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Abstract

Aim—To establish a connection between microRNA (miRNAS), circadian rhythm, and colorectal
cancer patient survival.

Methods—Genomic and clinical data were extracted from The Cancer Genome Atlas (TCGA)
colorectal cancer database, and the expression levels of candidate miRNAs and a set of circadian
rhythm-related genes (Perl, Per2, Per3, Bmall), and genes associated with chemosensitivity
(thymidylate synthase, dihydrofolate reductase) were assessed for any correlations among their
expression. In addition, survival analyses specific to different colorectal cancer stages were
performed to determine if these genes contribute to patient outcomes.

Results—Significant inverse correlation between the expression of Perl and that of miR-192 and
miR-194 was observed. In survival analyses, high miR-192 and miR-194 correlate with better
overall survival in Stage Il patients, but worse survival in more advanced Stage I11/1V patients. The
expression of Perl, but Per2 or Bmall, is marginally associated with patient survival for Stage 11
patients. Low thymidylate synthase expression correlates with better overall survival in Stage Il
patients but worse survival in Stage 111/IV patients.

Conclusion—This study establishes a foundation based on a large genomic database of
colorectal cancer, for further investigation into the importance of regulatory mechanisms of
circadian rhythm by miRNAs in colorectal cancer.
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INTRODUCTION

The circadian rhythm is the coordination and fluctuation of various biological processes and
responses on a daily cyclic pattern. Circadian rhythm is influenced by external cues such as
light cycles, and system-wide is regulated by the suprachiasmatic nucleus in the
hypothalamus. Through various endocrine and neuronal signals, the rhythmic functions of
other organs are coordinated. In addition to the system-wide regulation directed in the
hypothalamus, each cell of the body has its own internal molecular clock that is regulated
through the expression of a set of genes including Per1, Per2, Per3, and Bmal1.1 The
regulation of the clock genes in the cell can influence the transcription of various other
genes such as p53 and cMyc and coordinate important cellular functions such as cell cycle
progression and DNA repair.2 The circadian rhythm coordination of each cell can be
important to maintain proper cellular growth and function. For example, in the colon, the
cycling of expression of these genes can affect colon function as well as influence cell cycle
regulation.3 In addition, in epidermal proliferating stem cells, the cycling of these genes
helps to regulate DNA synthesis, oxidative phosphorylation, and glycolysis and may help to
prevent genomic damage.?

It has been well appreciated for a period of time that circadian rhythm is an important factor
to consider during chemotherapeutic treatment. The concept of chronotherapy takes
advantage of this understanding to optimize the timing of drug delivery with circadian
rhythms to not only improve drug efficacy but also to decrease toxicity to the patient. This
can be important to improving patient outcomes. In addition, disruptions of circadian rhythm
during chemotherapy are associated with worse patient survival.?

5-Fluoropyrimidine (5-FU, tegafur, capecitabine)-based chemotherapy is an effective
treatment option for advanced colorectal cancer.® The response and survival rate of
colorectal cancer has been improved over the years by extensive research efforts.” It is well
established that 5-FU targets a critical enzyme thymidylate synthase (TYMS, TS).8 TSisa
folate-dependent enzyme that catalyzes the reductive methylation of 2”-deoxyuridine 5’-
monophosphate by 5, 10-methylenetetrahydrofolate to form deoxythymidine
monophosphate and dihydrofolate. Because the TS-catalyzed enzymatic reaction provides
the sole intracellular de novo source of thymidylate, an essential precursor for DNA
biosynthesis, this enzyme has been an important target for cancer chemotherapy for over a
half century.® 5-FU also directly incorporates into DNA and RNA to trigger cell death.10
Studies investigating the chronomodulation of 5-FU therapy in advanced colorectal cancer
with metastasis have demonstrated that when the timing of drug delivery is adjusted to
account for circadian rhythm, patients not only exhibit a greater response, with improved
survival but also exhibited less toxicity and side effects.11:12 These differences can be
understood by considering the rhythmic fluctuation in different anabolic and catabolic
pathways associated with 5-FU metabolism. Due to the activity of enzymes that process 5-
FU and can help to clear it from the body peaking at night, 5-FU can better be processed and
its toxicity reduced when administered at night.3 In addition, as 5-FU targets DNA
synthesis that is reduced at night and TS, which is also less active at night, a night time
administration of 5-FU is less toxic to healthy tissues.1*15 Thus, there is a solid link
between circadian rhythm and chemotherapy.

Cancer Transl Med. Author manuscript; available in PMC 2016 October 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 3

With the advancement of sequencing technology and the discovery of noncoding RNAs, the
epigenetic regulations mediated by microRNAs (miRNAS) on circadian rhythm have now
been identified in many organ systems.16:17 However, the contribution that miRNA
regulation of circadian rhythm makes to chemoresistance has not been intensively
investigated in cancer. With regards to colorectal cancer and chemoresistance, our laboratory
has discovered several miRNAs, which contributes to 5-FU chemoresistance via various
mechanisms. More specifically, we and others have discovered that the target protein of 5-
FU, TS, is regulated by miR-192 and miR-215.18-20 |n addition to TS, miR-192 also
regulates dihydrofolate reductase (DHFR), a protein target of methotrexate.1® Targeting
DHFR represents another important therapeutic strategy in antifolate-based cancer
chemotherapy.?!

It is interesting to note that some of these miRNAs also regulate the expression of proteins
that control circadian rhythm.17 It has been reported that the miR-192/194 cluster regulates
the Period gene family (Perl, Per2, and Per3) and the circadian clock.1® The inhibition of
these genes by miR-192/194 shortens the length of the circadian period.16 miR-192 also
forms a positive feedback loop with p53 to regulate cell cycle and proliferation.1® miR-215
suppressed DTL expression, which is involved in destabilizing p53.20 p53 is directly
involved in circadian rhythm controlled by modulating Per2 protein expression.22:23 These
studies established a direct link between miRNA, p53, circadian rhythm, and genotoxic
stress response.22:23 miR-155 also has been found to target Bmal1. In macrophages, the
regulation of Bmall by miR-155 plays a role in the regulation of the inflammation
response.2* The immune response has an important role in chemoresistance. Binding sites
between these miRNA and their mRNA targets are shown in Figure 1.

Clearly, strong connections have been established between miRNA and circadian rhythm,
and circadian rhythm has been associated with chemoresistance. So far, however, there has
been no attempt to link epigenetic control mediated by miRNAs with circadian rhythm,
chemoresistance, and clinical outcome of colorectal cancer. The rationale for the study is to
determine whether some of these miRNAs and the relevant mRNAS targets will have any
impact on the clinical outcome of colorectal cancer patient survival. The rationale for the
study is illustrated in Figure 2. The study is based on the fact that circadian rhythm, 5-FU
target protein TS and its miRNA regulators (miR-192, miR-215) have been demonstrated as
key factors for influencing chemosensitivity and survival of the colorectal cancer patients. In
addition, these miRNAs also have been reported to regulate circadian rhythm. The
availability of The Cancer Genome Atlas (TCGA) colorectal cancer database and the large
initiative to explore this database to answer biological and clinical driven questions provides
a powerful tool and opportunity to utilize a large patient sample cohort to test the feasibility
of the connection and establish a solid base to build on these connections going forward. In
this study, we analyzed the expression profiles of miRNAs and circadian rhythm-related
genes in TCGA colorectal cancer database, with the hope of gaining some insight into the
role miRNA regulation of circadian rhythm may play in patient outcomes in colorectal
cancer.
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TCGA is a comprehensive and coordinated effort to accelerate understanding of the
molecular basis of many different cancer types through the application of genome analysis
technologies.2®> Genomic and clinical data from TCGA have been curated by the UCSC
cancer genome browser project (https://genomecancer.ucsc.edu) and is available for
download through a set of web-based tools.2® In this study, we extracted the clinical, miRNA
expression, and mMRNA expression data for TCGA colon adenocarcinoma from the UCSC
cancer genome browser. The miRNA and mRNA expression were measured using HiSeq
platform, and genome-wide characterizations of their expression patterns have been reported
previously.2” For the clinical data, the survival information for 431 subjects is available, and
the details can be found on TCGA database. There are 331 subjects that have both survival
and miRNA expression data and 286 subjects that have both survival and mRNA expression
data. All samples represent tissues taken from primary tumors of patients who have received
no neoadjuvant therapy.

miRNA selection

The miRNA selected for this analysis was previously validated to target key genes
associated with circadian rhythms. In addition, we considered miRNA for which we and
others have validated as playing a role in chemoresistance. The validated mRNA target
binding sites with miRNAs are illustrated in Figure 1.

Statistical analysis

We performed overall survival analyses for Stage Il and Stage 111 or IV colon
adenocarcinoma patients separately. We dichotomized the expression profile of miR-192 and
miR-194 into two groups (high, low). For miR-192, the cut-off is 60%, i.e., expression
greater than 60% of expression of the patients was denoted as “high;” otherwise, it was
denoted as “low.” For miR-192, the cut-off is 55%. The cut-off values were chosen to yield
the maximum separation of their survival distribution. Similarly, we dichotomized the
expression profile of TS among the 286 patients into two groups (high, low), with the cut-off
set as 45% of the expression. Subsequently, we performed log-rank tests between two
groups and generated corresponding Kaplan—Meier curves.

We also examined the Pearson’s correlations between a small group of candidate miRNAS
and mRNAs. If a candidate miRNA is inversely correlated with a candidate mMRNA, it would
indicate a possible regulatory mechanism of the miRNA on the mRNA as miRNA inhibit
expression of their targets. The candidate miRNAs studied include miR-192, miR-194,
miR-155, and the candidate mMRNAs include Perl, Per2, Bmall, TYMS, TS, DHFR. All
statistical analyses were performed with R (Version 3.1.2, The R Foundation for Statistical
Computing, Vienna, Austria). The statistical significance is described in the figures.
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RESULTS

Inverse correlation between miRNA and target mRNA transcripts

In order to assess the interactions between miRNAs and their target mRNAs in TCGA
database, we calculated the pairwise correlations between the miRNAs and mRNAs. Our
results show that the expression of miR-192 is significantly correlated with the Perl
expression level (P= 2.3 x 10715) [Figure 3a]. The expression levels of miR-194 are also
significantly (P= 1.5 x 10715) correlated with the Perl expression [Figure 3b]. The
expression levels of TS and miR-192 are not correlated (data not shown). The lack of
correlation between TS and miR-192 reflects the regulatory mechanism by which miR-192
suppresses the protein translation of TS without degrading the mRNA transcript.28 We did
not observe any correlation between miR-155 and Bmall expression in colorectal cancer.

Patient’s overall survival associated with miRNA and target transcript mRNA levels

To determine the clinical relevance of miRNAs and target transcript levels, we performed
survival analysis for different stages of colorectal cancer patients. Our results show that in
Stage Il colorectal cancer cohort, patients with a high level of miR-192 have better survival
than the low expression group (P = 0.027) [Figure 4a]. Interestingly, in the more advanced
cohort (Stages I11 and V), high expression of miR-192 is also significantly (2= 0.003)
associated with patient survival [Figure 4b], but with worse survival outcome.

In addition, the expression of miR-192 mediated target TS is also significantly associated
with Stage Il and Stage I11/1V colorectal cancer survivals, with Pvalues of 0.038 and 0.051,
respectively [Figure 4c and d]. Interestingly, TS also shows opposite effects similar to those
of miR-192, i.e., low TS expression corresponds to better overall survival in the Stage Il
cohort, but worse survival in Stage I11/IV cohort. For the other target of miR-192, Perl, its
high expression is marginally associated with worse survival outcomes in the Stage Il cohort
(P=10.1) [Figure 4e], but it is not significant in Stage I11/1VV cohort [Figure 4f]. The levels of
miR-155 are not significantly associated with colorectal cancer patient survival (data not
shown). DHFR was also not significantly associated with survival of colorectal cancer
patients (data not show). The expression of miR-194 levels significantly correlated (P =
0.045) with Stage 111 and IV colorectal tumor survival [Figure 4g and h].

DISCUSSION

In this study, we investigated the relationships between regulation of circadian rhythm by
miRNAs and their target transcripts and clinical outcomes of colorectal cancer. This study is
based on the miRNA and mRNA expression data of a large colorectal cancer patient cohort
from TCGA.Z7 Our results clearly show that, among all miRNA circadian rhythm regulators,
there is a significant correlation of miR-192 and miR-194 expression with colorectal cancer
patient’s survival [Figure 4].

One important finding in this study is that the higher expression levels of miR-192 are
associated with better survival in Stage 1 colorectal cancer while lower expression levels of
miR-192 are significantly associated with better survival in more advanced Stage Il and 1V
patients. This difference may be explained by the fact that miR-192 inhibits colon cancer
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cell proliferation.? In Stage 11 colon cancer, slow proliferation of the cancer cells may be
advantageous for patient outcomes as complete surgical resection of cancer may be possible.
For Stage 111 and 1V patients, the slower cell proliferation associated with higher miR-192
expression may reduce the effectiveness of chemotherapeutics such as 5-FU, which
primarily target rapidly dividing cell populations. This finding is also highly consistent with
miR-192 suppressed target proteins TS and Perl, as in Stage Il colorectal cancer, patients
with lower expression levels of TS and Per1 survived better.2%30 In contrast, in Stage 111 and
IV patients, patients with high expression levels of TS had much better survival.3 It has
been reported that in Stage 11 colon cancer, patients with low TS expression, survived better
with surgery alone.2%:30 Qur results in Stage 111 and 1V are also highly consistent with
previous studies that show a high level of TS is associated with better survival than those
with low TS in 5-FU treated patients.3 Although in that study, Stage 11 and 111 patients are
combined for the survival correlation with TS.

The association of TS levels with 5-FU based chemotherapy has long been investigated. The
rhythmic connection of TS levels with 5-FU toxicity and efficacy has been extensively
studied and impacts the clinical management of colorectal cancer. In this study, we took a
novel angle by investigating the impact of miRNA-mediated circadian rhythm gene
expression on colorectal cancer survival using a bioinformatics approach. This is, in fact, the
first report to show the potential clinical significance of miRNA, circadian rhythm, and
colorectal cancer outcome.

Our results show that except for marginal association of Perl, other circadian proteins such
as Per2, Per3, and Bmall that directly control circadian rhythm are not associated with
colorectal cancer patient survival. This difference between the miRNA and target mMRNA
associations with survival may be due to the fact that miRNA can regulate multiple targets.
The regulation of several other targets may have an effect on patient outcomes as well. It is
not yet clear if the regulation of a few key targets by a miRNA or the regulation of a network
of targets is more important to the biological functions of a miRNA. This is an important
question that remains to be addressed in the miRNA field.32 In addition, it is also possible
that using data from TCGA database, which represents a snapshot of expression of these
genes at one moment in time, will miss the importance of changes in the dynamics of their
expression that may influence cancer patient outcomes. This type of bioinformatics study
cannot specifically address this concern, but does encourage continued exploration of this
topic to address these questions. This could be explored through /in vivo experiments aimed
at studying changes in the expression of these genes over time.

In summary, we clearly demonstrated the significant correlation of circadian rhythm control
miRNAs with overall survival of colorectal cancer patients. There is great potential for
enhancing chemosensitivity and survival of colorectal cancer patients by modulating
circadian rhythm miRNA regulator expression. Using the vast bioinformatics information
available in TCGA, our findings suggest there may be some importance to miRNA
regulation of circadian rhythm with regards to colorectal cancer patient outcomes. This
study encourages further investigations to directly demonstrate the functional impact of
miRNAs on circadian rhythm and chemosensitivity in colorectal cancer.
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Figurel.

The depiction of previously validated microRNA-target mMRNA pairs shown is base pairing
between microRNA and binding sites in the 3"UTR of the target mMRNA. (a) Perl with
miR-19216 (b) Per2 with miR-192 and miR-19416 (c) Per3 with miR-192 and miR-19416 (d)
Bmall with miR-15524 (e) thymidylate synthase with miR-192 and miR-21528 (f)

dihydrofolate reductase with miR-192 and miR-21519.20
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Figure2.
Schematic flow diagram of study rationale to investigate the circadian rhythm control

microRNAs with colorectal cancer treatment outcome. Known connections between
circadian rhythm and chemosensitivity, as well as validated microRNA-mRNA targets, are
shown in solid lines. Highlighted in red is the connections we are trying to investigate in this
study namely, that microRNA regulation of circadian rhythm-related genes influences
chemosensitivity and patient survival
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Figure 3.

(a) Inverse correlation of miR-192 expression with Perl expression (P= 2.3 x1071°) and (b)

miR-194 expression with Per1 expression (P= 1.5 x 10715)
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Figure 4.

(a and b) Kaplan—-Meier survival analysis of miR-192 (P=0.027) (= 0.003) (c and d)
thymidylate synthase (P=0.038) (£=0.051) (e and f) Perl (P=0.10) (P=0.79) (g and h)
and miR-194 (P=0.36) (P=0.045) in Stage Il, Stage Il and IV colorectal cancer
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