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Abstract
Chemoresistance is one of the major reasons for the failure of anticancer chemotherapy in treating
advanced stage cancer. The mechanism of chemoresistance to fluoropyrimidines and antifolates
has been extensively investigated in the past 40 years. It has been well established that
thymidylate synthase (TYMS, TS) and dihydrofolate reductase (DHFR) are two major targets for
fluoropyrimidines and antifolates, respectively. The regulatory mechanism of TS and DHFR
expression is rather complex involving transcriptional, post-transcriptional and translational
regulations. Our recent understanding of the chemoresistance mechanism has been extended
beyond the simple one target/drug view. In this review, we will focus on the recent advancement
of non-coding microRNAs (miRNAs) in contributing to the regulations of TS and DHFR
expression, and to the chemoresistance mechanism of fluoropyrimidines and antifolates.
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INTRODUCTION
Fluoropyrimidines (e.g. 5-fluorouracil, S-1) and antifolates (methotrexate, pemetrexed,
raltitrexed) represent two major rationally designed anticancer drugs in the late 1950s and
are still the cornerstones of anticancer chemotherapy after a half century [1–3]. Over the
years, extensive efforts from many laboratories have contributed to the understanding of
both molecular and cellular mechanism of anti-tumor effects of these two classes of drugs
[4]. Because it is difficult to develop novel anti-cancer drugs, large amount of efforts have
been contributed to enhance the efficacy of existing compounds via various strategies. These
strategies were established based on the understanding of the mechanisms of drug action,
target expression, and pathways. A number of adjuvant strategies have developed to further
enhance the response and survival rate.

It is well established that 5-fluorouracil (5-FU) targets a critical enzyme TS [5]. TS is a
folate-dependent enzyme that catalyzes the reductive methylation of dUMP by 5,10-
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methylenetetrahydrofolate to form dTMP 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 [6, 7].

The key target for antifolate based therapy is DHFR [8]. DHFR catalyzes the NADPH-
dependent reduction of dihydrofolate to tetrahydrofolate, a key intermediate molecule in
one-carbon transfer reactions. DHFR plays a key role in folate homeostasis, and provides the
one-carbon carrier units that are required for the de novo synthesis of purines, thymidylate,
and certain amino acids. As a result, targeting DHFR represents another important
therapeutic strategy in antifolate-based cancer chemotherapy [9].

The molecular mechanisms of regulation of TS and DHFR expression are rather complex.
TS and DHFR were both transcriptionally and post-transcriptionally regulated. With regards
to translational control, both TS and DHFR act as RNA binding proteins to autoregulate
their own expression [10–12]. It has also been reported that the polymorphisms at both 5’-
and 3’-UTR regions of TS mRNA also influence TS protein expression [13–15]. This
review will focus on the new recent findings that non-coding microRNAs (miRNAs) are
also involved in regulating TS (Fig. 1A) and DHFR (Fig. 1B) expression and such
regulation contribute to the chemoresistance mechanism to TS and DHFR inhibitors.

miRNA BIOGENESIS
miRNAs are a class of non-coding RNAs (e.g. siRNA, piRNA) with crucial regulatory
functions, as demonstrated by the recent Nobel Prize recognition of early breakthrough of
RNA interference in this field [16]. Ambros and Ruvkun’s group made a landmark
discovery in 1993 that a small non-coding RNA, lin-4, impacted the development of
Caenorhabditis elegans [17, 18]. The impact of miRNA in cancer was discovered a decade
later by demonstrating a direct link of downregulation of miR-15 and miR-16 in chronic
lymphocytic leukemia [19]. The impact of miRNAs in cancer has now become a new
frontier in cancer research. Currently, more than 1,000 mammalian miRNAs have been
identified by cloning and sequencing approaches [20], including hundreds in humans [21].

miRNAs are a class of small non-coding RNA molecules of 20–22 nucleotides in length,
which are processed from larger pre-miRNAs by the RNase III enzyme Dicer (DICER1)
into miRNA duplexes [22] (Fig. 2). One strand of this duplex associates with the RNA-
induced silencing complex (RISC), whereas the other strand is generally degraded by
cellular nucleases [22]. The miRNA–RISC complex binds to specific messenger RNA
(mRNA) targets, leading to translational repression or cleavage of these mRNAs. Thus,
miRNAs modulate protein expression by promoting RNA degradation, inhibiting mRNA
translation, and in some cases, affecting transcription. Although miRNA-mediated mRNA
degradation occurs in mammals, most mammalian miRNAs are thought to repress target
gene expression at the translational level [17, 23, 24] via imperfect base-pairing to the 3’-
untranslated regions (3’-UTRs) of their target mRNAs. This form of translational regulation
provides the cell with a more precise, immediate and energy-efficient way of controlling the
expression of a given protein [25] as it induces rapid changes in protein synthesis without
excess transcriptional activation and subsequent steps in mRNA processing. Additionally,
translational control of gene expression has the advantage of being readily reversible,
providing the cell with great flexibility in responding to various cytotoxic stresses.

To fully understand gene expression changes in cancer, it is essential to know not only the
levels of individual mRNAs, but also the extent to which mRNAs are translated into their
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corresponding proteins and the miRNAs that regulate these processes. Thus, post-
transcriptional and translational controls mediated by miRNAs have come under increasing
scrutiny in cancer research. Mounting evidence suggests that miRNAs can function as either
oncogenes or tumor suppressor genes. As a result, some of them will have potential as
therapeutic targets.

5-Fluorouracil (5-FU), miRNA, Chemoresistance, and Colon Cancer Stem Cells
As mentioned in the beginning, 5-FU-based chemotherapy is one of the main treatment
options for advanced metastatic colorectal cancer and other solid tumors for well over half a
century. However, despite the steady improvement in response rate with various modulation
strategies such as leucovorin (LV), methotrexate (MTX), and Oxaliplatin, many patients still
go through 5-FU-based chemotherapy without any benefit. A number of key factors have
attributed to the lack of response and survival benefit. One of the major causes is largely due
to the heterogeneity of the tumor cells, in particular, slow growing tumor stem like cells that
are resistant to anticancer drugs [26–28]. Despite the extensive investigations to discover
predictive response biomarkers for 5-FU-based treatment, the predictive power of TS for 5-
FU-based chemotherapy is still currently under debate [29, 30]. Further, studies evaluating
TS, thymidine phosphorylase (TP), and dihydropyrimidine dehydrogenase (DPD), a
catabolic enzyme of 5-FU as predictive biomarkers, were unable to confirm the high
response rates reported by several retrospective studies [31]. It is clear that the search
continues for biomarkers that can be used, either alone or in combination with existing
biomarkers such as TS and DPD, to predict the likely response to 5-FU-based treatment.
Chemoresistance is one of the major factors for the failure of chemotherapy. One effect
behind chemoresistance is that chemotherapeutic agents, which primarily affect rapid-
proliferating cells, are mostly ineffective against the more slowly-proliferating and/or
quiescent cancer stem cells, allowing a tumor to reconstitute itself once therapy has ceased.
The broad influence and reversible nature of miRNA on gene expression have provided us,
as well as other researchers, with experimental evidence to support that miRNAs may offer
new insights to this resistance mechanism, in particular with 5-FU-based colorectal cancer
chemotherapy. Ultimately, the information we gained may help to develop new strategies to
overcome chemoresistance and to better predict clinical outcomes.

miRNA, p53 and Colorectal Cancer
p53 is one of the most frequently mutated and/or deleted tumor suppressor genes in
colorectal cancer and other tumor types: nearly half of all colorectal cancer patients carry
p53 mutations or deletions [32]. Until recently, it has been thought that the effects of p53
loss were primarily related to its function in transcriptional regulation, but it is now
appreciated that post-transcriptional and translational controls are equally important. Our
own research efforts began by systematically investigating which miRNAs are influenced by
the p53 tumor suppressor and, by extension, p53 loss. In 2006 we first reported a regulatory
relationship between p53 and a number of miRNAs [33], and discovered that nearly half of
the 328 miRNA putative promoter regions, including the promoters for miR-34s, miR-192,
miR-215, and miR-26a, contain one or more p53 binding sites [33]. Subsequently, several
groups have demonstrated that miR-34a, which acts as a tumor-suppressor by targeting
several cell-cycle genes, is regulated directly by p53 [34–36]. In addition, we and two other
groups provided further direct evidence that miR-192 is another miRNA that is both
regulated by p53 and capable of inducing cell-cycle arrest [37–39].

Our recent efforts have focused on miRNAs that suppress the expression of TS and DHFR,
two important chemotherapeutic targets. We have discovered that two miRNAs we have
previously identified as being regulated by p53, miR-192 and miR-215, target both TS and
DHFR mRNA at the 3’-UTRs to suppress protein translation [37, 40] (Fig. 1). Additionally,
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Mishra et al. reported that miR-24 also regulates DHFR expression [41], and demonstrated
that 829C→T, a naturally occurring SNP near the miR-24 binding site in the 3' UTR of
DHFR, interferes with miR-24 function and, resulting in DHFR overexpression and
methotrexate resistance in colorectal tumors [42]. Further studies revealed that miR-24 is a
potential tumor suppressor capable of reducing tumor cell proliferation in a p53-independent
fashion and mediating several key cell cycle-related genes such as p21, E2F, Myc and other
cell cycle control genes [43, 44]. It is also tempting to reason that nature builds such
redundancy to adopt various growth stress conditions by utilizing several different miRNAs
to quickly modulate protein expression.

The involvement of several miRNAs in p53 mediated pathways provides a unique advantage
for cells to adopt different acute changes in growth conditions. It is also quite possible that
different miRNAs react to each unique growth condition change to ensure the precision of
protein expression. The notion of different miRNAs (miR-24, miR-192, miR-215) capable
of interacting with a particular mRNA transcript to modulate translation draws a conclusion
that fine tuning translational efficiency of a particular mRNA is crucial for cells to quickly
adapt to growth environmental changes with one or several different miRNAs.

The positive feedback mechanism between p53 and some of these miRNAs is clearly
evidenced to be an important part of the regulatory function and networks of p53 mediated
through miRNAs. Due to the broad impact of miRNA on regulating the translation rate,
miRNAs may be responsible for the fine tuning of the tumor suppressor function of p53
under acute growth environmental changes including genotoxic stress. Therefore, we have
reason to believe that modulation of miRNAs will have a broad impact in colorectal and
other cancer types.

Impact of miRNAs in Cancer Stem Cells
Resistance to chemotherapeutic agents is a major reason for the failure of fluoropyrimidine-
based anti-cancer treatment (e.g. FOLFOX). Many factors contribute to the resistance
phenotype, especially in quiescent and slowly proliferating cancer stem cells [45–47].
Cancer stem cells are defined as the unique subpopulation of tumor cells that possess the
ability to initiate tumor growth and sustain self-renewal as well as metastatic potential.
Colon cancer stem cells are thought to be slowly dividing, relatively apoptosis-resistant and
gradually differentiate into more highly proliferative colon cancer cells. Tumor stem cells
are highly resistant to chemotherapeutic treatment due to the slow proliferating phenotype
[28]. We have recently discovered that colon cancer stem cells maintain such phenotype
with reduced TS and DHFR expressions regulated by elevated expression of miR-215 [48].

As mentioned briefly above, recent studies from our group have found that miR-215 directly
targets the expression of both TS and DHFR [48]. Strikingly, our studies found that despite
the reduction of TS and DHFR levels with elevated expression of miR-215, colon cancer
cells became more resistant to the TS inhibitor Tomudex (TDX) and DHFR inhibitor
methotrexate (MTX). Further investigation found that this effect was mainly due to the
enhanced G2/M cell cycle check point control and reduced cell proliferation. The enhanced
G2 check point control was mediated by the suppression of denticleless (DTL), one of the
components of CUL4A-DDB1 E3 ubiquitin ligase complex [49], and essential for the early
G2/M checkpoint. We discovered that the induction of p53 and p21 was a result of DTL
suppression by miR-215, and that siRNA knockdown of DTL conferred chemoresistance to
TDX and also triggered G2/M arrest in colon cancer cells. Taken together, this suggests the
presence of a positive feedback loop between miR-215 and p53, mediated through the
suppression of DTL (Fig. 3).
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Epigenetic alterations contribute greatly to the dynamic and reversible phenotype of tumor
cells and allow tumor cells to quickly adapt to the changes in tumor microenvironment. One
key protein-regulating epigenetic alteration is histone deacetylase (HDAC). We have
recently identified one of the key targets of miR-140 to be HDAC4 [50]. Ectopic expression
of miR-140 reduced colon cancer cell proliferation and triggered cell cycle arrest. miR-140
over-expression also rendered colon cancer cells more resistant to TDX and MTX treatment.
Further studies from our laboratory reveal that colon cancer stem cell populations, known to
be highly resistant to 5-FU treatment, contain high levels of miR-215 and miR-140 [48, 50].
By blocking the activity of miR-140 using anti-miR-140 LNA oligonucleotides, we were
able to sensitize colon cancer stem cells to 5-FU treatment [50].

These findings raise an interesting point: Previously, miRNAs have been classified as either
pro- or antioncogenic. However, given the breadth of targets and pathways impacted by
miRNA, it can target both oncogenes and tumor suppressor genes resulting in a net
phenotypic outcome that is rather complex. For example, miR-215 and miR-140 appear at
first glance to act as tumor suppressors because they can slow tumor growth and reduce
tumor size in vivo. However, despite their anti-proliferative effect, both miRNAs produced
cells resistant to chemotherapy. This may be a reason why we are able to cure mice by
shrinking human tumor xenografts with various approaches. Most of these approaches and
positive impacts, however, will not translate to human subjects as we were unable to
monitor tumor relapse from the small population of chemoresistant tumor cells due to the
short life span of the mice. Innovative strategies have to be developed to overcome such
difficulties.

FUTURE PERSPECTIVES
Post-transcriptional control, miRNAs in particular, are now being recognized as important
cellular processes, the alteration of which can contribute to a number of human diseases.
miRNA-mediated regulation allows cells to fine-tune the expression of multiple genes and
pathways via an energy-efficient mechanism that can be both quickly effected and readily
reversed, providing an incredible degree of flexibility in the face of constantly changing
conditions. This highly-adaptive system, however, is also inherited by these cells that
become cancerous, contributing to chemoresistance and other survival mechanisms. In the
present review, we summarized the role of miRNAs in colorectal cancer and
chemoresistance mechanism. The incredible complexity of the miRNAs in gene regulation
will certainly provide a host of future discoveries of new regulatory mechanisms ranging
from the level of the individual genes to the vast regulatory networks. With the continual
advancement of knowledge in the domains of miRNA, mRNA, protein expression, and
computational biology, we come ever closer to fully understanding the complex miRNA-
mediated regulatory pathways and networks in both cancer and normal cells. This
knowledge, in turn, will undoubtedly continue to offer potential new therapeutic strategies
and diagnostic/prognostic biomarkers for the treatment of colorectal cancer and other human
diseases.
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Fig. (1).
Translational regulation of TS expression. TS expression is auto-regulated by its own
protein by direct binding to its own mRNA at the coding region. The translation of TS
protein was also directly regulated by miRNAs (e.g. miR-192, miR-215) by interacting with
the 3’-UTR regions of TS mRNA (1A). Translational regulation of DHFR expression.
DHFR expression is auto-regulated by its own protein by direct binding to its own mRNA at
the coding region. The translation of DHFR protein was also directly regulated by miRNAs
(e.g. miR-192, miR-215, miR-24) by interacting with the 3’-UTR regions of DHFR mRNA
(1B).
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Fig. (2).
Primary miRNA (pri-miRNA) is transcribed by RNA polymerase II or III and subsequently
cleaved to precursor miRNA (pre-miRNA) by Drosha-DGCR8 (Pasha) complex in the
nucleus. The pre-miRNA is exported to the cytoplasm by Exportin protein complex. The
pre-miRNA is further cleaved by RNase Dicer complex with RNA binding protein TRBP to
form mature length. The functional strand of the mature miRNA is loaded with Argonaute
(Ago2) into the RNA-induced silencing complex (RISC) to prevent protein synthesis
through mRNA cleavage, translational arrest or deadenylation.
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Fig. (3).
Impact of miR-215 on cell proliferation, cell cycle, chemoresistance and EMT. p53 and
miR-215 forms a positive feedback regulatory mechanism to regulate cell cycle control. The
expression of p53 was induced by the suppression of DTL, a critical component of the
CUL4A-DDB1 E3 ubiquitin ligase complex, along with the p53 down stream gene p21. The
elevated p53 in turn up-regulates the expression of miR-215. In addition to DTL, miR-215
also suppresses the expression of TS, DHFR, CDC7, MCM3, and MCM10. miR-215
triggers cell cycle arrest at the G2/M phase without triggering cell death, which contributes
to chemoresistance to TS and DHFR inhibitors in CSCs. miR-215 also mediates EMT
transition by targeting ZEB2 via TGFβ signaling pathway.
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