. 2016;7:37944‐37956.

 32. Godinho S, Maywood ES, Shaw L, et al. The after‐hours mutant re‐
veals a role for Fbxl3 in determining mammalian circadian period. 
Science. 2007;316:897‐900.

 33. Siepka SM, Yoo S‐H, Park J, et al. Circadian mutant overtime reveals 
F‐box protein FBXL3 regulation of cryptochrome and period gene 
expression. Cell. 2007;129:1011‐1023.

 34. Busino L, Bassermann F, Maiolica A, et al. SCFFbxl3 controls the 
oscillation of the circadian clock by directing the degradation of 
cryptochrome proteins. Science. 2007;316:900‐904.

 35. Gossan NC, Zhang F, Guo B, et al. The E3 ubiquitin ligase UBE3A 
is an integral component of the molecular circadian clock through 

regulating the BMAL1 transcription factor. Nucleic Acids Res. 
2014;42:5765‐5775.

 36. Yoshitane H, Takao T, Satomi Y, Du N‐H, Okano T, Fukada Y. Roles 
of CLOCK phosphorylation in suppression of E‐box‐dependent 
transcription. Mol Cell Biol. 2009;29:3675‐3686.

 37. Kwon I, Lee J, Chang SH, et al. BMAL1 shuttling controls transac‐
tivation and degradation of the CLOCK/BMAL1 heterodimer. Mol 
Cell Biol. 2006;26:7318‐7330.

 38. Panda S, Antoch MP, Miller BH, et al. Coordinated transcrip‐
tion of key pathways in the mouse by the circadian clock. Cell. 
2002;109:307‐320.

 39. Yin L, Wu N, Curtin JC, et al. Rev‐erbalpha, a heme sensor 
that coordinates metabolic and circadian pathways. Science. 
2007;318:1786‐1789.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.   

How to cite this article: Tan H, Zhu Y, Zheng X, et al. PIWIL1 
suppresses circadian rhythms through GSK3β‐induced 
phosphorylation and degradation of CLOCK and BMAL1 in 
cancer cells. J Cell Mol Med. 2019;23:4689–4698. https ://doi.
org/10.1111/jcmm.14377 

https://doi.org/10.1111/jcmm.14377
https://doi.org/10.1111/jcmm.14377

