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ABSTRACT

Over sixty percent of all mammalian protein-coding genes are estimated to be
regulated by microRNAs (miRNAs), and unsurprisingly miRNA dysregulation has
been linked with cancer. Aberrant miRNA expression in cancer cells has been linked
with tumourigenesis and drug resistance. In the past decade, increasing number of
studies have demonstrated that cholesterol accumulation fuels tumour growth and
contributes to drug resistance, therefore, miRNAs controlling cholesterol metabolism
and homeostasis are obvious hypothetical targets for investigating their role in
cholesterol-mediated drug resistance in cancer. In this review, we have collated
published evidences to consolidate this hypothesis and have scrutinized it by
utilizing computational tools to explore the role of miRNAs in cholesterol-mediated
drug resistance in breast cancer cells. We found that hsa-miR-128 and hsa-miR-223
regulate genes mediating lipid signalling and cholesterol metabolism, cancer drug
resistance and breast cancer genes. The analysis demonstrates that targeting these
miRNAs in cancer cells presents an opportunity for developing new strategies to

combat anticancer drug resistance.

INTRODUCTION

miRNAs are small non-coding RNAs (20-22
nucleotides (nt)) [1] found to be present in animals
and plants [2], of which some are conserved in
bilaterian organisms.[3] For instance, almost 50 % of
Caenorhabditis elegans (C.elegans) miRNA genes are
reported to have homologs in humans [4]. According to
the miRBase 22 release (http://www.mirbase.org), 38,589
entries represent hairpin precursor miRNAs, expressing
48,860 mature miRNA products in 271 species [5]. The
first miRNAs, lin-4 and let-7 were found in C. elegans
and both had imperfect complementary base-pairing with
the 3 untranslated region (UTR) of their target messenger
RNAs (mRNAs) [6, 7]. It was later suggested by other
studies that these regulatory RNAs or “small temporal
RNAs” found in the worms were to regulate the timing
of developmental changes [8]. The decoding of human
genome has resulted in a surge of publications related
to miRNAs. A simple PubMed search using keyword
‘microRNA OR miRNA’ (dated 04 May, 2020) have listed

107, 242 publications (one in 1972 and 15, 185 in 2019).
This emphasizes miRNAs’ importance in modulating
expression of genes involved in a large number of key
signalling pathways as computational predictions of target
mRNAs of all known miRNAs are shown to regulate
> 60 % of all mammalian protein-coding genes [9].
Therefore, it is obvious to comprehend that deregulation
of miRNAs will contribute to disease states and evidence
have been gathered for diseases such as cancer and
metabolic disorders [10, 11], autoimmune, cardiovascular
and Alzheimer’s to name a few among plenty others
[12]. Targeting miRNAs may therefore serve as a novel
therapeutic intervention for treatment of various diseases.

A number of in vivo studies using oligonucleotides
to block certain miRNA functions have shown efficacy
in preclinical animal models [13]. The first miRNA
therapeutic (Miravirsen) to block a human miRNA
developed by Santaris Pharma entered a clinical trial in
2008 [14]. Miravirsen, an LNA-based (locked-nucleic
acid) is an antisense molecule produced against miR-
122 for the treatment of hepatitis C virus (HCV), and
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after successful safety evaluation in healthy volunteers,
and initial trials in HCV patients [15], Miravirsen was
proposed to undergo further larger scale trials. Recently
Miravirsen was shown to specifically target mir-122 with
no off target effects on other miRNAs in plasma levels of
study patients [16]. Targeting miRNAs in cancer is also an
emerging concept [17] as well as the role of miRNAs in
cancer drug resistance has also been highlighted [18-20].
Therefore, in this review, we highlight the role of miRNAs
in cancer and we have attempted to demonstrate the link of
miRNAs with cancer drug resistance particularly through
cholesterol-related pathways. For understanding this
role of miRNAs, it is imperative to explore involvement
of miRNAs in cancer, drug resistance and cholesterol
related pathways. In the following sections, we explore
these aspects of miRNA related biology and then we use
an investigational approach to substantiate the role of
miRNAs in cholesterol-mediated cancer drug resistance

by using breast cancer as an example.

RESULTS

miRNA biogenesis

miRNAs are usually transcribed from intergenic,
intronic or polycistronic loci into long primary transcripts
called pri-miRNAs by RNA polymerase II (Figure 1)
[21] . A hair-pin is formed by each pri-miRNA by folding
back on itself, forming a substrate for the microprocessor.
The microprocessor is a heterotrimeric complex that
consists of two molecules of DGCRS8 and one molecule
of Drosha endonuclease [22] . In animals, pri-miRNA is
usually transcribed by RNA polymerase II into mature
miRNA through either the canonical or non-canonical

Figure 1: miRNA biogenesis pathway: Short intronic hairpins are the most common alternative miRNA biogenesis
pathway, which are spliced and disbranched by Drosha: DGCRS8 complex, to form pre-miRNA hairpins. The 2-nt
3’ overhang of the pre-miRNA is recognized by exportin 5: RanGAP forming a ternary complex in the nucleus. The ternary complex
transports the pre-miRNA into the cytoplasm by diffusing through a nuclear pore complex. The hydrolysis of GTP to GDP by RanGAP
results in a conformational change, releasing pre-miRNA into the cytoplasm. The loop region of the pre-miRNA is cleaved off by Dicer:
TRBP resulting in the 22 nt mature miRNA: miRNA duplex. The miRNA duplex is incorporated into Ago-containing miRISC. In the
miRISC, the mature miRNA is retained, directing the miRISC to complementary sites in the target mRNAs.
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Table 1: A non-exhaustive list of miRNAs aberrantly expressed in tumours.

miRNAs Expression (Up/Downregulated) |Organ Disease type References
miR-21 Upregulated Colon Adenomas [151]
MiR-200a- Upregulated Ovary Carcinomas [152]
miR-200c Downregulated Lung NSCLC [153, 154]
miR-1275 Upregulated Pancreas Cholangiocarcinomas |[3, 155, 156]
miR-29b, miR-21, -34a, -198,

:il‘;: _2120 }b’ -483-3p, miR-125b, [ Downregulated Breast Carcinomas [157-159]

miRNA biogenesis pathways. The canonical pri-miRNA is
recognised and processed by the microprocessor (Drosha
: DGCRSY) into 70 nt pre-miRNA (precursor miRNA)
by cutting one helical turn from the base of the hairpin
[21]. Drosha consist of two RNase III domains that
participate in the processing of the pri-miRNA hairpin
[23]. The pre-miRNA 2-nt 3’ overhang is recognized by
exportin 5 : RanGAP and is exported through the nuclear
pore complex to the cytoplasm (Figure 1) [22] . The pre-
miRNA is processed by a second RNase III enzyme, Dicer,
into the miRNA duplex in the cytoplasm [24]. The miRNA
duplex containing the miRNA paired to the messenger
strand is generated when Dicer creates an incision near
the loop region through interaction with the dsRBD
protein transactivation response RNA binding protein
(TRBP) [25]. Moreover, Dicer : TRBP recruits Argonaute
(Ago) proteins to the miRNA-induced silencing complex
(miRISC) to initiate assembly [24]. miRISC/RISC is a
ribonucleoprotein complex that facilitates gene silencing
by miRNA post-transcriptionally. Once the miRNA duplex
is formed, it is loaded into a functional miRISC. In the
miRISC the duplex unwinds and the mature miRNA strand
is retained [22, 26]. The retained strand then partially
forms complementarity with its target messenger RNA
(mRNA) strand, leading either to translational repression
or mRNA degradation. The choice of miRNA strand that
is retained and becomes the guide strand depends on the
orientation the duplex binds ago [22] . The binding pocket
within Ago prefers the 5’-terminus, where it binds to the
5’-nucleoside monophosphate of the guide strand. The
mature miRNA, still bound to the miRISC guides the
silencing complex to target mRNAs through imperfect
base pairing with their 3° UTRs [27] .

miRNA names are assigned according to a standard
nomenclature system [28, 29]. The mature miRNAs are
named using the ‘miR’ prefix in the primary database
(http://www.mirbase.org/), whereas the pre-miRNA
hairpins, as ‘mir’. The miR/mir prefix is followed by a
dash and a unique identifying number, indicating the
naming order (eg. miR-122 was named before miR-350)
[29]. Species of origin is indicated with a three-letter prefix
(eg, hsa in humans, dme in Drosophila melanogaster, and

oar in sheep). In humans miR-122 will be labelled as
hsa-miR-122. Distinct hairpin loci that result in mature
miRNAs with 100 % identity are indicated as e.g. hsa-
miR-224-1 and hsa-miR-224-2 in humans [28]. miRNAs
with sequence identity differing by one or two nucleotides
are indicated with an additional lowercase letter such as
hsa-miR-224a and hsa-miR-224b. When two different
miRNA sequences are cut from the same hairpin precursor,
but at opposite arms, the sequences are named in the form
hsa-miR-224-3p (3’ arm) and hsa-miR-224-5p (5’ arm).

Under normal physiological conditions, maintaining
miRNA homeostasis is critical. However, in response to
activation or stress, miRNA transcription, processing and
functioning is rapidly altered. A quick search on PubMed
using key words “miRNA dysregulation in cancer” (dated
on 4th May 2020), a total of 2150 published articles came
up. Unravelling the mechanisms of miRNA dysregulation
in cancer could help in the discovery of new anticancer
therapies.

miRNASs in cancer

Historically, alterations in protein-coding genes
(oncogenes or tumour suppressor genes) were thought
to be the root cause of tumourigenesis [30, 31]. With
the emergence of high-throughput methods, it came to
light that non-coding RNA transcripts are produced by
thousands of genes, with no significant open reading
frames [32]. It is now well accepted that non-coding RNA
transcripts such as miRNAs regulate genes that mediate
development, cellular differentiation, hematopoiesis, stress
tolerance, metabolism, cell proliferation, and apoptosis
[33]. Several mechanisms of miRNA dysregulation in
tumours have been experimentally proven including;
point mutations in miRNA leading to decreased miRNA
processing and rearrangement of the mRNA target 3° UTR
leading to suppression of miRNA expression [34]. The
link between miRNA dysregulation and cancer was first
presented by Calin et al., in 2002 [35]. It was reported
that the clusters of the two miRNAs, miR-15 and miR-
16 were often deleted in chronic lymphocytic leukemia

www.Genes&Cancer.com

22

Genes & Cancer



(CLL), pointing out to the tumour suppressor activity of
these miRNAs. Since then aberrant expression of miRNAs
has been documented in several tumours [36, 37] (Table
1). Altered functioning of proteins participating in miRNA
processing such as Dicerl, Ago2, Xpo 5 (encodes exportin
5) can also lead to aberrant expression of miRNAs.
Abnormal expression levels of Drosha and Dicer have
been found in various cancers including ovarian cancer
[38].

Furthermore, tumours show resistance to DNA
damage. Multiple pathways of DNA damage response
(DDR) exist in mammalian cells to protect the genome
by promoting apoptosis or by repairing the double-
strand breaks. p53, also regarded as the “guardian” of
the genome regulates the expression of DDR genes [39]
and activates transcription of miRNAs along with the
coding genes [40]. Among these miRNAs is the miR-34
family that act as tumour suppressors [41, 42]. On the
other hand, p53 mutations lead to suppression of miR-
34 in ovarian cancers leading to increase expression of
MET (a cell-surface receptor tyrosine kinase encoded
by Met gene) which in turn is involved in promotion of
tumour cell proliferation, invasion and motility [43]. The
abundance of miR-34 suppresses KRAS thus preventing
tumour formation and progression[44]. Similarly, miR-
24 modulates expression of histone H2A variant, H2AX,
which represents double-stranded breaks and is involved in
recruitment of DNA repair factors [45]. Interestingly, miR-
24-mediated suppression of H2AX makes hematopoietic
cells’ hypersensitive to gamma irradiation and genotoxic
drugs, which leads to the reduction in the DNA repair
capacity of terminally differentiated hematopoietic cells
[46].

Hypoxia is a phenomenon that is common in
tumours for survival and growth. The hypoxia-inducible
factor 1 (HIF1) controls how these cells respond to
hypoxic stress. It has been reported that hypoxia interferes
with miRNA maturation by inhibiting the activity of
Drosha and Dicer, promoting tumour progression [47].
miR-210 protects hypoxic tumour cells from apoptosis
by modulating the expression of the pro-apoptotic Bcl-
2 family member BNIP3 and the caspase-8-associated
protein FLASH [48]. In addition, miRNAs can also
either act as tumour promoters or suppressors of cancer
initiation. miR-195, a tumour suppressor miRNA is
reported to inhibit cell growth and enhances apoptosis
after chemotherapy in hepatocellular carcinoma cells
[49]. This effect is further found to be contributed by
expression of cyclin D1, cyclin-dependent kinase CDK6,
the transcription factors E2F3, and the pro-apoptotic
protein BCL-2. Alternatively, miR-200 is frequently
downregulated in human tumours resulting in EMT
induction and leads to suppression of epithelial genes
mediated by its targets ZEB transcription factors (ZEB1
and ZEB2), [50].

A plethora of literature has been published

highlighting the involvement of several biochemical
and signalling pathways in cancer development and
progression. A less investigated cancer-related molecule
is cholesterol and in recent years, it has been confirmed
that numerous signal transduction pathways regulated
by intracellular cholesterol are activated or dysregulated
in cancer [51, 52]. When searching PubMed using key
words “role of miRNAs in cholesterol dysregulation
in cancer” (dated 4th May 2020), 3 articles came up
which are not directly related to the key words used. It
is therefore pertinent to establish whether there is a link
between miRNAs in cholesterol dysregulation in cancer.
The expression of 3-hydroxy-3-mehyl-glutaryl CoA
(HMG-CoA) reductase enzyme, which is responsible for
the rate limiting step of de novo cholesterol biosynthesis
is elevated in cancer cells [53]. Previous experimental
evidences have shown that cholesterol content in tumour
cells is higher than that of non-cancerous cells [54]. A
positive correlation between breast cancer risk and plasma
cholesterol levels was found in breast cancer mice models
[55]. Recently, high total serum cholesterol and high
HDL was reported to be associated with increased risk
to high-grade prostate cancer [56]. A positive association
was found between high-density lipoprotein cholesterol
(HDL-C) and apoAl1 levels with increased breast cancer
risk, 23 % and 28 % respectively [57].

Several miRNAs are reported to act at key steps
during cholesterol biosynthesis and efflux to either initiate
or repress tumorigenesis. miR-33a/b was shown to target
ABCAI, an important regulator of HDL synthesis and
reverse cholesterol transport. Moreover, inhibition of this
miRNA upregulated ABCA1 expression and increased
cholesterol efflux in mouse and human cell lines [58].
miR-128-2, a pro-apoptotic miRNA was shown to
inhibit ABCA1, ABCG1 and RXRa mRNA and protein
expression in cell lines such as MCF-7 breast cancer and
HepG2 liver hepatocellular carcinoma [59]. Additionally,
miR-223 was reported to directly repress scavenger
receptor B1 thus regulating HDL-C uptake. Moreover,
in human hepatocytes and macrophages, it also inhibits
cholesterol biosynthesis through the direct repression of
HMG-CoA synthase 1 and methylsterol monooxygenase
1 [60]. More recently, inhibition of cholesterol has
been shown to reduce cell growth of breast cancer cells
[61]. Cholesterol-lowering medication administered to
patients with estrogen receptor positive (ER+) breast
cancer during endocrine therapy has shown improved
therapeutic outcomes (related to disease-free survival,
breast cancer-free interval and distant recurrence-free
interval) compared with nonusers [62].

From the above findings, it is clear that cholesterol
homeostasis is important for normal cell function as
altered expression could lead to disease state such as
tumorigenesis. Therefore, it is of interest to further
discuss and establish the role of miRNAs in cholesterol
homeostasis to envision potentially new anticancer
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therapeutic strategies.

Role of miRNAs
cholesterol

in maintaining cellular

Intracellular cholesterol levels are maintained
through tightly regulated mechanisms, which include the
endogenous biosynthesis, internalization of exogenous
cholesterol and efflux of intracellular cholesterol (Figure
2). The transcription factors, Liver X receptors (LXRs)
and sterol-regulatory element binding protein (SREBPs)
regulate these mechanisms. The SREBPs influence the
expression of genes that mediate cholesterol uptake and
biosynthesis (Figure 2). While the LXRs/RXR mediate
cholesterol efflux thereby maintaining cellular sterol
homeostasis (Figure 2). Low cholesterol levels induce the
expression of SREBPs (SREBP2 and SREBP1c¢), which
upregulate the expression of HMG-CoA reductase and
low-density-lipoprotein receptor (LDLR), leading to an
increase in de novo biosynthesis and uptake of cholesterol,
respectively (Figure 2) [52]. Excess cholesterol triggers

a negative-feedback mechanism that is mediated by the
LXRs (LXRa and LXRbD).

Since the discovery of miR-122 as the first miRNA
to regulate lipid metabolism, miRNAs have emerged
as critical regulators of cholesterol homeostasis [63].
Further studies indicated that miR-122 and miR-370
upregulate SREBP-1c and genes involved in fatty acid
and triglyceride biosynthesis [64]. miR-122 and miR-370
both target and regulate lipid metabolism by enhancing
the expression of multiple coding genes, including,
diacylglycerol O-acyltransferase 2 (DGAT?2), fatty acid
synthase (FAS), and acyl-CoA carboxylase (ACC1) [64-
66]. Interestingly, ACC1 and FAS expression levels were
depended on the levels of SREBP-1c and DGAT?2 [64].
Furthermore, siRNA-based silencing of SREBP-1c or
DGAT?2 inhibited the miR-370- and miR-122-mediated
upregulation of FAS and ACCI. Consistent evidence
was found in another study showing that hyperlipidemia
patients had significantly increased expression levels
of miR-122 and miR-370 compared with controls [66].
This was further found to positively correlate with the
total cholesterol, triglyceride and LDL-C (Low density

Figure 2: Cellular cholesterol regulation and homeostasis, Low cholesterol levels induce the expression of SREBPs
(SREBP2 and SREBPI1c¢). The activation of these SREBPs leads to the expression of cholesterol synthesis genes by binding to their
sterol response element (SRE). SREBP2 promotes the synthesis of LDLR in the golgi apparatus, which is important for the uptake of
cholesterol from the cell surface. SREBPIc induces the expression of HMG-CoA reductase that further promotes the biosynthesis of
cholesterol. High cholesterol levels induce the expression of LXR/RXR, which leads to an increase in the expression of ATP-binding
cassette transporters (ABCA1/ABCG1) leading to the efflux of free cholesterol from the cell.
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lipoprotein cholesterol) in plasma levels of hyperlipidemia
patients with coronary artery disease. For the first time in
2010, Iliopoulos et al. showed that miR-370 upregulates
the expression of miR-122 and that the effect of miR-370
on upregulated lipogenic genes was greatly reduced by
treatment with antisense miR-122 in HepG2 cells [64].
Cholesterol synthesis is regulated by several
miRNAs e.g. miR-185 regulates the expression of HMG-
CoA reductase and SREBP2 [67]. miR-128 as mentioned
above regulates cholesterol accumulation and efflux
by directly targeting the 3° UTR of LDLR and ABCA1
[68], while miR-26a/b overexpression is reported to alter
expression profiles of SREBP1 and LXRA [69]. Another
miRNA, miR-758 is reported to also repress the expression
of ABCAL1 and conversely its inhibition by anti-miR-758
increased the expression of ABCA1 in mouse and human
cells in vitro. In addition, miR-758 reduced cellular
cholesterol efflux to apoA1l, and anti-miR-758 increased
it in mouse cells [70]. These observations suggest that
targeting miRNAs that regulate cellular cholesterol may
prove to be an attractive anticancer strategy. Additionally,
it is also important to understand the role of miRNAs in
modulating cancer-related drug resistance. Firstly, we will
discuss the role of cholesterol in cancer drug resistance.

Role of cholesterol in cancer drug resistance

Approximately 40% of patients with resectable
tumours and 80% unresectable tumours poorly respond
to chemo- and radiotherapy [71] due to drug resistance.
Chemoresistance can be intrinsic or acquired, occurring
due to either lack of response to initial therapy (making
therapy ineffective), or develops during treatment of
tumours that were initially sensitive to the therapy,
respectively [72]. Several mechanisms of drug resistance,
that favour cancer cell’s survival have been reported
in many studies including but not limited to; drug
inactivation, drug efflux, drug target alteration, and DNA
damage repair [73].

To date, a handful of studies have demonstrated
experimental evidences that link intracellular cholesterol
levels to cancer drug resistance. Cholesterol metabolism
have been speculated to be involved in tamoxifen
resistance in breast cancer cells [74], the standard
endocrine therapy used to treat ER+ breast cancers [75].
A cholesterol depleting agent, methyl-B-cyclodextrin
(MBCD) was found to suppress tamoxifen resistance,
pro-survival signalling, and induced apoptosis when
combined with tamoxifen in tamoxifen resistant breast
cancer cells [76]. In another study, ER-positive breast
cancer patients’ clinical outcomes were improved when
they received cholesterol-lowering medication during
their adjuvant endocrine therapy [62]. Furthermore, it
has been shown that HMG-CoA reductase knockdown
re-sensitized enzalutamide-resistant prostate cancer cells
[77] to enzalutamide (a nonsteroidal second-generation

antiandrogen). Recently, it was found that ALK+
anaplastic large cell lymphoma (ALCL) cells (a rare type
of lymphoma) were unable to thrive in an environment
that lacks cholesterol [78]. LDLR was identified as a
necessity for the growth of ALCL cells using a CRISPR-
based genetic screen and therapies blocking the uptake
of cholesterol were considered to be effective against
drug-resistant ALCL cells. Although opposite findings
were reported [79], where intracellular cholesterol levels
were lower in temozolomide (TMZ) resistant glioma cells
compared to that of the control cells. TMZ is the known
standard therapy for glioblastoma, however, continuous
use was associated with an increased risk of developing
resistance [79, 80].

The mechanism by which increased intracellular
cholesterol confers cancer drug resistance is a topic
that is currently gaining interest in cancer research.
P-glycoprotein (P-gp)/ABCB1 which is encoded by
the multidrug resistance gene (MDR1) is reported to be
significantly upregulated post exposure to chemotherapy,
in acquired drug resistance [81]. In another study, the
expression of P-gp significantly increased in primary
breast carcinomas after preoperative chemotherapy
[82]. Similar findings was observed when breast cancers
were treated by neoadjuvant therapy with fluorouracil,
doxorubicin, and cyclophosphamide [83]. Interestingly,
depletion of membrane cholesterol was shown to alter
P-gp localization and abolish its efflux capability [84].
Similarly, altered expression of ABCA2 could increase
uptake of LDL- derived free cholesterol thus increasing
cellular cholesterol and was shown to be expressed with
sterol-responsive genes [85]. This cellular cholesterol
increase may further promote cancer chemoresistance.
ABCA?2 is primarily responsible for the transport of
molecules such as lipids, cholesterol and pharmacological
agents across cellular membranes. Overexpression of
ABCA2? is associated with a variety of human pathologies
and confers drug resistance phenotypes in several cancers
including acute lymphoblastic leukemia (ALL) and
lung cancer [86, 87]. Moreover, primary tumours from
hepatocellular carcinoma (HC) patients exhibit increased
mitochondrial cholesterol levels [88]. The increased
cholesterol levels in HC cells imparted resistance to
mitochondrial membrane permeabilization thus inhibiting
release of cytochrome ¢ in response to various stimuli such
as active Bax. This effect was reversed upon cholesterol
depletion by inhibition of hydromethylglutaryl-CoA
(catalyses the first step of cholesterol biosynthesis) or
squalene synthase (catalyses the final step of cholesterol
biosynthesis) [88].

In recurrent prostate cancer (PCa), treatment usually
entails androgen withdrawal therapy using androgen
receptor (AR) antagonists leading to suppression of
androgen production [89]. Castration resistant PCa
(having the ability to continuously produce androgens
despite castration) usually develops in patients who
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Table 2: miRNAs that play a role in cholesterol and cancer drug resistance.

miRNAS | Link to cholesterol Cancer type Mechanism References
NSCLC Antisense  inhibition of miR-106
miR-106 |Direct negative regulator of ABCA1 . increases effectiveness of anticancer|[160, 161]
carcinoma drugs
. Key  regulator of  hepatic . Overexpression of miR-34 induces
miR-34 homeostasis, by Suppressing SIRT1 Gastric cancer chemosensitization [162,163]
Regulates genes that mediate Increased expression of miR-122
miR-122 |hepatic cholesterol and lipid | Hepatocarcinoma |sensitizes HCC cells to chemotherapeutic | [164, 165]
metabolism drugs
Neeatively reeulates cholesterol b Overexpression of miR-233 increases
miR-223 inh%biting};{l\/%G-Co A synthase | y Hepatocarcinoma Zzllzistivity of HCC cells to anticancer|[60, 166]
. . . Ectopic expression of miR-128 decreases
miR-128 Directly inactivates ABCAL, Breast tumours ABCCS5 and Bmi-1 while increasing|[129, 136]
ABCG1, and RXRa expression R o
chemosensitization of doxorubicin
Downregulates TWIST, a novel Inhibition of miR-33a increased cell
miR-33a | ADD1/SREBPIc interacting protein | Osteosarcoma apoptosis and TWIST expression [167, 168]
expression in Saos-2 cells.

See accompanying text and references for more detailed information about mechanisms involved in the development of each

cancer type.

initially responded to such treatment [90]. Increase
in cholesterol levels may promote castrate resistant
PCa as these cells were able to synthesise androgens
from cholesterol precursors [91]. Roy et al. proposed
the suppression of androgen production to be one of
statins (cholesterol inhibitor) mechanism of action [92]
as cholesterol is a required intermediate in androgen
synthesis in the testis and adrenal glands [93]. MBCD
(methyl-B-cyclodextrin), another cholesterol depleting
agent was shown to induce apoptosis through decreasing
raft levels, Bel-xL downregulation, caspase-3 activation
and Akt inactivation in A431 human tumour cells [94].
Alternatively, cholesterol repletion restored Akt activation
and cell viability by replenishing rafts on the cell surface.
Furthermore, the breast cancer and prostate cancer cell
lines contained increased lipid rafts and demonstrated
more sensitivity to cholesterol depletion-induced cell
death than normal cells.

Based on these findings, it is clear that the role of
cholesterol in cancer drug resistance is not completely
understood. It is therefore pertinent to explore the role
of emerging miRNAs, as a mechanism in cholesterol-
mediated cancer drug resistance in different cancers.

Roles of miRNAs in cholesterol-mediated drug
resistance

Several studies have implicated aberrant miRNA
expression with anticancer drug resistance in many
cancers including breast cancer [95]. Some miRNAs
such as miR-125b, miR-181a, and miR-126-5p have been
shown to be upregulated in drug resistance [96-98], while

other miRNAs such as miR-103/107 are downregulated
[99]. These observations suggest an important biological
role of miRNAs in drug resistance however, their role in
cholesterol-mediated cancer drug resistance is at its very
beginning. Few studies have reported on miRNAs that
regulate cholesterol, as potential anticancer drug targets
for combating cancer drug resistance (Table 2).
Additionally, miR-301a has been linked with drug
resistance of osteosarcomas (OS), where over-expression
of miR-301a correlated with reduced doxorubicin-
induced apoptosis [100]. It was observed that doxorubicin
increased expression of HMG-CoA reductase while
inhibiting AMPKal expression in OS cells, which was
further supported by over-expression of miR-30la in
OS cells. Conversely, anti-miR-301a enhanced apoptosis
in OS cells. Consistently, miR-30la and HMG-CoA
reductase were upregulated in chemoresistant OS cells
compared to control OS cells. Overexpression of miR-181a
sensitized mitoxantrone (MX)-resistant MCF-7 cells by
downregulating ABCG2/BCRP expression [101]. ABCG2
recognizes and transports a variety of chemotherapeutic
drugs out of cancer cells, reducing drug concentration and
resulting in drug resistance [102]. /n vivo, intratumoral
injection of miR-181a mimic inhibited ABCG2 expression
and enhanced the anti-tumour activity of MX in a nude
mouse xenograft model [101]. ABCG2 has been found to
be located in membrane rafts and cholesterol was reported
to have an impact on its efflux activity [103]. Cholesterol
depletion with MBCD significantly decreased the activity
of ABCG2 by 40%. Moreover, cholesterol repletion
with cholesterol-inclusion complexes restored ABCG2
function. Moreover, miR-195 overexpression was reported
to significantly alter cellular cholesterol and triglyceride
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levels which further translated into reduced proliferation,
invasion and migration of MCF-7 and MDA-MB-231
cells [104]. Singh et al. for the first time reported ACACA,
FASN and HMG-CoA reductase as direct targets of miR-
195 [104]. Lastly, miR-185 and miR-342 have been shown
to control lipogenesis and cholesterogenesis by inhibiting
SREBP-1 and -2 expression and downregulating their
target genes (FASN and HMG-CoA reductase) in prostate
cancer [105]. Furthermore, it was demonstrated that miR-
185 and miR-342 overexpression inhibits cell growth,
tumourigenicity, migration and invasion of prostate cancer
cells and in xenograft models which coincided with the
inhibited lipogenesis and cholesterogenesis.

There are only a handful of evidences reported
on the role of miRNAs in cholesterol-mediated drug
resistance. It is known that cholesterol content of cancer
cells is higher than that of non-cancerous cells [54] and
evidences are emerging that cholesterol accumulation

is directly associated with cancer drug resistance, as
discussed above [74]. It is therefore pertinent to investigate
this further and in the following section we have attempted
to explore miRNA targets of two miRNAs involved in
cholesterol-mediated drug resistance. We anticipate that
this investigation will open-up a new direction of research
and will also add on to existing literature. hsa-miR-128
and hsa-miR-223 were selected for further analysis as
these miRNAs regulate cholesterol genes that mediate
cholesterol export and biosynthesis, respectively [68,
106]. Breast cancer was selected as it is the most prevalent
female cancer worldwide [107], and breast cancer cells are
also confirmed to be rich in cholesterol [54].

Figure 3: Networks depicting genes regulated by hsa-miR-128 and hsa-miR-223, respectively. OmicsNet was used to

construct microRNA-gene interaction networks between hsa-miR-128, hsa-miR-223 and their target genes. The networks represent
genes that correlated with the query genes, regulated by hsa-miR-128-3p A, and hsa-miR-223-3p: has-miR-223-5p B. C. The 3" network
represents genes that are regulated by both miRNAs (hsa-miR-128 and hsa-miR-223 (3p/5p)). Genes involved in the following pathways
were depicted as; orange circles: cancer drug resistance, black circles: lipoprotein and cholesterol metabolism, and blue circles: breast
cancer. The edges that connect neighbouring genes are depicted as bold black lines. GEPIA (http://gepia.cancer-pku.cn/) was used for
differential gene analyses of breast tumour tissue samples relative to normal tissues of hsa-miR-128 and hsa-miR-223 target genes. Increase
in fold change of expression (upregulated genes) is represented as values in red colour and decrease in expression (downregulated genes)
in green.
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hsa-miR-128 and hsa-miR-223 potentially
regulate genes involved in cholesterol-mediated
drug resistance in breast cancer

We provide insight into potential targets of hsa-
miR-128 and hsa-miR-223, to explore their role in
cholesterol-mediated drug resistance using bioinformatics
tools. Gene lists containing 84 genes involved in three
biological pathways (RT? Profiler™ PCR Array Human
Cancer Drug Resistance: PAHS-004Z, RT? Profiler™
PCR Array Human Lipoprotein Signaling & Cholesterol
Metabolism: PAHS-080Z and RT? Profiler™ PCR Array
Human Breast Cancer: PAHS-1317Z) were obtained
from Qiagen (https://www.qiagen.com). To identify hsa-
miR-128 and hsa-miR-223 target genes, OmicsNet (http://
www.omicsnet.ca/faces/home.xhtml) was used. The
networks generated included hsa-miR-128-3p, hsa-miR-
223-3p, and hsa-miR-223-5p with their corresponding
genes. However, the -5p arm of hsa-miR-128 was not
available on OmicsNet. Under the filter section, the gene
lists obtained above were inserted and genes that were
present in the networks were highlighted. Special filter
functions were then employed to extract the miRNAs with
the highlighted genes [108].

From the 84 cancer drug resistance genes used as
input, six genes (RXRA, BRCA2, IGF2R, BAX, EGFR,
and UGCG) were found to be regulated by hsa-miR-128-
3p, while eight genes (AR, UGCG, CCNDI, IGFIR,
ATM, CDK2, TP53, and ABCB1) were regulated by
hsa-miR-223-3p and hsa-miR-223-5p (Figure 3A and
3B). When the lipoprotein and cholesterol metabolism
genes (84 genes) were used as input, six genes (SREBFI,
ABCAL1, PRKAAI, SREBF2, ABCG1, and LDLR) were
found to be regulated by hsa-miR-128-3p while only two
genes (INSIG2, and LDLR) were regulated my hsa-miR-
223-5p (Figure 3A and 3B). Lastly, from the 84 breast
cancer genes used, six genes (CSF1, SNAI2, PTGS2,
PTEN, BRCA2, and EGFR) were found to be regulated
by hsa-miR-128-3p while nine genes (AR, ATM, CCNDI,
CDK2, IGFI1, IGF1R, TP53, IL6, and ABCBI1) were
regulated by hsa-miR-223-3p and hsa-miR-223-5p (Figure
3A and B). Interestingly, two genes (LDLR and UGCG)
were regulated by both, hsa-miR-128-3p and hsa-miR-
223-5p (Figure 3C). Cells obtain cholesterol from the
LDLRs present on the cell surface [109]. High expression
of LDLR has been associated with tumours from breast
cancer cells in mouse models with hyperlipidemia [110].
Furthermore, knockdown of LDLR was found to reduce
tumour growth in these mouse models. UDP-glucose
ceramide glucosyltransferase (UGCG) is a known
key enzyme involved in the synthesis of glycosylated
sphingolipids. Recently, overexpression of UGCG has
been shown to enhance proliferation and doxorubicin
resistance in MCF-7 cells [111].

Increased cholesterol uptake and biosynthesis

seems to stimulate tumour growth, which may result in
drug resistance. It has been found that in drug-resistant
colon cancer HT29-dx cells, cholesterol content was
higher compared to the drug-sensitive HT29 cells, which
was decreased post-treatment with MBCD, a cholesterol-
lowering agent [112].

Interestingly, both miRNAs were found to regulate
the insulin-like growth factor receptors (hsa-miR-128-3p:
IGF2R and hsa-miR-223 (3p and 5p): IGF1R (Figure 3A
and 3B). These IGF receptors are important regulators of
cell growth and survival. The IGF-IGF1R axis includes
the IGFIR, IGF2R, and insulin receptor (INSR) [113].
IGF-1, IGF-2 and serum insulin-like growth factor
binding proteins (IGFBPs) are ligands known to bind
to these receptors. It has been reported that the IGF-
IGFIR axis receptors are overexpressed in malignant
tumours [114]. IGF1R overexpression has been reported
in patients with gastric cancer [115]. In another study, a
decrease in IGF1R expression has been associated with
an improved chemotherapy response in patients with
human EGFR2 negative breast cancer [116]. The role
of IGFIR in cholesterol biosynthesis and homeostasis
is largely unknown. Interestingly, the IGF1 ligand was
also shown to be regulated by hsa-miR-223-5p (Figure
3B). Previously, four hours treatment of murine C2C12
myoblasts cells with IGF1 has been shown to induce five
fatty acid genes and nineteen cholesterol biosynthesis
genes [117]. LDLR (2-fold change) that mediates uptake
of cholesterol was amongst the cholesterol genes that
were upregulated. Increase in IGF2R expression was
reported in 198 patients with NSCLC while 266 had low
expression of IGF2R [118]. It was shown that patients
with low IGF2R expression had poorer prognosis after
chemotherapy. Cholesterol amongst other ligands is
known to bind IGF2R for delivery of Poly (rC)-Binding
Protein 2 (PCBP2) siRNA to hepatic stellate cells (HSCs)
[119]. These findings suggest that selected miRNAs (miR-
128 and miR-223) may be potential anti-cancer drug
resistance targets. These findings were further validated by
assessing breast cancer tumour samples and breast cancer
survival analysis plots.

hsa-miR-128 and hsa-miR-223 target genes in
breast cancer

Gepia (http://gepia.cancer-pku.cn/) was used for
differential expression analyses of hsa-miR-128 and hsa-
miR-223 target genes in breast tumour tissue and normal
samples. GEPIA consists of RNA sequencing expression
data of 9, 736 tumours and 8, 587 normal samples from the
Cancer Genome Atlas (TCGA) and the Genotype Tissue
Expression (GTEx) projects [120]. Altered expression
was found in all target genes of hsa-miR-128 and hsa-
miR-223 compared to the normal tissue samples, which
mediate breast cancer, drug resistance and lipoprotein and
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cholesterol signalling (Figure 3). Amongst other genes with these observations, levels of UGCG (p = 1.5x10%,

upregulated in breast tumour tissue was UGCG (1.13- fold change = 2.953) were higher in mixed lobular and
fold change), regulated by both hsa-miR-128 and hsa- ductal breast carcinoma tumours compared to normal
miR-223, which is involved in drug resistance. Consistent breast tissue as analysed by Oncomine database (https://

Figure 4: Kaplan-Meier plots depicting patient survival before and post-treatment in three breast cancer subtypes.
Prognostic effect of hsa-miR-128-1 A-D. and hsa-miR-223 E-H. expression in breast cancer patients of different subtypes was assessed
using MTCI breast cancer survival analysis tool (http://glados.ucd.ie/BreastMark/). The plots represent Disease-free survival (DFS)
Kaplan-Meier plots constructed with MTCI. The red lines represent survival data in breast cancer patients where the queried miRNA is
significantly below the median, while the blue lines represent those where the queried miRNA was significantly above the median. A-D.
Effects of hsa-miR-128 expression on LumA: n = 25, number of events = 14, p = 0.298; LumB (HER+): n = 2, number of events =0, p =
1; LumB: n = 33, number of events = 9, p = 0.548; Basal/TNBC: n = 55, number of events = 14, p = 0.407. E-H. Effects of hsa-mir-223
expression on LumA: n = 15, number of events = 9, p = 0.925; LumB (HER2+): n = 2, number of events = 0, p = 1; LumB(HER2-): n
=19, number of events = 7, p = 0.177; Her2: n = 7, number of events = 4, p = 0.559; Basal/TNBC: n = 47, number of events = 13, p =
0.067. I-K. The effects of tamoxifen (TAM)/chemotherapy (Chemo) post-treatment were assessed on grade 3 breast cancer patients with
hsa-miR-128-1 expression. I-J. Effects of tamoxifen on hormone responsive breast cancer patients (LamA: n = 4, number of events =2, p
=0.706; LumB: n = 11, number of events = 2, p = 0.350), and K effects of chemotherapy on TNBC patients (n = 7, number of events = 1,
and p = 0.527) expressing hsa-miR-128-1.
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www.oncomine.org/resource/main.html)  [111, 121]
using TCGA breast dataset (Supplementary Figure 1A).

Interestingly, SREBF1 (1.13-fold change), a transcription
factor mediating cholesterol biosynthesis, regulated by
hsa-miR-128, expression levels were also higher in breast
tumours (p = 0.008, fold change = 2. 364) as compared
to normal breast tissues analysed by Oncomine database
(Supplementary Figure 1B). It is also noteworthy that
from the bar chart view, selecting UGCG or SREBF1 as
potential biomarkers would be unlikely as most normal
breast tumour samples also expressed high levels of
these genes (Supplementary Figure 2A-2B). On the
contrary, SREBF2 (1.02-fold change) was found to be
highly expressed in breast tumours analysed by GEPIA,
however, was found to be relatively under expressed as
analysed by Oncomine. Only a small subset of mucinous
breast carcinomas tumours was observed to have high
expression of SREBF2 (p = 0.002, fold change = 1,229)
(Supplementary Figure 1C). RXRA (-1.04 fold change)
was also under expressed in breast tumours as compared
to normal samples, consistent with analyses by Oncomine
database (Supplementary Figure 1F). However, RXRA (p
=0.007, fold change = 1.552) was only highly expressed
in mixed lobular and ductal carcinoma tumours. LDLR
(-1.05-fold change), which is crucial for cholesterol
transportation, regulated by both has-miR-128 and has-
miR-223, was downregulated in breast tumour samples as
compared with normal samples analysed by both, GEPIA
(Figure 3A-3B) and Oncomine database (Supplementary
Figure 1E).

Interestingly, the expression levels of PTGS2
(-4.80-fold change) and EGFR (-2.45-fold change)
regulated by hsa-mirR128, ABCB1 (-2.21-fold change),
IGF1 (-2.19-fold change), and IL6 (-2.85-fold change)
regulated by hsa-miR-223, were significantly reduced
in breast tumour tissue. These results were consistent
with analyses by Oncomine database, except for IGF1
whose expression was high in all breast tumour samples
(Supplementary Figure 1J). High levels of IGF1 has been
correlated with poor prognosis in patients undergoing
endocrine therapy [122]. Quick literature search revealed
that PTGS2, EGFR, ABCBI, and IL6 high expression
rather than low expression was correlated with breast
cancer growth. Prostaglandin endoperoxide synthase 2 /
cyclooxygenase-2 (PTGS2) is important in regulating
inflammatory responses [123]. Expression of PTGS2
has been suggested to promote breast cancer growth in
vitro [124]. Epidermal growth factor receptor (EGFR) is
altered in triple-negative breast cancer (TNBC), however,
there are currently no EGFR targeting therapies approved
for the treatment of breast cancer [125]. ATP-binding
cassette sub-family B member 1 (ABCB1) was found
to be upregulated (47 fold) in docetaxel-resistant MCF-
7 and MDA-MB 231 cell lines [126]. According to data
analysed by Oncomine, (Supplementary Figure 11, 1K,
and 1L) mucinous breast carcinoma was the only breast

tumour that had high expression of PTGS2, EGFR, and
ABCBI, suggesting that expression of these genes vary
based on breast cancer type. Moreover, Interleukin-6 (IL6)
function has been reported to be important in the growth
and metastasis of breast cancer cells and drug resistance of
breast cancer stem cells [127]. These findings suggest that
hsa-miR-128 and hsa-miR-223 may be potential targets
to combat cholesterol-mediated drug resistance in breast
cancer.

Based on these findings and our bioinformatics
analyses it can be inferred that an increase in cholesterol
uptake and accumulation related genes may promote
breast cancer development. We therefore hypothesise that
targeting either hsa-miR-223 or hsa-miR-128 directly
or indirectly through their targets could be an attractive
anticancer therapy.

Breast cancer survival analysis

To further confirm the effects of hsa-miR-128 and
hsa-miR-223 expression on the prognosis of breast cancer
patients, the MTCI Breast Cancer Survival Analysis Tool
(http://glados.ucd.ie/BreastMark/) was used to construct
disease-free survival (DFS) Kaplan-Meier plots. MCTI
integrates gene expression and survival data from 26
datasets on 12 different microarray platforms (~17,000
genes in up to 4,738 samples) [128]. ER+ and TNBC
was of interest as there are currently no target therapies
available for TNBC and drug resistance is a major problem
in patients with ER+ breast cancer. High expression of
hsa-miR-128-1 was associated with poor DFS in all grade
3 breast cancer patients irrespective of subtypes (Figure
4A-4D). However, in the setting of HER2 subtype (Figure
4C) even though low expression of hsa-miR-128-1 was
associated with patient survival, worse DFS is observed
after 50+ months. Low expression of hsa-miR-223 were
inversely correlated with survival in grade 3 breast cancer
patients irrespective of subtypes (Figure 4E-4H). While,
high expression of hsa-miR-223 was associated with
patient survival. No effect of hsa-miR-128-1 (Figure 4B)
and hsa-miR-223 (Figure 4F) expression was seen on
patient survival of luminal B (HER2+) subtype, as DFS
remained constant.

Based on these findings, it can be postulated that
lowering hsa-miR-128-1 expression or increasing the
expression of hsa-miR-223 would increase survival of
breast cancer patients. Effects of tamoxifen/chemotherapy
on patients’ survival were further assessed. No data were
available post tamoxifen/chemotherapy treatment in
breast cancer patients of all subtypes with hsa-miR-223
expression in MTCI database. Worse DFS was observed
in breast cancer patients of LumA subtype with high
expression of hsa-miR-128-1 post tamoxifen treatment,
while an improvement in DFS was evident in breast
cancer patients with low expression of has-miR-128-1
(Figure 41). Similarly, LumB subtype patients expressing

www.Genes&Cancer.com

30

Genes & Cancer


https://www.oncomine.org/resource/main.html
http://glados.ucd.ie/BreastMark/

low levels of hsa-miR-128-1 showed improved DFS,
however, no significant improvement in DFS was evident
in patients expressing high levels of hsa-miR-128-1
(Figure 4J). These findings reinforce the importance
of decreasing the expression of hsa-miR-128-1 during
endocrine therapy for better DFS outcomes of breast
cancer patients. Furthermore, a significant improvement
in DFS of TNBC patients expressing low levels of hsa-
miR-128-1 was observed post chemotherapy (Figure 4K).
It is to be noted here that the observed differences in DFS
based on high and low expression of queried miRNA were
not statistically significant (as evident from p-values), but
this may be due to the limited number of patients that were
selected by the database to match the query.

Proposed model for targeting cholesterol for
miRNA-mediated therapeutics

To put above discussion and insights into
perspective, we propose a hypothetical model for
reducing cholesterol-mediated drug resistance by either
hsa-miR-128 or hsa-miR-223 in breast cancer (Figure
5). Adlakha and colleagues proposed that low levels of
intracellular cholesterol induced SREBP2 expression,
which may in turn induce the expression of hsa-miR-128
(Figure 5) [129]. This was further supported with
bioinformatics-based analysis by TRANSFAC search
which revealed the presence of SREBP transcription

Figure 5: Hypothetical model (in red text and lines) presenting ways in which cellular cholesterol could be lowered in
breast cancer patients by targeting hsa-miR-128 and hsa-miR-223. Bioinformatics analysis using the latest version of OmicsNet,
accessed on 18 July 2019 revealed SREBP2, SREBP1c, AMPK, ABCA1, ABCG1, RXRa, and UGCG as targets of hsa-miR-128. Here we
propose that, using anti-miR oligonucleotides of hsa-miR-128, can decrease the expression of SREBP2 while increasing the expression of
AMPK, thereby leading to low cellular cholesterol. Moreover, inhibiting hsa-miR-128 could lead to a decrease in the expression of UGCG,
a drug resistance gene. OmicsNet also revealed INSIG2 and UGCG as targets of hsa-miR-223 and interaction between SCAP and INSIG1
or INSIG2 keeps the SCAP/SREBP complex in the endoplasmic reticulum. We propose that increasing the expression of hsa-miR-223
(using a mimic) could directly increase the expression of INSIG, thereby keeping SCAP from undergoing conformational change to assist
in the transportation of SREBP, which mediates cholesterol synthesis. Increasing the expression of has-miR-223 could also lead to the
inhibition of UGCG thereby promoting cholesterol efflux through ABCA1. Furthermore, increasing the expression of hsa-miR-223 may
decrease the expression of ABCBI indirectly, leading to drug efficacy.
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factor binding site in the promoter region of ARPP21
(CAMP regulated phosphoprotein 21) gene, the gene
that encodes miR-128-2. Once induced, hsa-miR-128-2
in a positive feedback loop, increases the expression of
SREBP2 leading to the synthesis and accumulation of
cellular cholesterol, a phenomenon which is evident
in most cancer cells. Adlakha and colleagues further
showed through in vitro studies that miR-128-2 increases
the expression of SREBP2 and decreases the expression
of SREBP1 in HepG2, MCF-7 and HEK293T cells
independent of sirtuin 1 (SIRT1) status [59]. These
findings suggest that miR-128-2 increases cholesterol
uptake by promoting LDLR synthesis via SREBP2 while
decreasing cholesterol biosynthesis probably by inhibiting
the induction of HMG-CoA reductase via SREBP1. They
further found that overexpression of miR-128-2 inhibited
the expression of ABCA1, ABCGI, and RXRa directly
through a miR-128-2 binding site within their respective
3’ UTRs. Moreover, cholesterol efflux was inhibited by
overexpression of miR-128-2, while miR-128-2 silencing
stimulated cholesterol efflux in mice fed a high fat diet.
Additionally, ovarian cancer mutant cells/SREBF2-KD
(SREBF2 disrupted using CRISPR technology) treated
with paclitaxel in low, but not high serum or in presence
of statin showed a significantly lower cell viability [130].
In another study, SREBP2 mRNA expression was found
to be increased in A2780-resistant ovarian cancer cell line
using bioinformatics analysis [131].

Conversely, their previous study revealed that miR-
128-2 increased the antitumor effect of compounds that
target the p53 pathway [132]. In this study they found
that overexpression of miR-128-2 induced apoptosis in a
p53-dependent and -independent manner via the induction
of PUMA in HEK293T and MDA-MB 231 cells. This is
further supported by a study by Hu et al. in which they
found that miR-128 was significantly downregulated in
non-small cell lung cancer (NSCLC) tissues and cancer
cells [133] . Furthermore, that the in vivo restoration of
miR-128 significantly suppressed tumourigenicity of
AS549 cells in nude mice and inhibited both angiogenesis
and lymphangiogenesis of tumour xenografts. Recently,
in another study miR-128-3p along with miR-33a-5p
were expressed at low levels in whole blood of lung
cancer patients or early-stage lung cancer patients (TNM
stage I-II) as compared with that in healthy controls
[134]. Although contrasting results have been obtained
so far, but it is to be noted that low levels of miR-128-
3p are present in early stages of lung cancer, whereas
overexpression of this miRNA has been linked with
activation of B-catenin and TGF-B signalling, leading
to metastasis and chemoresistance, which were reduced
by antagonizing miR-128-3p [135]. In a previous study,
ectopic expression of hsa-miR-128 (not specified whether
-3p or -5p) was found to sensitise chemoresistant breast
tumour-initiating cells (BT-ICs) to the proapoptotic and
DNA-damaging effects of doxorubicin [136]. Therefore, it

can be inferred from our predictive analysis that SREBP2
could be inhibited by targeting hsa-miR-128-3p in breast
cancer and that silencing miR-128-3p as an adjuvant could
increase the effectiveness of endocrine therapy thereby
possibly eliminating drug resistance, although this can be
dependent on the stage of the cancer.

Furthermore, SREBP2 is known to be inactivated
by AMP- activated protein kinase (AMPK, also known as
PRKAATL). It has been shown that increased proteolytic
processing of SREBP1c and SREBP2 is prevented by
activation of AMPK in the liver of insulin-resistant mice
[137]. Based on the analysis shown earlier (Figure 3A),
we hereby propose that hsa-miR-128-3p increases the
expression of SREBP2 by decreasing the expression of
AMPK. Inhibiting hsa-miR-128-3p with anti-miR-128-3p
inhibitors could result in a decrease in the expression of
SREBP2 in breast cancer by preventing inactivation of
AMPK (Figure 5).

Moreover, we also propose that overexpressing hsa-
miR-223 with oligonucleotides that mimic its expression
could have different effects on the cell. In sterol-rich
environment, the INSIG proteins (INSIG1 and INSIG2)
bind the sterol regulatory element-binding protein
cleavage-activating protein (SCAP) in the endoplasmic
reticulum, thereby preventing the release of SCAP-
SREBP complex [138]. The SCAP-SREBP complex
is important for proteolytic processing of SREBPIa,
SREBPIc, and SREBP2 isoforms into active transcription
factors, which regulate expression of several cholesterol
pathway related genes. The SCAP-INSIG ratio in the cell
is crucial for sterol sensing to regulate SREBP processing,
thus altering cholesterol synthesis [139]. On the contrary,
INSIG2 has been found to be overexpressed in colorectal
cancer tissue where it contributes to poor survival
and promotes malignant behaviour [140] as cellular
proliferation, invasion, and anchorage-independent
growth increased while apoptosis reduced. In a previous
study by Kayashima et al. they showed that all pancreatic
cell lines including PANC-1 and MIA PaCa-2 pancreatic
cells expressed INSIG2 mRNA [141]. With the latter
pancreatic cells expressing > 2-fold higher INSIG2 mRNA
expression levels under hypoxic conditions (1% O,) as
compared to under normoxic conditions (21% O,). They
found that cell proliferation and invasion was significantly
decreased in SUIT-2 cells after transfection with INSIG2-
targeting siRNAs. To date no direct correlation has been
established between INSIG2 expression and breast cancer.
Therefore, we speculate that INSIG2, a negative regulator
of cholesterol uptake and biosynthesis might possibly
when overexpressed in breast cancer by miR-223-5p
increases effectiveness of endocrine therapy and eliminate
drug resistance.

Moreover, plasma membrane lipid rafts are
known to be mainly composed of cholesterol and
glycosphingolipids (GSL). Increased levels of cholesterol
have been reported to mask membrane GSLs in human

www.Genes&Cancer.com

32

Genes & Cancer



tumour biopsies making immunotherapy ineffective [142,
143]. In a previous study, GSL accumulation has been
found to inhibit cholesterol efflux through the ABCA1
pathway [144]. Since hsa-miR-223 has been found to
positively regulate ABCA1 through its direct target Sp3
transcription factor to increase cholesterol efflux [145],
we hereby suggest that overexpression of hsa-miR-223
could prevent cholesterol accumulation by increasing
ABCAI1 expression and by inhibiting UGCG, a drug
resistance gene that catalyses the first glycosylation step
in GSL biosynthesis (Figure 5). Lv et al. found miR-760
to be significantly downregulated in chemoresistant breast
cancer tissues as compared to chemosensitive tissues
[146]. They further predicted three target genes including
ABCAI1 to be involved in chemoresistance of MCF-7
cells to doxorubicin. Conversely, exposure of H1299
lung cancer cells to escalating doses of a-Tocopheryl
succinate made these cells resistant to the agent due to
the upregulation of the ABCA1 protein, which caused
its efflux [147]. Additionally, overexpression of UGCG
in MCF-7 breast cancer cells enhanced proliferation and
promoted doxorubicin resistance [148]. These findings
iterate the importance of possibly overexpressing miR-
223 in breast cancer. In a previous study, mutant p53
was reported to reduce hsa-miR-223 expression, leading
to upregulation of Stathmin 1 (STMNI1) and increased
chemoresistance in breast cancer cell lines [149]. Based
on these findings, in the current study we anticipate that
increasing the expression of hsa-miR-223 could upregulate
the expression of ABCA1 while inhibiting the expression
of UGCG, thereby increasing cholesterol efflux, thus
sensitizing ER+ breast cancer resistant cells or TNBC cells
to chemotherapeutic agents.

We also speculate that hsa-miR-128 when
expressed, increases the expression of UGCG, it is
therefore pertinent to reduce the expression of hsa-
miR-128. Moreover, hsa-miR-223 could further increase
drug efficacy by downregulating ABCB1/MDRI, a well
characterized ABC-transporter. Besides hsa-miR-33a
[150], hsa-miR-223 and hsa-miR-128 seem to be new
components joining the SREBP signalling pathway. Based
on the above observations, targeting either hsa-miR-128
or has-miR-223 seemed to be important in preventing
cholesterol-mediated drug resistance.

FUTURE PERSPECTIVES AND
CONCLUSIONS

Presently, cancer drug resistance remains a problem
that needs to be addressed. miRNAs have been shown
to regulate genes from numerous biological processes,
including cholesterol metabolism and cancer. Recently,
miRNAs have been implicated in cancer drug resistance.
However, little is known about the role of miRNAs that
regulate cholesterol-mediated drug resistance in breast

cancer. In the present review, we explored the possibility
of miRNAs to be involved in cholesterol-mediated cancer
drug resistance. Our bioinformatics analysis gives some
insight into this concept. Targeting miRNAs (hsa-miR-128
or hsa-miR-223) may provide an opportunity for anti-
cancer drug discovery and development. We find that
hsa-miR-128 and hsa-miR-223 regulate genes mediating
lipid signalling and cholesterol metabolism, as well as
cancer drug resistance in breast cancer. We propose that
either inhibiting hsa-miR-128 or increasing hsa-miR-223
expression could modulate the expression of cholesterol
pathway related genes thereby lowering cellular
cholesterol. Through this mechanism, we speculate that
these miRNAs may be involved in cholesterol-mediated
cancer drug resistance. To date, experimental evidence
is lacking to confirm this hypothesis, nonetheless, the
computational analysis provides an avenue that needs
to be further explored experimentally, although caution
must be practised in light of the fact that miRNA target
genes may contribute to several downstream pathways
(e.g. INSIG2 as discussed above). Therefore, in-depth
understanding of the regulatory mechanisms involved in
cholesterol-mediated cancer drug resistance is required,
which may provide useful clues to develop strategies to
combat this mounting problem.
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