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ARTICLE INFO ABSTRACT

Keywords: Background: The incidence and mortality of colorectal cancer (CRC) are persistently higher in men than in
per2 women. CRC malignancy is strongly influenced by small non-coding RNAs (miRNAs). Moreover, deregulation of
cry2 the circadian molecular oscillator has been associated with CRC facilitation. To analyse possible cumulative
(S;); der effects of the above-mentioned factors on CRC progression, we focused on functions of sex-biased miRNAs
Circadian associated with the clock genes per2 and/or cry2, which are involved in the cell cycle control and DNA damage

response.

pos Major findings: We identified miR-24, miR-92a, miR-181a, and miR-21 associated with per2 that are up-regulated
in transformed colon tissue of men. miR-93, miR-17, miR-20a, and miR-24 with higher expression in males
compared to females were linked to cry2. All these miRNAs possess oncogenic potential and exert their effects
mainly via inhibition of the tumour suppressors phosphatase and tensin homolog (PTEN) and/or p53. Down-
regulation of PTEN and p53 in men was further strengthened by inhibition of tumour suppressor per2. Onco-
genic up-regulated miRNAs associated with per2 or cry2 in the transformed colon tissue of women were not
detected.
Conclusion: We conclude that the cancer-promoting, sex-biased miRNAs miR-24, miR-92a, miR-181a, miR-93,
miR-17, miR-20a, and miR-21 associated with clock genes per2 and/or cry2 can contribute to the sex-dependent

development of CRC via inhibition of the PTEN and p53 pathways.

1. The circadian system

The circadian system generates oscillations in cells, tissues and organ
functions and behaviour with a periodicity close to 24 h and synchro-
nises these internal processes with the external environment. The most
potent synchronising factor is the light (L) dark (D) cycle; however,
other cyclic cues can synchronise endogenous rhythms as well [1-3].

In mammals, the circadian system consists of a central oscillator
localised in the suprachiasmatic nucleus (SCN) of the hypothalamus and
peripheral oscillators localised in nearly all other tissues. Under natural
conditions, an organism is exposed to several synchronising factors. The
sensitivity of the central and peripheral oscillators differs in respect to
particular synchronising cue. Whereas the external LD cycle is the
strongest synchronising factor for the central oscillator, access to food is
the dominant cue for tissues involved in digestion and metabolism.
When synchronising signals are disorganised, the components of the
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circadian system can dissociate, potentially leading to ineffective tissue
coordination. Improper timing of endogenous rhythms is frequently
observed during shift work and long-distance travelling [2]. Long-term
circadian deregulation can promote or worsen several pathologies,
including cancer [4,5]. Whereas disruption in the circadian system
contributes to cancer pathogenesis, restoration of circadian rhythmicity
slows down cancer progression [4,6].

The mechanism underlying the generation of circadian oscillations is
based on rhythmic expression of clock genes. In mammals there are
three homologues of period genes (perl, per2, and per3) and two ho-
mologues of cryptochrome genes (cryl and cry2). Expression of clock
genes is driven by a heterodimer consisting of the transcriptional factors
BMAL1 and CLOCK, which induce per and cry expression via enhancer
box (E-box). The functional homolog of CLOCK is NPAS2, which can
induce transcription in an alternative complex with BMAL1. The protein
products of clock genes, PER and CRY, form a complex that is
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translocated into the nucleus and inhibits BMAL1/CLOCK-induced
transcription. A 24-h time lag between the induction and repression of
clock gene expression is assured by degradation of PER proteins by
casein kinase 1 and other enzymes. This negative regulation is over-
whelmed when the critical concentration of PER and CRY in the cyto-
plasm is achieved and the PER/CRY complex is translocated in to the
nucleus to interact with BMAL1/CLOCK [7].

Since E-box is abundant regulatory region, the heterodimer BMAL1/
CLOCK can influence expression of many genes. Rhythmic gene
expression can also be induced by secondary loops attached to the basic
feedback loop. Consequently, research has shown that 10%-40% of
coding genes exert a rhythmic pattern and that 90 % of them are
expressed in a tissue-specific manner [8-10]. Among the numerous
clock-controlled genes [7,8], many contribute to cell cycle control [7].

The circadian rhythms can also be generated by phylogenetically
very old redox oscillator, which does not require transcription. Redox
oscillator is driven by oxidation-reduction rhythms of peroxiredoxins,
which contribute to regulation of cellular redox tone by hydrogen
peroxide reduction [11,12]. Redox state of cell strongly influences
transcriptional feed-back loop of clock genes [3].

2. Small noncoding RNAs

In addition to environmental factors and redox potential, clock gene
expression is also regulated by small non-coding RNAs (miRNAs) [13].
miRNAs are encoded by DNA sequences, and the first step of their
biosynthesis is similar to that of messenger RNA (mRNA), including
regulation by transcription factors. Unlike mRNA, however, miRNA
does not serve as a template for protein synthesis. The rate of miRNA
biosynthesis in the nucleus is determined by enzyme Drosha and its
cofactor DGCR8. The mature form of miRNA is finalised in the cyto-
plasm by the endonuclease Dicer. Duplex of mature miRNA is then
incorporated into the RNA-induced silencing complex (RISC), which
contains except of Dicer also some of member of the Argonaut protein
family. The RISC complex facilitates the targeting of mRNA by miRNA,
which in most cases results in the inhibition of gene expression.
Depending on the target genes, miRNAs can fulfil the role of tumour
suppressor or oncogene [14].

2.1. Regulatory relationship of miRNAs and the circadian system

It has been shown that approximately 32% of conserved non-coding
RNA exerts a rhythmic expression pattern [10]. Microarray screening of
miRNAs from mouse liver tissue revealed 85 miRNAs with rhythmic
pattern of expression, representing 13.3% of all miRNA sequences [15].
In humans, a daily rhythm in the level of miR-27b has been detected in
leukocytes [16], and a daily rhythm in the levels of 26 out of 79
detectable miRNAs has been found in human plasma samples [17].
Moreover, level of the RNA-binding protein DGCR8, which creates a
complex with Drosha during miRNA processing in the nucleus, exhibits a
daily rhythm in the mRNA levels in the liver, heart, and kidney, whereas
tonic expression has been observed in the SCN of rat. Accordingly,
miR-30c and miR-34a show tissue-specific expression, with the most
pronounced rhythmicity in the liver [18].

A regulatory relationship between miRNA signalling and the circa-
dian system has also been documented in the opposite direction; i.e.,
miRNAs influence the circadian oscillator by inhibition of clock gene
expression. On the basis of the rhythmic expression profiles of miR-181d
versus clock gene and miR-191 versus bmall, a regulatory relationship
between these mRNA/miRNA pairs has been implicated [15]. miR-34a
inhibits perl [19] and per2 expression [20,21]. The clock gene per2 is
also targeted by the miR-192/194 cluster [22]. miR-7 [23] and
miR-181d [24] have been shown to inhibit cry2 expression, and
miR-107 influences both cry2 and clock gene expression [25]. Several of
the above-mentioned miRNAs are directly involved in the progression of
colorectal cancer (CRC) [26].
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3. Regulation of cell cycle by clock genes

Both the miRNAs and protein products of clock genes influence the
cell cycle. Screening of array datasets revealed a daily rhythm in the
expression of cyclins B1, D1, D2, Al, A2, and E1. The pronounced
rhythmicity was observed in the levels of genes encoding p21, p57, and
p27, which fulfil the role of CDK inhibitors in the cell cycle [27-31].
Research has identified a daily rhythm in the cell cycle regulatory pro-
teins GADD45a, GADD45p, and GOS2 [32]. Cell cycle control-related
molecules showing a rhythmic pattern include also cyclin-dependent
kinase 2 (CDK2) [30]. Some of these genes are regulated by BMAL1/-
CLOCK heterodimer (e.g. WEE1 and ¢-MYC; [28,30]), some of them are
regulated by secondary circadian loops.

ChiP sequencing to identify BMAL1 and CLOCK target genes with
rhythmic expression in several tissues revealed 28 clock-controlled
genes, among which USP2, CDK4, TET2, and SIK1 were identified in
addition to WEE1 and ¢-MYC [33].

The well-known molecule that mediate circadian control of the basic
feedback loop to components of the cell cycle is c-MYC [30,32]. The
circadian oscillator via c-MYC influences the daily expression pattern of
cyclin D1, D2, D3, E1, E2, A, and B; GADD45a, CDK1/2/4/6/7; CDC25a;
E2F1; E2F2; TRP53; MDMZ2; p21; p27; and p57, and others [30,32].

Another example of the circadian feed-back loop extensionis is
WEE1, which delays entry into mitosis by inhibitng of CDK1. WEE1
inhibits CDK2 activity. The role of WEE1 as an epigenetic modifier was
recently demonstrated, as WEE1 phosphorylates histone H2B and in-
hibits histone transcription [34].

The circadian system is also interconnected with cell cycle control
via regulation of p53 activity by PER2. Accordingly, the protein levels of
p53 exhibits a distinct daily rhythm [35]. PER2 inhibits the negative
regulator of p53, ubiquitin ligase MDM2, which induces degradation of
p53. In this way PER2 prolongs p53 activity [36]. A possible role of
PER2 driven p53 rhythmicity in modulation of DNA damage response in
fibroblasts exposed to gamma radiation has been implicated [37].

4. Sex dependent expression of clock genes

The importance of sexual dimorphism, especially with respect to
cancer treatment, gained increasing attention after chronotherapy was
found to influence survival of patients with CRC in a sex-dependent
manner [38]. In the multi-institutional clinical study EORTC-05963,
combined administration of oxaliplatin (oxal), fluorouracil (FU) and
leucovorin (LV) was tested. In chronomodulated therapy oxal was pro-
vided during the day and FU with LV during the night. This treatment
was administered in 4-day course. Patients subjected to conventional
therapy lasting 2 days, were provided with oxal and LV in the morning of
the 1st day and LV during the 2nd day with FU infused in the afternoon
and night during both days. Results showed that the risk of an earlier
death was 38% higher in females subjected to chronomodulated therapy
compared to those with conventional drug delivery. On the other hand,
in males an earlier dead risk decreased by 28% when drugs were pro-
vided in chronomodulated mode. These results emphasised the need to
determine the most appropriate chemotherapy timing to achieve the
best patient outcomes in a sex-dependent manner [38,39].

Basic research is in agreement with above mentioned observation
and provides multiple examples of sex-dependent dissimilarities in the
circadian system functioning [40-42]. The SCN as well as many other
neural sites differ between men and women in the distribution of
gonadal receptors [41]. Accordingly, the responsiveness of the circadian
system to photic cues, and the regulation of the daily patterns of activity
and sleep exhibits sex-dependent differences [40].

Later sexual dimorphism in clock gene expression has also been
revealed [42,43]. A model based on the relative gene expression in tis-
sues available in the Genotype-Tissue Expression Project implicated that
the transverse colon is among the tissues with the highest number of
rhythmically expressed genes. Interestingly, the transverse colon
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Fig. 1. Sex-biased miRNAs associated with clock genes per2 and/or cry2. Left side: Venn diagram showing the overlap between miRNAs with sex-dependent
expression in transformed colon tissue and miRNAs with proved functional relationship with clock genes per2 and/or cry2 in women (upper part) and men
(lover part). Right side: Abundantly expressed sex-biased miRNAs associated with per2 and/or cry2 showing different expression in transformed colon tissue
compared to adjacent tissue. Violet columns — women; blue columns — men. # — miRNA associated with both, per2 and cry2. t-test, *p < 0.05, **p < 0.01, *** p<

0.001. a.u. — arbitrary units.

contained the highest number of genes that differed in their daily
expression pattern between men and women. Many more rhythmically
expressed genes were identified in women than in men [44].

Deregulated expression of clock genes in tumour tissue compared
with adjacent healthy tissue has been documented on many occasions;
for a review see e.g. ref. [45]. In patients with CRC, per2 and cry2
expression was lower in tumour tissue than in adjacent healthy tissue in
men, but this was not observed in women [46,47]. Therefore, effects of
clock genes on cancer progression can also show sex-dependent
differences.

A tumour suppressor role of the per2 in CRC has been demonstrated
in numerous in vivo and in vitro studies. For example, per2™/~ mice
showed attenuated responsiveness of clock genes to gamma radiation.
Similarly, the cell cycle regulators cyclin D1, cyclin A, MDM2, and
GADD450 showed a deregulated pattern in per2~ mice that was
accompanied by earlier onset of hyperplastic growth. Higher sensitivity
of per2™/~ mice to gamma radiation was reflected by their lower sur-
vival relative to wild-type mice [28]. Additionally, decreased PER2
stability in Apc™™ *mice caused deregulation of the circadian oscillator
in HCT116 and SW480 cells [48]. Down-regulation of PER2 leads to
prolonged AKT signalling, which is associated with resistance to
chemotherapy in HCT116 cells [49]. Moreover, the per2™~ mutation
potentiated the polyp-prone phenotype of ApcMin/ * mice, and
down-regulation of per2 expression in HCT116 and SW480 cells
increased both cell proliferation and the levels of p-catenin and cyclin D
[501.

Unlike to per2, studies focusing on the role of cry2 in CRC are less
comprehensive. In spite of the lower expression of cry2 in cancer than in
adjacent tissue [46,47,51], low expression of cry2 is usually associated
with better survival in patients with CRC [47,51,52]. Silencing of cry2
expression in DLD1 and SW480 cells decreased cell viability and
increased oxaliplatin-induced apoptosis [52]. However, ectopic CRY2
increased p53 expression in HCR116 cells, decreased p53 expression in
HT29 cells, and showed no effect in SW480 cells. Beyond its effect on

p53 levels, up-regulated CRY2 inhibited apoptosis in HT29, SW480, and
CACO2 cell lines [51].The tumour suppressor role of cry2 was impli-
cated when cry?2 silencing was found to induce proliferation of mouse
embryonic fibroblasts and c-myc expression [53]. CRY2 together with
FBXL3 contributes to c-MYC degradation, and in this way prevents the
Warburg effect in tumour cells [24]. A recent study showed that func-
tional CRY2 is needed for an effective p53-mediated DNA damage
response [54].

5. Sex dependent expression of miRNAs

Pronounced sex-dependent differences in miRNA expression have
been revealed both under physiological and pathophysiological cir-
cumstances. For example, miR-3647, miR-328, miR-1306, miR-3653,
miR-1306, and miR-766 are significantly down-regulated in women
with lung adenocarcinoma relative to men [55]. As extensive search of
the Gene Expression Omnibus revealed 1264 female-biased and 431
male-biased miRNAs in datasets focused on infections or oncologic
diseases [26].

According to our data, miR-21-5p and 3p and miR-16-5p and 3p are
up-regulated in men relative to women [56]. This was also confirmed by
the circulating levels of miR-21-5p and miR-16-5p in patients with CRC.
In addition to miR-21 and miR-16, miR-186-5p, 22-3p, 22-5p, 25-3p,
and 92a-3p were also up-regulated in men relative to women with
CRC [57]. miR-30c and miR-34a exerted a more pronounced decrease in
tumour tissue than in adjacent tissue in men than in women [58,59].
According to the HMDD v4.0 database [26] all the above-mentioned
miRNAs are deregulated in colorectal neoplasia.

6. Possible impact of miRNA regulated clock genes on sex-
dependent CRC incidence

The incidence of CRC shows a persistent sex-dependent pattern, with
a higher risk of disease in men than in women [60]. An unacceptably



1. Herichova

high number of patients diagnosed with CRC, mainly in developed
countries, is persisting in spite of continual implementation of screening
programmes, and the CRC burden is expected to further increase in the
near future [61]. There are numerous reasons for the sex-disparity in
CRC occurrence. Factors such as the body mass index, life style, diet,
alcohol consumption, and smoking certainly contribute to this phe-
nomenon [61]. In addition to the above-mentioned factors, a protective
role of 17B-estradiol has been implicated in women [62]. However, none
of these factors can entirely explain the sex-biased incidence of CRC.
Therefore, we focused on possible regulatory interference between
miRNAs and circadian signalling, both of which are influenced by sex.

According to an analysis of the dataset GSE115513 [63] deposited in
the NCBI Gene Expression Omnibus, patients with CRC exhibit pro-
nounced sex-dependent differences in miRNA expression (all details are
provided in the supplementary data files available in the Zenodo re-
pository under the https://zenodo.org/records/13305674).

In healthy colon tissue, there was more men-biased miRNAs than
women-biased miRNAs (34 vs. 7, respectively). This ratio was inverted
in precancerous and cancerous tissues. In adenomas, the number of
abundant miRNAs was 237 in woman vs. 90 miRNAs that were more
expressed in men. In carcinomas, 179 sex-biased miRNAs were identi-
fied in women and 119 in men [Supp. Fig. 1].

A completely different pattern of sex-dependent miRNA expression
was observed in the healthy rectal tissue, in which 27 miRNAs were
more abundant in women and 5 miRNAs exerted higher expression men.
The number of miRNAs showing sex-dependent expression in women
decreased to three in adenoma tissues and eight in carcinoma tissues. By
contrast, the number of miRNAs with higher expression increased in
men to 18 in adenoma and 15 in carcinoma tissues [Supp. Fig. 1.

The list of miRNAs regulated in a sex-dependent manner was
compared with the list of miRNAs functionally connected with per2
and/or cry2 expression. Information about miRNAs targeting per2 and/
or cry2 was obtained from the miRTarBase database [64]. In women,
nine miRNAs with sex-dependent expression were association with per2
and four miRNAs were associated with cry2. In pre- and cancerous tis-
sues of men, 9 miRNAs were associated with per2 regulation and 19
miRNAs were associated with cry2 [Fig. 1]. miRNAs with sex-dependent
expression in rectum showed minor overlap with miRNAs associated
with per2 and/or cry2 expression and were excluded from further
analysis (for detail see supplementary data).

miRNAs whose expression was lower than the median of a given
cluster of miRNAs were also excluded from further analysis because it
was unlikely that they had a strong impact on cellular processes. The
selection of miRNAs with high expression is shown in Supp. Fig. 2 Supp.
Fig. 3]. Expression all miRNAs with high expression showing sex-
dependent up-regulation was compared between transformed and
normal tissue Supp. Fig. 4 Supp. Fig. 5.

6.1. miRNAs associated with per2

Research has shown strong evidence of higher expression of miR-21
in the CRC tissue of men than in women [56,65] [Fig. 1]. miR-21 inhibits
expression of the tumour suppressor PTEN [66]. A negative correlation
between miR-21 and PTEN expression was detected in men but not in
women according data from The Cancer Genome Atlas (Colorectal
Adenocarcinoma, Nature 2012) [67].

Unlike miR-21, expression of PTEN is induced by per2. Therefore, it
seems that per2 opposes the function of miR-21, which is in accordance
with the generally accepted oncostatic capacity of per2 [50].

The influence of the circadian oscillator on PTEN expression is also
suggested by the presence of a low-amplitude but significant daily
rhythm in PTEN expression detected in some mammalian tissues,
including the stomach [9,68,69]. This finding is in agreement with
discovery of a conserved E-box located in the PTEN promoter. This E-box
was shown to mediate induction of PTEN expression via the ubiquitous
transcription factors USF1 and USF2 [70]. Whether the E-box is also
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utilised by BMAL1/CLOCK remains unclear; however, a competitive
interaction in signalling mediated by USF1 and BMAL1/CLOCK via the
E-box was shown previously [71].

Inhibition of per2 expression by miR-21 has been implied by the
miRTarBase database based on CLIP-sequencing (#MIRT655270) [64].
Similarly, according to The Cancer Genome Atlas (Colorectal Adeno-
carcinoma, Nature 2012) [67], there is a significant negative correlation
between miR-21 and per2. Moreover, TargetScan shows that per2 is a
target of miR-21 [72]. However, conclusive experimental evidence
proving inhibition of per2 by miR-21 has yet to be provided.

Among miRNAs up-regulated in men [Fig. 1], miR-181a has been
shown to inhibit PTEN expression in CRC tissue [73]. Inhibition of per2
by miR-181 has been suggested by the miRTarBase based on
next-generation sequencing (#MIRT726984) [64] and by in vivo ex-
periments [74]. In addition to per2, miR-181a also targets clock gene
[15]. miR-181a is up-regulated in CRC tissue [75].

A member of oncomir cluster miR-17-92 and its paralogue miR-
106a/363, miR-92, also inhibits the expression of PTEN [76] [Fig. 1].
Inhibition of per2 by miR-92 was demonstrated under in vitro conditions
[77] and suggested by the miRTarBase (#MIRT712322). Both clusters
containing miR-92 are up-regulated in CRC tissue [75].

miR-24 also targets PTEN [78,79] although this has not been
demonstrated in CRC tumours. Ectopic miR-24 administration inhibits
per2 expression [80].

Interestingly, the expression of another miR-21 target gene, PDCD4,
which is potent tumour suppressor [81], exhibits pronounced daily
rhythm in many tissues, including the SCN [9,68]. Although there are
three CLOCK/BMALL regulatory regions in the PDCD4 gene promoter
[82], a direct of E-box-mediated regulation of PDCD4 expression has yet
to be provided. It has been shown that mRNA PDCD4 levels exhibit a
rhythmic pattern, with an acrophase similar in 9 of 14 tissues [83].

The p53 regulatory pathway seems to be more significantly down-
regulated in men than in women with CRC, particularly by miR-24
[Fig. 1]. Both tumour suppressor [84] and oncogenic potential [85]
have been implicated in relation to miR-24 signalling, indicating that
the effects of miR-24 depend on the biological context. However, it has
also been convincingly shown that miR-24 targets p53 and in this way
promotes cell survival and proliferation [86]. miR-24 also inhibits per2
expression [87,88]. Therefore, down-regulation of per2 can contribute
to lower p53 activity in men in higher extend than in women with CRC
[89].

p53 is targeted not only by miR-24 but also by miR-21 [90], miR-92a
[91] and miR-181a (indirectly via inhibition of ATM) [92].

miR-557 has been found to be up-regulated to a greater extend in the
transformed tissue of women than men [Fig. 1]. A tumour suppressor
role has been attributed to miR-557 in several types of cancer via
mechanisms including inhibition of Wnt/f-catenin signalling and KRAS
[93]. per2 is a target gene of miR-557 based on sequencing of RNAs
linked to Argonaute proteins [93].

6.2. miRNAs associated with cry2

With respect to the up-regulated expression of miRNAs associated
with cry2, we found that several members of oncomir cluster miR-17-92
[14] and its paralogue miR-106b/25 were more highly up-regulated in
CRC tissue of men than of women [Fig. 1]. In particular, miR-17-92
members miR-17 and miR-20a, as well as miR-93 belonging to
miR-106b/25, were up-regulated more in the male transformed gut
tissue. PTEN has long been recognised as a target of miR-17-92. miR-17
induces drug resistance in CRC by PTEN inhibition [94], and miR-20a
promotes CRC progression by PTEN inhibition [95]. miR-93, which
shares the same seed sequence with miR-17 and miR-20a and belongs to
the miR-17 family [96], also inhibits PTEN expression in CRC cell lines
[97]. Therefore, it seems that PTEN expression is inhibited by both
per2-and cry2-associated miRNAs. Inhibition of cry2 expression by
miR-17, miR-20a, and miR-93 was implicated by miRTarBase
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Fig. 2. Sex-dependent differences in the miRNA-regulated clock genes per2 and
cry2 in colon cancer. Several members of oncocluster miR-17-92 and its
paralogues, miR-17, miR-20a, miR-92 and miR-93, show higher expression in
the transformed colon tissue of men than women. These miRNAs counteract the
effects of PTEN and p53. The negative regulation by these miRNAs is further
strengthened by inhibition of per2 and/or cry2 expression, which promote
PTEN and p53 activity. Similarly, miR-21, miR-181a, and miR-24 can
contribute to worse performance of men than women with CRC by interacting
with the tumour suppressor per2 and cry2 in PTEN and p53 regulation. The
solid green line shows induction, the broken green line indicates possible in-
direct induction, the black line implies inhibition, and the red line shows
weakened inhibition. Abbreviations: CRC : colorectal cancer; PTEN : phospha-
tase and tensin homolog; ATR - ataxia telangiectasia mutated.

(#MIRT059185, #MIRT059186, #MIRT028006, respectively).

miR-24 is another miRNA associated with cry2 showing higher levels
in men than in women (although to a lesser extent than miR-17-92
members) [Fig. 1]. Regulation of cry2 by miR-24 has been predicted
by TargetScan and implicated by miRTarBase (#MIRT615060). How-
ever, direct evidence has not yet been provided. miR-24 targets PTEN as
well as p53.

The role of cry2 in regulation of PTEN is far less obvious than the role
of per2. It relies mainly on the low-amplitude rhythm of PTEN expres-
sion and the presence of an E-box in PTEN promoter [9,68-70]. How-
ever, there is convincing evidence of a functional relationship between
cry2 and p53 as cry2 mutations causes down-regulation of p53 expres-
sion [98]. p53 indirectly enhances cry2 expression, by inhibition of
miR-17-92 cluster expression [99].

Although this analysis revealed PTEN- and p53-mediated signalling
as a possible regulatory interference between sex-biased miRNA and the
circadian oscillator [Fig. 2], the study has several limitations. Firstly, the
search was conducted based on records from miRTarBase [64], which
may not contain all published experimental evidence showing regula-
tory relationships between miRNAs and clock genes. Moreover, most of
evidence obtained from miRTarBase was achieved with use of immor-
talized, aneuploid cancer cell lines with unclear relevance to patient
conditions. Studies were performed with the use of different method-
ologies and in the most cases there is only one time-point data instead of
time-series that take into account circadian variations. This approach
also does not include effects downstream of light, sleep, eating and
lifestyle pattern that also influence the circadian system. The miRNAs
identified in the study target many more genes, as noted in recent
analysis. We focused on those genes that are targeted by several
sex-biased miRNAs to highlight the possible cumulative impact of
miRNAs that are up-regulated in men. However, as it is mentioned in
particular paragraphs, in several cases validation of results in human
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and/or animal species is missing.
Conclusions

It is evident that in transformed colon tissue, massive remodelling
occurs in the spectrum of sex-dependent miRNAs. Based on the in-
teractions of miRNAs with per2 and/or cry2 expression and functions,
PTEN and p53 signalling were implicated as regulatory interferences
between sex-biased miRNAs and circadian regulation. In men mostly
tumour-promoting up-regulated miRNAs were detected. These miRNAs
cumulatively inhibit PTEN- and p53-mediated regulation of the cell
cycle. Moreover, the expression of the tumour suppressor per2 in CRC
tissue is decreased more in men than in women. We propose that
knowledge about the sex-dependent partial inactivation of PTEN and
p53 can contribute to targeted cancer therapy [100], designed specif-
ically for men.
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