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Abstract
MicroRNAs are short non-coding RNA molecules ( ̴ 22 nucleotides) which are
important in regulating numerous metabolic and cellular pathways responsible for cell
proliferation, differentiation and survival. Due to the malignant nature of many cancer
types, conventional treatment approaches face a number of challenges. In
Glioblastoma Multiforme (GBM) localisation in the brain results in additional
treatment challenges, such as, limited capacity for the brain to repair itself after
treatment, ineffective drug delivery through the blood brain barrier, and neurotoxicity
of chemotherapy. MicroRNA signature have been shown to be dysregulated in
cancers. Interestingly, restoration of these dysregulated miRNA have been shown to
abrogate and even reverse malignant phenotypes. In addition, it has been shown that
miRNAs contribute to responses to drug therapy and are themselves modified by these
drug therapies. There are a number of approaches targeting miRNAs that have shown
great promise in cancer therapy. However, there are still key challenges that need to
be overcome before the wide spread use of these technologies. In this project we
develop the use of synthetic catalytic oligonucleotides (DNAzyme), which can bind
and cleave target miRNAs. Following cleavage, the DNAzyme is free to continue their
action, thus reducing the quantity of molecule needed to have a therapeutic effect. Two
miRNA targets were selected in our study, namely, miR-21 and miR-494, which were
selected following a comprehensive review of known miRNAs in GBM from the
literature, miR-21 and miR-494 were selected due to their high overexpression and
oncogenic roles (roles in growth, proliferation, invasion, and apoptosis) within GBM.
In vitro cleavage analysis, revealed effective cleavage of the miRNA precursor (premiRNA) strands by three DNAzymes in a dose-dependent manner. In cell (U87MG,
MDA-MB231) cleavage analysis revealed efficient knockdown of miR-21 using
III

RNV541, however an increase in expression was observed when targeting miR-494
in cell (Huh-7) using RNV537 and RNV538. Concentration, structure, length, cell
type and transfection reagent used can all influence transfection outcomes. Overall,
the project showed that DNAzymes RNV541 efficiently cleaved miR-21 in vitro and
inhibited the expression in cell. However cleavage of miR-494 was inducible only in
vitro using both RNV537 and RNV538.
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1. Introduction
In 2018, there was an estimated 1,735,350 new cancer cases and 609,640 resultant
deaths (1). There is an approximate 439 new cancer cases per 100,000 men and women
per year, and 163 deaths per 100,000 men and women per year (2011-2015)(1).
Glioblastoma multiforme (GBM) is a highly aggressive primary brain tumor, GBM
has an incidence of 2-3 people per 100,000 adults per year making it the most common
primary brain tumor (2), accounting for nearly 40% of all central nervous system
malignancies and 52% of all primary brain tumors (2-5). Due to the malignant nature
of many cancer types, conventional combinational treatments including surgery,
radiation, and chemotherapy face a number of treatment challenges, such as radiation
and/or chemoresistance, and inconsistent responses to therapies. Due to the malignant
nature of GBM and localisation in the brain there exist additional treatment challenges
including, limited capacity of the brain to repair itself after treatment, ineffective drug
delivery through the blood brain barrier, and neurotoxicity of chemotherapy’s (2, 5).
Outcomes for GBM patients remain grim, with a 5-year survival rate of less than 10%
compared with the 67% overall 5-year survival rate of patients with cancer of any site
(1). Until these treatment challenges are overcome, conventional therapies will remain
ineffective in clearing GBM cancerous cells, therefore only provide marginal
improvement in quality of life and life expectancy. The lack of effective treatments
illustrates the dire need for the development of targeted and specific therapies tackling
GBM and other difficult malignancies.
Cancer (carcinogenesis) is a multistep process in which normal cells undergo genetic
changes that progress them through a series of initiation steps into malignant states,
then progression into invasive cancer that can metastasize through the body. The
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resultant cellular transformations has several distinct characteristics that enables cells
to proliferate excessively in an autonomous manner; first, the cells gain the ability to
proliferate independent of growth signals and become unresponsive to inhibitory
growth signals. Secondly, the cells can evade apoptotic pathways and overcome
intrinsic cellular replication limits. Lastly, the cells can sustain angiogenesis and gain
the ability to form new discontinuous colonies within the primary tumor. These
characteristics are features of all cancers (6).
Cancer initiation and progression is associated with dysregulation of genes involved
in cell proliferation, differentiation and apoptosis. Genes associated with cancer
development are characterized as oncogenes and tumor suppressors. Oncogenes result
from mutated proto-oncogenes, genes normally coding for transcription factors,
growth factors, growth factor receptors, chromatin remodelers, apoptosis regulators or
signal transducers. These genetic (oncogenes) alterations amplify the gene, alter
promoters/enhancers to increase gene expression or alter protein structure to a
permanent active state, providing a growth advantage that can drive tumorigenesis.
Conversely, tumor suppressor gene products have regulatory roles in biological
processes. Mutations causing loss or reduction of function of tumor suppressor’s
results in dysregulation associated with cancer.

1.1. MicroRNAs (miRNA) as therapeutic targets

Recently the definition of oncogenes and tumor suppressors has been expanded to nonprotein coding RNAs called miRNAs, which play a central role in regulating numerous
metabolic and cellular pathways responsible for cell proliferation, differentiation,
migration, and survival.

19

Dysregulation of miRNA expression profiles has been associated in most, if not all,
tumors. However, the specific classification of miRNA as oncogenes or tumor
suppressors can be difficult because of intricate temporal and spatial expression
patterns. It is not always clear if the altered miRNA patterns are the direct or indirect
causes of the cancer, or due to secondary changes in cellular phenotypes. Moreover, a
single miRNA can regulate multiple targets and add additional layer of complexity.
This coupled with tissue specific expression could implicate a single miRNA as a
tumor suppressor in one context and an oncogene in another. Generally, up-regulated
miRNAs in tumor cells are considered oncogenic miRNAs (oncomiRs), which can
silence tumor suppressor genes. Conversely, some miRNAs, which are often downregulated in cancers, can inhibit tumor progression and are termed tumor suppressor
miRs. These miRNAs target mRNA of some oncogenes and inhibit the carcinogenic
effect by repressing the translation of them.
MicroRNA signatures have not only been shown to be dysregulated in cancers, but
interestingly, restoration of these dysregulated miRNAs have been shown to abrogate
and even reverse the malignant phenotype of cancers, moreover, it has been shown
that miRNAs contribute to responses to drug therapy and are themselves modified by
drug therapy. Herein, we review how miRNAs are produced and their biological
function, highlight oncogenic miRNAs in solid cancers (Table 1.1), and present
evidence demonstrating that restoration of dysregulated miRNAs to normal levels can
reduce and reverse the malignant phenotype of a variety of solid cancers. Lastly, we
will highlight some current miRNA targeting strategies and some of their limitations.

20

1.2. MicroRNA Biogenesis

MicroRNAs are encoded by nuclear DNA and are typically transcribed by RNA
polymerase II or III, producing capped and polyadenylated long primary transcripts,
termed primary miRNA (pri-miRNA) (7). The pri-miRNA folds into a large stem-loop
structure via intramolecular base pairing (8) with single stranded RNA extensions at
both ends (9-11), pri-miRNA is then cleaved by the microprocessor protein complex,
consisting of the RNase III endonuclease Drosha and the double-stranded RNAbinding protein DGCR8(DiGeorge syndrome critical region gene 8) (7, 12-15)(Figure
1.1). This process results in the generation of a precursor miRNA (pre-miRNA)
hairpin 60-120 nucleotides in length (7, 14). Pre-miRNA assembles into a complex
with the nucleocytoplasmic transporter factor Exportin-5 (XPO5) and Ran/GTP,
which prevents nuclear degradation and facilitates translocation from the nucleus (1620)(Figure 1.1). The pre-miRNA undergoes further processing in the cytoplasm by
the RNase II enzyme Dicer complex. Dicer cleaves the hairpin loop, producing a ~ 22
nucleotide miRNA duplex, consisting of a passenger stand and a mature miRNA
strand (guide strand). Association of Dicer with RNA-binding domain factors, PACT
or TRBP, can also produce slightly different sized miRNAs, termed isomiRs, which
have altered target-binding specificities (21). Following mature miRNA formation, the
duplex is unwound, while the passenger strand is normally degraded, the other mature
miRNA strand (guide strand) of the duplex is then loaded onto argonaute protein
(Ago1-4) and incorporated into the RNA-induced silencing complex (RISC)(Figure
1.1). Within RISC, the miRNA serves as a template for recognizing its complementary
mRNA molecules (22), miRISC binds target mRNA through Watson-crick basepairing between the guide strand and the 3’-Untranslated region (UTR) of the target
(23, 24), target recognition relies heavily on base-pairing between the seed sequence
21

(residues 2-8 at the 5’end) of the miRNA guide (25-28). The miRISC may be found
in the nucleus where it is thought to regulate pre-mRNA (29).

Figure 1.1. MicroRNA Biogenesis. MicroRNAs are encoded by nuclear DNA, transcribed by
RNA polymerase II or III, producing capped and polyadenylated primary transcripts (primiRNA). The pri-miRNA folds into a stem-loop structure, with single stranded RNA extension
on both ends. Pri-miRNA is then cleaved by the microprocessor complex consisting of Drosha
and DGCR8, producing precursor miRNA (pre-miRNA).Pre-miRNA assembles into a complex
with the nucleocytoplasmic transporter Exportin-5(XPO5) and Ran/GTP. Once the cytoplasm
pre-miRNA is further processed by Dicer complex, which cleaves the hairpin loop, producing
the mature RNA. The mature RNA is unwound, the passenger stand is degraded, while the
other strand is loaded into argonaute protein (Ago1-4) and incorporated into the RNAinduced silencing complex (RISC), the miRNA serves as a guide strand and allows mRNA
target recognition. Binding of RISC to its target mRNA results in degradation and/or
translational repression of the target gene.

1.3. MicroRNA Function/mechanism/mode of action

Binding of miRISC complex to its target mRNA results in degradation and/or
translational repression of target genes by slicer-independent or slicer-dependent
silencing. In slicer-dependent silencing miRNA directed mRNA cleavage is catalysed
by Ago2 (Figure 1.2), when the target and miRNA are extensively base-paired over
22

regions including the seed and bases 10-11 of the guide (30-35). Cleavage products
are degraded by one of two processes responsible for bulk cellular mRNA degradation,
both begin with the deadenylation of the mRNA to remove the poly(A) tail(30, 36).
Subsequent degradation can occur via the exosome, a multi-protein complex with 3’to
5’ exonuclease activity. Alternatively, the mRNA can undergo decapping by the
enzymes DCP1 and DCP2 which facilitates 5’-to-3’ degradation by the
exoribonuclease Xrn1p (30, 37)(Figure 1.2).
In slicer-independent silencing, multiple complementary sites with imperfect basepairing create bulges in the RNA duplex inhibit the slicer activity of Ago2 (9, 23, 30,
38-40) and propels slicer-independent gene silencing mechanisms. MicroRNA can
repress translation directly pre- or post- translation initiation which is determined by
the target mRNA promoter (41). Alternatively, miRNA can repress translation
indirectly by segregating mRNA away from ribosomes to cytoplasmic foci (P-bodies)
(42-48) and accelerating deadenylation and decapping processes independent of slicer
activity affecting translation initiation efficiency and/or transcript stability (49-52).
Ultimately, mRNA can be isolated for storage or be targeted for decay via Xrn1p or
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exosome degradation (35, 49). Stored mRNA can return to active translation or be
targeted for degradation (Figure 1.2).

Figure 1.2. MicroRNA mode of action. miRISC binds to its mRNA target resulting in
degradation and/or translational repression of target genes by either slicer-independent or
slicer-dependant silencing. When miRNA are extensively base-paired slicer-dependent
silencing mechanisms proceed. Deadenylation of mRNA occurs, removing the poly(A) tail.
Subsequent degradation can occur via the exosome, alternatively, the mRNA can undergo
decapping and degradation via Xrn1p. In slicer-independent silencing, multiple
complementary sites with imperfect base-pairing create bulges in the RNA duplex propelling
slicer-independent gene silencing mechanisms. MicroRNA can repress translation determined
by the target mRNA promoter. Alternatively, miRNA can repress translation indirectly by
segregating mRNA into P-Bodies. Ultimately mRNA can be isolated for storage or be targeted
for decay via Xrn1p or exosome degradation.
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Table 1.1. Dysregulated microRNAs associated with solid cancers in Brain, Breast
and Liver cancer.
microRNA
(miR)

miR-15a

Up/down
regulated
and
ONC/TS
Up

Function

miR-15b

Down

miR-16-1

Down

miR-16

Up

miR-7

Down, TS

Invasivenes
s, Viability

AKT

GBM, breast
cancer

(63, 64)

Let 7
(a,b,c,d,e,
f,g,u)

Down, TS

Apoptosis,
Tumorigen
esis

RAS,
HMGA2

(65-67)

miR-29

Down, TS

PDPN

miR-29

Up

Apoptosis,
Proliferatio
n, Invasion,
Apoptosis,
Proliferatio
n, Invasion

Lung and
breast cancer
and in a
variety of solid
and
hematopoietic
malignancies,
breast cancer,
GBM
GBM

(70)

miR-34

Down, TS

Breast cancer

(67)

miR-34

Up

Ependymomas
, meningioma

(71-73)

miR-145

Down, TS

(74-76)

miR-145

Up

Breast cancer,
GBM, glial
and glioma
cells
GBM

miR221/222

Down,
ONC

GBM

(78, 79)

Apoptosis,
Tumorigen
esis

Apoptosis,
Proliferatio
n
Apoptosis,
Proliferatio
n,
Migration

Targets

CCNE1,
NRP-2,
MMP3,
Wt1, Rab9B

MCL1

SMAD4,
FRAT1,
BCL2
ERG, CTGF,
ABCG2
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Deregulation
in cancer
types

Reference

Glioma

(53, 54)

Glioblastoma,
Glioma

(55-59)

Glioma/ GBM

(53, 60-62)

Glioma

(53)

(68-70)

(77)

miR221/2
22

Up

Apoptosis,
Proliferatio
n,
Invasion,
Migration,
Survival

P27, p57,
PTEN,
TIMP3,
p27Kip1,
PUMA,
PTPμ,
CDKN1B,
CDKN1c,
MGMT,
SEMA3B

Hepatocellular
carcinoma,
high grade
glioma, GBM,
rhabdoid
tumors,
schwannoma

(80-101)

miR-155

Up, ONC

GABRA1,
MAPK13,
MAPK14,
FOXO3a,
MXI1, Wee1

Breast cancer,
chordoma,
sporadic
pituitary
adenomas,
Glioma/GBM

(102-111)

Cluster
miR-1792
miR-92b

Up, ONC

Apoptosis,
Proliferatio
n,
Migration ,
Invasion,
Metastasis,
chemoresist
ance
Proliferatio
n

E2F1, CTGF

(112-114)

DKK3, NLK

miR-21

Up, ONC

PTEN,
PDCD4,
TPM1,
TIMP3

Glioblastomas,
breast,
schwannomas,
liver cancer,
meningioma

(74, 86, 101, 117122)

miR-363

Up

Apoptosis,
Proliferatio
n. Invasion,
Growth
Apoptosis,
Proliferatio
n,
Migration
Tumorigen
esis
Survival

Breast cancer,
astrocytic
glioma
Glioma

BIM, CASP3

GBM stem
cells

(123)

miR-372

Up

PHLPP2

Glioma

(124)

miR-381

Up

Apoptosis,
Proliferatio
n, Invasion
Proliferatio
n

LLRC4

Glioma

(125, 126)

miR-4553p

Up

Chemoresis
tance

SMAD2

GBM

(127, 128)

miR-582

Up

CASP3,
CASP9

GBM

(123)

miR-603

Up

MGMT,
WIF1,
CTNNBIP1,

Glioma, GBM

(129, 130)

miR-655

Up

Apoptosis,
Proliferatio
n
Proliferatio
n,
Chemoresis
tace
Invasion

SENP6

GBM

(131)

Up
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(115, 116)

miR-33a

Up

Proliferatio
n, Survival

PDE8A,
UVRAG

GBM stem
cells

miR-516

Up

Proliferatio
n

Wee1

(110)

miR-720

Up

Sporadic
pituitary
adenomas
Schwannoma

miR-301a

Up

Invasion

SEPT7

Glioma

(132)

miR-1908

Up, ONC

SPRY4/RAF
1,
NKIRAS2,
PTEN

Glioma

(133-136)

miR-210

Up

Apoptosis,
Proliferatio
n, Invasion,
Migration,
Growth
Survival,
Chemoresis
tance

HIF3A

GBM

(53, 108, 137)

miR-494

Up, ONC

PTEN,
CXCR4,
PLK1, PAK1

Hepatocellular
carcinoma,
Breast cancer

(138-141)

PTEN

Pituitary
adenoma

(142)

Bmi-1, RTK
EGFR,
PDGF-α,
p70S6K1,
E2F3a

Glioma/GBM,
medulloblasto
ma

(86, 143-149)

Bmi-1(PI3KAKT-mTOR
pathway),
RTK,
EGFRPDGF
Ra, PTEN,
Wee1

GBM,
medulloblasto
ma, pituitary
tumor,
sporadic
pituitary
adenomas
Meningioma

(86, 110, 143,
146)

Metastatic
cancer cells

(151)

Glioma

(86, 152)

Glioma, GBM

(125, 153-155)

Proliferatio
n, Invasion
Metastasis,
Migration
miR-200c

Up

miR-128

Down, TS

miR-128

Up

miR-409

Up

miR-181c

Up

miR-181a
and miR181b
miR-182

Down, TS

Up, ONC

Apoptosis,
Proliferatio
n,
Metastasis,
Angiogenes
is
Apoptosis,
Proliferatio
n
Invasivenes
s,
Metastasis

Destruction
of blood
brain
barrier
Apoptosis,
Proliferatio
n, Invasion
Apoptosis,
Proliferatio
n, Invasion,
Angiogenes

PDPK1

BCL2L12,
HIF2A,
MET,
27

(101)

(150)

is,
Chemoresis
tance,
Stemness
Proliferatio
n

CYLD,
LRRC4

Apoptosis,
Proliferatio
n, Invasion,
cell
viability
Apoptosis,
Migration/
metastasis,
Invasion,
Proliferatio
n, cell cycle
arrest

Bmf, MMP9,
MMP2,
MAZ, LIN28

miR-125b

Down

miR-125b

Up

miR10a/b

Up, ONC

miR-451

Down, TS

Apoptosis,
Cell growth

miR-451

Up

Apoptosis,
Invasion,
cell cycle
arrest, cell
growth, cell
viability

miR-431

Up

miR-17

Up

miR-2182

Up

miR-93

Up, ONC

Proliferatio
n,
Migration,
Invasion,
Stemness,
Survival,
Chemoresis
tance,
Stress
response
Proliferatio
n, Invasion,
Migration
Proliferatio
n,
Migration,
angiogenesi

CD6K,
CDC25A,
E2F2

Down in U251
glioma stem
cells. CD133positive cells
Glioma (U343
and SUE3),
breast cancer

(156-160)

(160-166)

HOXD10d,
Glioma, GBM,
Rhoc, uPAR, breast cancer
BCL3L11/Bi
m,
TFAP2C/AP
-2γ,
CDKN1A/p2
1,
CDKN2A/p1
6,
p21WAF/1/C
ip1, CSMD1,
EphA8
PI3K/AKT,
Glioblastoma
CAB39

(99, 167-178)

CAB39,
LKB1

Glioblastoma,
pancreatic
cancer, glioma

(181-183)

Schwannoma

(101)

CAMTA1,
PTEN,
MDM2

Glioma, GBM,
ependymoma

(53, 71, 78, 184186)

CDC27

Glioma

(187)

ITGB3,
PTEN,
PHLPP2,
FOXO3

GBM, glioma,
astrocytoma

(188-193)

28

(179, 180)

miR-381

ONC

miR-107

s,
Stemness,
Survival,
Proliferatio
n, Growth

glioma

(126)

Up

Meningioma

(121)

miR-375

Up

Meningioma

(150)

miR244/452
cluster

Up

Medulloblasto
ma

(194)

miR182/183/9
6 cluster

Up

Medulloblasto
ma

(194-196)

miR-224

Up

Meningioma

(197)

miR-124
and miR137
miR-218

Down

Glioblastoma,
astrocytoma

(198)

Up

Meningioma

(73)

miR-219

Up

Meningioma

(150)

miR-30e*

Up

IκBα

Glioma

(199)

miR-30a

Up

SOCS3,
SEPT7

Glioma(U87)

(200-202)

miR-372

Up

Apoptosis,
Proliferatio
n, Invasion,
Stemness
Proliferatio
n, Invasion

PHLPP2

Glioma

(124, 203)

miR-9/9*

Up

CAMTA1

Glioma, GBM

(53, 184, 204)

miR18a/a*

Up

Chemoresis
tance/Chem
osensitivity
Apoptosis,
Proliferatio
n, Invasion,
Migration,
Stemness

NEO1,
DLL3,
CTGF,
SMAD3

Glioma, GBM

(205-207)

Proliferatio
n,
Radiosensit
ivity,
Anchorage
independen
t growth
Apoptosis,
Proliferatio
n, Growth,

Apoptosis,
Growth

LRRC4

Shh
signalling
pathway,
AKT1,
AKT2
ERG2
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miR19a/b

Up, ONC

Proliferatio
n, Survival

PTEN

Glioma,
astrocytic
glioma
GBM

(53, 208)

miR-323

Down, TS

Apoptosis,
Proliferatio
n,
Migration

IGFR1

miR-323

Up

GBM

(108)

miR-328

Up

Proliferatio
n, Invasion

SFRP1

glioma

(210)

miR-329

Down

miR-329

Up

miR-330

Up

miR-335

Down

miR-335

Up

Apoptosis,
Proliferatio
n, Survival
Apoptosis,
Proliferatio
n, Survival
Apoptosis,
Proliferatio
n, Invasion,
Migration
Proliferatio
n
Metastasis,
Growth
Apoptosis,
Proliferatio
n,
Growth,
Invasion,
Survival,
Stemness

E2F1

Glioma

(211)

E2F1

Glioma, GBM

(108)

SH3GL2

GBM

(212, 213)

SOX4

Breast cancer

(214)

Daam1,
PAX6, Rb1

Glioma,
Astrocytoma,
Meningioma

(215-219)

miR-135
(a,b)

Up

Ependymoma

(71, 220-222)

miR-20a

Up, ONC

Invasion

TIMP2

miR-24

Up, ONC

ST7L

Glioma

(54, 224)

miR-25

Down,
ONC

Apoptosis,
Proliferatio
n, Invasion
Invasion

MDM2,
TSC1

GBM

(225)

miR-25

Up, ONC

Proliferatio
n, Viability

CDKN1C,
NEFL

Glioma

(53, 226, 227)

miR-27a

Up, ONC

Proliferatio
n, Invasion

FOXO3a

GBM

(228)

miR-27a

Down

Apoptosis

(209)

(53, 78, 223)

(229)

30

miR-27b

Up

miR-28

Up

miR-100

Down

miR-100

Up

miR-106a

Down, TS

miR-106
(a,b)

Up, ONC

miR-130b

Up

miR-132

Up

miR-140

Down

miR-140
(3p)

Up, ONC

miR-143

Down

miR-143

Up

miR-146

Down

miR-146

Up

miR-148a

Up, ONC

Apoptosis,
Proliferatio
n, Invasion

(230)

(53)

Apoptosis,
Proliferatio
n
Radioresist
ance

SMRT/NCO
R2

Glioma

(231)

ATM, PLK1

(232, 233)

Proliferatio
n,
Metabolism
Proliferatio
n, Invasion,
Migration,
Tumor
sphere
formation
Stemness

SLC2A3

Glioma(MO59
J cell line),
Medulloblasto
ma
GBM

Glioma(CD13
3+),
Medulloblasto
ma,
meningioma,
ependymoma
GBM

(150, 223, 235,
236)

GBM, Glioma

(238, 239)

Glioma

(220)

GBM,
Chordoma

(53, 167, 240242)

Glioma and
GBM stemlike cells

(243, 244)

(77)

TIMP2,
MCM7,
EZH2

MST1,
SAV1

(234)

(53, 237)

Proliferatio
n, Invasion,
Migration
Invasion,
Recurrence

ADAM9

Migration,
angiogenesi
s,
Chemoresis
tance,
Stemnesss,
glycolysis
Invasion

HK2, RAS

Proliferatio
n, Invasion,
Migration

MMP16

GBM
(subpopulation
s)
Glioma

NOTCH1

Glioma

(78)

FIH1

GBM,
chordoma,
medulloblasto
ma

(78, 194, 240,
247)

Proliferatio
n,
Stemness,
Angiogenes
is
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(245, 246)

miR-193

Up

miR-195

Up

miR-196

Up

Proliferatio
n,
Radiosensit
ivity,
Anchorage
independen
t growth
Apoptosis,
Proliferatio
n
Apoptosis,
Proliferatio
n

SMAD3

NFKBIA

miR-594

GBM,
medulloblasto
ma

(78, 194, 248)

Increase in
TMZ-resistant
GBM
GBM, glioma

(78)

Ependymoma

(71)

(78, 79, 249-251)

miR-501

Up

Chemoresis
tance

Neuroblastoma (252)

miR-188

Up

Chemoresis
tance

Neuroblastoma (252)

miRNAs that show upregulation in one type of cancer were included if
downregulation occurred in another cancer type.

1.4. MicroRNA: complex regulatory networks and compensatory
mechanisms

A single microRNA has the ability to target and regulate hundreds, possibly thousands
of genes (Table 1.1), making it difficult to determine which genes are direct targets of
a single miRNA. A single mRNA target contains potential binding sites for multiple
individual miRNAs; therefore, a single gene can be regulated simultaneously or
sequentially by multiple miRNAs, the way in which microRNAs can regulate target
mRNAs is by both repressing translation and inducing mRNA degradation which adds
to the complexity of miRNA mediated gene regulation. Due to the large variety in
miRNA targets and mode of action a single miRNA may play distinct roles in different
tissues. These difference may also occur within varying differentiation states of cells,
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in one state a miRNA could function as an oncomiR, at the same time in another state
this miRNA acts as a tumor suppressor.
Due to the ability of miRNAs to target many mRNAs, modulation of a single miRNA
may have diverse effects, within and between diverse cellular pathways/phenotypes,
posing an advantage over more traditional single gene targeting approaches. However,
with high functional complexity targeting certain miRNAs may have unforeseen and
unintended off-target effects. An example of these off-target effects are within difficult
to treat malignancies typically associated with low survival rates. Patients may show
remission shortly after the commencement of treatment, however the cancer may have
a sudden and severe recurrence, usually resulting in chemo/radio-resistance of the
malignancy to the previously effecting treatments resulting in rapid patient
deterioration and death. miRNAs have been shown to influence response to and
themselves be influenced by treatments. One explanation for the sudden tumor
resistances in patients may be due to the treatment targeting miRNAs. Treatment(s)
blocking certain key pathways by targeting miRNAs may cause compensatory
mechanisms to occur within the cell/tumor. Due to the cell’s need for these miRNAs
and pathways (“oncomiR addiction”) for growth, proliferation, invasion etc., the cells
will seek to replace these molecules/pathways (compensation). The emergence of
alternative pathways, not normally active/present drives the malignant progression,
unhindered by treatments targeting now obsolete pathways and molecules.
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1.5. miRNAs up regulated in solid cancers

Studies have shown that knockdown of these aberrantly expressed miRNAs can
alleviate and even reverse the malignant phenotype of solid cancers such as
glioblastoma and others.
1.5.1. miR-21
miR-21 has been extensively studied, and has been shown to target multiple molecular
targets within the same, as well as a variety of, cellular pathways. miR-21 is a potent
oncomiR, and is one of the most frequently overexpressed miRNA in human
glioblastoma cell lines (86, 118, 253-255) and a variety of cancer types compared to
noncancerous tissues including; glioma, breast cancer (74, 120), hepatocellular
carcinoma (HCC)(117), pancreatic cancer (256), acute myeloid leukaemia
(AML)(257), and schwannomas (101, 122). miR-21 overexpression is an important
biomarker of poor prognosis in human malignancies (258): in GBM and colon
adenocarcinoma miR-21 is inversely correlated with patient survival and tumor
grading (79, 121, 259-261). In breast cancer, in addition to poor prognosis,
overexpression of miR-21 is significantly correlated with advanced clinical stage, and
lymph node metastasis (262), moreover, miR-21 has been shown to target a large
number of genes through 3’-UTR complementarity of their respective mRNAs.

1.5.1.1. Glioblastoma
Gaur et al. demonstrated that downregulation of miR-21 in glioblastoma-derived cell
lines results in increased expression of its target, programmed cell death 4 (PDCD4),
a known tumor suppressor gene. Data suggests that either downregulation of miR-21
or overexpression of PDCD4 leads to decreased proliferation, increased apoptosis and
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decreased colony formation on soft agar. Using a GBM xenograft model in immunedeficient nude mice, it was observed that in glioblastoma-derived cell lines in which
miR-21 levels are downregulated, showed that PDCD4 is overexpressed, and the cell
lines exhibited decreased tumor formation and growth. Transfection of GBM-cell lines
with anti-miR-21 and siRNA to PDCD4, confirmed that the tumor growth is
specifically regulated by PDCD4 (263). Costa et al. corroborated these results,
demonstrating that increased levels of tumor suppressors PTEN and PDCD4,
Caspase3/7 activation and decreased tumor cell proliferation resulted after GBM
(U87) samples were treated with an oligonucleotide-mediated miR-21 silencer.
Furthermore, miR-21 has a role in resistance to conventional therapeutics. miR-21
silencing enhanced the anti-tumoral effect of tyrosine kinase inhibitor sunitnib,
However, no therapeutic benefit was observed when coupling miR-21 silencing with
the chemotherapeutic temozolomide (264, 265). Li et al. showed that miR-21
downregulation led to enhanced cytotoxicity’s of VM-21 against GBM (U373) cells
(266).
Zhou et al. reported miR-21 downregulation and found that apoptosis was induced
and cell-cycle progression was inhibited in vitro in GBM (U251-PTEN mutant and
LN229-PTEN wild type) cell lines and tumors from antisense-treated U251 cells were
supressed in vivo (253). Antisense-miR-21-treated cells showed an increase in the
level of endogenous PTEN protein, and a decreased expression of EGFR, activated
Akt, cyclin D, and Bcl-2, which is consistent with blocked G1/S transition in early
apoptosis. There was also an observed decrease in STAT3 protein in both U251 and
LN229 GBM cells. Loss of functional PTEN leads to increase activity of the Akt and
the mammalian target or rapamycin (mTOR) kinase pathways, which can promote
both tumor cell survival and proliferation through phosphorylation and activation of
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several downstream mediators. Thus it was hypothesised that GBM cells with wildtype PTEN should have a better response to antisence-miR-21 treatment compared
with PTEN mutant or deleted GBM cells. Surprisingly, it was observed that similar
growth-inhibition effects in both U251 and LN229 cells using MTT assay, suggesting
that some of the effects of miR-21 inhibition may be independent of PTEN.
Microarray analysis showed that the knockdown of miR-21 significantly altered
expression of 169 genes involved in nine cell-cycle and signalling pathways (253).
Overall, this paper demonstrated that downregulation of miR-21 leads to the induction
of apoptosis and the inhibition of cell-cycle progression in vitro and the suppression
of tumors in U251 cells in vivo.
Chan et al. demonstrated that knockdown of miR-21 in cultured glioblastoma cells
triggers activation of caspases and leads to increased apoptotic cell death, this data
suggests that aberrantly expressed miR-21 may contribute to the malignant phenotype
by blocking expression of critical apoptosis-related genes (118). It appears that miR21 plays a critical role in GBM cell lines (U251) regulating cell growth and apoptosis,
and has been indicated to regulate cell cycle independent of PTEN.
Yang et al. showed that miR-21 knockdown in GBM cells inhibited cell proliferation
in vitro and markedly inhibited tumor formation in vivo. Insulin-like growth factor
(IGF)-binding protein-3 (IGFBP3) was identified and validated as a target of miR-21.
Overexpression of IGFBP3 in glioma cells inhibited cell proliferation in vitro and
inhibited tumor formation of glioma xenografts in vivo. The critical role that IGFBP3
plays in miR-21-mediated actions was demonstrated by a rescue experiment, in which
IGFBP3 knockdown in miR-21 knockdown GBM cells restored tumorigenesis.
Examination of tumors from GBM patients showed that there was an inverse
relationship between IGFBP3 and miR-21 expression and that increased IGFB3
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expression correlated with better patient survival (259). Papagiannakopoulos et al.
demonstrated that miR-21 targets multiple important components of the p53, TGFbeta,

and

mitochondrial

apoptosis

tumor-suppressive

pathways.

Moreover

downregulation of miR-21 in GBM cells leads to de-repression of these pathways,
resulting in growth repression, increased apoptosis, and cell cycle arrest, furthermore
it was show that these phenotypes are dependent on two of the miR-21 targets
validated in this study, HNRPK and TAp63 (254). Lastly, miR-21 was shown to target
ANP32A, in both GBM and Prostate carcinoma cells. miR-21 expression clearly
increased the invasiveness of LNCaP cells, this effect was observed in part following
ANP32A downregulation, moreover enhanced ANP32A expression compensated for
the effect of anti-miR-21 treatment on cell viability and apoptosis (267). miR-21
consistently plays a central role in regulation of cell proliferation , tumor formation
and apoptosis within GBM cells and tumors, through modulation of several validated
targets.

1.5.1.2. Breast cancer
miR-21 also exerts an oncogenic role in some breast cancer cells by the targeting of
PDCD4, Frankel et al. demonstrated reduced cell growth in MCF-7 breast cancer cells
by inhibition of miR-21, PDCD4 was confirmed as a target of miR-21 in breast cancer
(119). Moreover, Lu et al. Demonstrated miR-21 targeting of PDCD4 gene. They
cloned a full length 3’-UTR of human PDCD4 downstream of a reporter and found
that miR-21 downregulated, whereas a modified Antisense RNA to miR-21
upregulated reporter activity. Deletion of the putative miR-21 binding site (miRNA
regulatory element-MRE) from the 3’-UTR of PDCD4 or mutations in the MRE
abolished ability of miR-21 to inhibit reporter activity (268).
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1.5.1.3. Glioma
Gabriely et al. showed that miR-21 regulated multiple genes; RECK and TIMP3,
which are associated with glioma apoptosis, migration, and invasion. RECK and
TIMP3 genes are known suppressors of malignancy and inhibitors of matrix
metalloproteinases (MMPs). Inhibition of miR-21 with AOs leads to elevated RECK
and TIMP3 therefore reduces MMP activities in vitro and in human mouse model.
Moreover, downregulation of miR-21 in glioma cells leads to decreases of their
migratory and invasion abilities (269).
Yang et al. identified and validated a member of the F-box subfamily lacking a distinct
unifying domain (FBOXO11) as a direct target of miR-21, the expression of miR-21
and FBXO11 inversely correlated in tumor tissue. This expression is also correlated
with patient survival and tumor grade, higher FBXO11 expression correlated with
better patient survival and lower tumor grade, conversely high miR-21 levels
correlated with low patient survival and high tumor grade. FBXO11 is a component
of the SKP1-CUL1-F-box ubiquitin ligase complex that targets proteins for
ubiquitination and protosomal degradation. Previously FBOXO11 was shown to act
as a tumor suppressor, promotes apoptosis and mediates the degradation of the
oncogenic protein BCL6. FBXO11 plays a critical role in tumorigenesis. When
FBOX11 is silenced in miR-21KD (Knock down) cancer cells, it restored their high
tumorigenicity (260). Zhu et al. identified tumor suppressor tropomyosin 1 (TPM1) as
a target gene of miR-21, demonstrating the presence of a putative miR-21 binding site
at the 3’-UTR of TPM1 variants V1 and V5, moreover deletion of the binding site
abolished the effect of miR-21. RT-PCR showed no difference of TPM1 at the mRNA
levels, suggesting translational regulation (120). Overexpression of TPM1 in breast
cancer MCF-7 suppressed anchorage independent growth, thus downregulation of
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TPM1 by miR-21 may explain, in part, why suppression of miR-21 can inhibit tumor
growth (120).
These studies have shown that downregulation of miR-21 resulted in increase in
apoptosis, cell cycle arrest (253, 254), inhibited proliferation and tumor formation
(270). Furthermore, increase in miR-21 targets occurred; PDCD4(263), AKT, Cyclin
D, BCL2, PTEN (253, 264), FASLG (255), and LRRFIP, these targets play key roles
in one or more cellular functions; invasion, growth, tumorigenesis, or apoptosis. These
findings have highlighted the central role miR-21 and other miRNAs play, presenting
new approach to modulating the metastatic characteristics of cancers.
1.5.2. miR-494
MicroRNA 494 (miR-494) has been shown to be dysregulated in a variety of solid
cancers including; brain, lung, oral, gastric, colon, liver, pancreatic, and ovarian
cancers. Li, X et al. reported elevated levels of miR-494 in human brain glioma tissue
compared to normal brain tissues (271). miR-494 has been shown to have an
oncogenic role in these cancers functioning in tumor; invasion, progression and
tumorigenesis. miR-494 is frequently overexpressed in malignant tumor types, high
expression is often associated with poor prognosis (272). It was demonstrated that
overexpression was correlated with adverse clinical stage and the presence of distant
metastasis (273, 274) in gliomas, colorectal cancer, epithelial ovarian carcinoma, nonsmall-cell lung cancer (273-276).
Down regulation of miR-494 expression was shown to inhibit invasion, proliferation
and promote apoptosis in glioma cells (271). Lie et al. showed that miR-494 protein
expression decreased PTEN protein expression. PTEN acts as an inhibitory protein in
the PI3K/AKT pathway modulating the effect of growth factors and reducing cell
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growth, thus downregulation of PTEN by miR-494 increases cell growth in cancer
cells. Liu et al also showed that PTEN targeting by miR-494 has been demonstrated
in a variety of solid cancers, and showed that miR-494 binds 3’UTR of the PTEN
mRNA and represses its translation(138). miR-494 has also been shown to target other
proteins responsible for invasion, progression, apoptosis and tumorigenesis such as;
c-myc (275, 277), SRT1 (277), caspase-3/7 (278), KIT (receptor tyrosine kinase
family)(279), BAG-1 (280), secretagogin (SCGN)(281), BIM, Insulin like growth
factor 1 (IGF1R)(274), CLPTM1L (282), tumor necrosis factor (TNF)-related
apoptosis inducing ligand (TRAIL)(283), furthermore, it was verified that miR-494
modulates the protein levels of six genes involved in the G2/M transition: polo-like
kinase1 (PLK1), cyclin B1 (CCNB1), cell-division cycle 2 (CDC2), cell-division
cycle 20 (CDC20), topoisomerase 11 alpha (TOP2A)(284), and PTTG1.

1.6. Nucleic-Acid Based Therapeutics

Nucleic-acid based technologies are typically synthetic oligonucleotides of 8-50
nucleotides in length. These synthetic oligonucleotides bind to RNA through WatsonCrick base pairing to alter the expression of target RNAs and proteins.
RNA

targeting

strategies

include

chemically

modified

oligonucleotides

(antimiRs/antagomiRs), miRNA sponges, small molecule, siRNA, miRNA masks,
and aptamers. These approaches for targeting miRNAs have shown promise and have
attracted significant interest in recent years for tackling several diseases (285), with a
number of clinical trials being conducted focusing on miRNA targeting technologies.
Below we briefly highlight nucleic-acid based therapeutics. An in-depth look at
miRNA targeting strategies has been well covered in a review article by Ji et al. (286).
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1.6.1. Antisense oligonucleotides
Antisense

oligonucleotides

(AOs)

are

short

single-stranded

synthetic

oligonucleotides, which can specifically target an mRNA transcript to regulate protein
expression. There exist a number of antisense mechanism including RNase H
recruitment and cleavage of mRNA, modulation of splicing in pre-mRNA, and steric
blockade of either mature or pre-mRNA. RNase H mediated cleavage involves
designing short DNA oligonucleotide that binds to target mRNA and forms a RNADNA duplex (287). The duplex is recognized and cleaved by endogenous RNase H
(288). While the concept is simple, the efficiency is moderate.

1.6.2. siRNA
Small interfering RNA (siRNA) are a class of double-stranded RNA molecules, 20-25
nucleotides in length, similar to miRNA. siRNA function within the RNA interference
(RNAi) pathway, which assemble into RNA-induced silencing complex (RISC) to
silence gene expression (287, 289).

1.6.3. AntimiRs and miRNA mimics
AntimiRs are a class of chemically engineered oligonucleotides that prevent target
molecules from binding to a desired site on an mRNA molecules (steric blocking
mechanism) or by hybridisation to miRNA. AntimiRs modulate RNA and protein
expression by targeted inhibition of endogenous miRNAs (290, 291). miRNA mimics
modulate RNA and protein expression by acting like their endogenous miRNA
counterparts.
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1.6.4. Nucleic acid aptamers
Aptamers are short single stranded RNA or DNA oligonucleotides with unique threedimensional structure that bind to targets with high affinity and specificity. Aptamers
can be developed against a variety of targets ranging from small molecules to complex
proteins over whole cells. Aptamers can be used for therapeutics, and diagnostics
(biosensors and molecular imaging). Although they have not been used to target
miRNAs, aptamers can be developed to deliver miRNAs or antimiRs to cells (292).

1.6.5. Synthetic catalytic oligonucleotides - DNAzymes
DNAzymes also known as AntimiRzymes, consist of two binding arms with
complementary to its target sequence, which hybridise with its target RNA, and a
catalytic core between the binding arms to catalyse the cleavage of the target mRNA
at the phosphodiester bond at any purine-pyrimide or purine-purine junction,
providing highly specific targeted cleavage of target molecules. There are two main
types of catalytic domains the 8-17 and 10-23 enzymes (Figure 1.3), of 13 and 15
nucleotides in length respectively (293).

Figure 1.3. 10-23 and 8-17 catalytic motif DNAzymes. Adapted from Chakravarthy et al.
2017. (285).
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An advantage catalytic oligonucleotides have over AOs and siRNA is that once bound,
cleavage occurs, freeing up the catalytic molecule to continue its action (Figure 1.4),
thus reducing concentrations of molecules needed to enter the tumor to have a similar
therapeutic effect, another advantage is the ability of DNAzyme to bypass the cellular
machinery, being self-catalytic, thus are not reliant on endogenous nucleases.
Synthetic catalytic oligonucleotides (DNAzymes) have already shown promise in
targeting Integrin alpha-4 RNA in primary human fibroblasts, demonstrating a 92%
reduction in expression of ITGA4 transcript following targeting of exon 9 (285).

Figure 1.4. Illustration of DNAzyme-based RNA cleavage. Adapted from Chakravarthy et al.
2017. (285).

1.6.6. Limitations
Each approach has its distinct advantages and caveats. One of the caveats of Antisense
oligonucleotides and siRNAs is that they exert their effects by targeting and binding
to the miRNA molecules. Although effective, once they have bound, they are
essentially “consumed”, thus require continuous administration and high abundance
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within the system. This is particularly challenging when using these technologies
against brain tumors, where the blood-brain and blood-tumor barriers prevent the
accumulation of therapeutic drug concentrations. A form of catalytic oligonucleotide
as described above (1.6.5) would have a distinct advantage in this regard.

1.7. miRNA Modulation
1.7.1. Common approaches
There currently exists two main approaches to specifically target miRNAs; the first
aim is to replace downregulated miRNAs. miRNA replacement strategies include
miRNA mimics and miRNA expression vectors, restoration of these tumor suppressor
miRNAs to normal levels will help the cells return to a non-malignant phenotype. The
second approach aims to reduce and/ or inhibit the expression of upregulated miRNAs
which usually function as oncogenes in malignancies. Modulation approaches include
antimiRs, miRNA mimics, and DNAzymes.

1.8. Hypothesis and Aims
1.8.1. Hypothesis
Studies on several key oncogenic miRNAs, shown to play vital roles in cancer
progression, invasion, metastasis, apoptosis, and tumorigenesis have been summarised
above. MicroRNAs play key regulatory roles, and are found dysregulated in a number
of diseases, suppression/restoration of either up or down regulated miRNAs to normal
levels in many cases, abrogates and can even reverse the effects of cancer. This is
possibly true of other diseases, such as cardiovascular, metabolic, and neurological
diseases. We have also highlighted the variety of mRNA targets and the large range
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of biological mechanisms and pathways a single miRNA has, which is both a
tremendous advantage and disadvantage.
miRNAs provide potential therapeutic targets, utilising antisense technologies, such
as

mimics

and antisense oligonucleotides

for the

restoration/suppression

(downregulation of upregulated miRNAs or upregulation of downregulated miRNAs)
of appropriation miRNAs could prove to be a highly specific and effective treatment
or therapy for patients suffering cancer, where conventional treatments remain
ineffective. However limitations in these strategies remain, but may be addressed by
the development of novel catalytic oligonucleotides. We hypothesize that DNAzymes
have the ability to target and cleave miRNAs in vitro and in cell, moreover, DNAzyme
induced miRNA reduction will cause a reduction of tumor progression, invasion,
metastasis, apoptosis and tumorigenesis.
1.8.2. Aims
Our first aim is to identify novel catalytic DNA molecules for targeting and inhibiting
miRNAs that are overexpressed in glioblastoma. We aim to comprehensively compile
a list of miRNAs of interest from published literature that show overexpression and
ability to inhibit or prevent cancer spread (Table 1.1). From this comprehensive table,
the best miRNA targets (miR-21 and miR-494) will be selected for and DNAzymes
designed. miR-21 and miR-494 were selected due to both miRNAs being studied
extensively, and both showing that dysregulation plays a key role in tumor growth,
invasion, and proliferation.
The primary aim of this project is to test the ability of DNAzymes to target miRNAs,
specifically miR-21 and miR-494 in vitro. Moreover there is no information on
whether DNAzyme can target and cleave miRNAs within the cellular environment,
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the secondary aim of this project is to test the ability of DNAzymes to cleave miR-21
and miR-494 in a number of cells lines including; glioblastoma, liver and breast
cancer. Following confirmation of DNAzyme function, we aim to quantify the
expression levels of target miRNAs to evaluate the efficiency of our DNAzymes in
cell.
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2. Materials and Methods
2.1. Materials and Reagents
2.1.1. DNAzymes
•

Constructs RNV533-538 (miR-494), and RNV539-542 (miR-21), were
designed and kindly provided by Dr. Rakesh N. Veedu. Ordered from
Integrated DNA Technologies (IDT, Singapore).

2.1.2. Cleavage analysis
•

Template RNA strands (miR-494, miR-21) (IDT, Singapore)

•

Buffer (Mg2+) (Sigma-Aldrich, Sydney, Australia)

•

Molecular grade H2O (Sigma-Aldrich, Sydney, Australia)

•

1.5mL Microcentrifuge tube (Sarstedt, Nümbrecht, Germany)

2.1.3. Polyacrylamide gel
•

Polyacrylamide gel mix (PAGE): 7M urea, 40% acrylamide, 10X TBE
(Tris/Borate/EDTA), (BIO-RAD, Sydney, Australia), deionised H2O (dH2O)

•

Ammonium persulfate (Sigma-Aldrich, Sydney, Australia) solution (10%)

•

Tetramethylethylenediamine (TEMED) (Sigma-Aldrich, Sydney, Australia)

•

Formamide loading buffer (FLB) (Sigma-Aldrich, Sydney, Australia)

•

1X TBE buffer diluted from 10X TBE stock (ThermoFisher Scientific,
Melbourne, Australia)

•

Fusion FX vilber-lourmat (Fisher-biotech Australia, Perth, Australia)

2.1.4. Primers
•

RNU44, RNU48, RNU6B, miR-21, and miR-494 (Applied Biosystems,
Melbourne, Australia)
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2.1.5. Housekeeping genes and Controls
•

RNV174 (Scrambled Sequence) (IDT, Singapore)

•

RNV25 (Scrambled Sequence) (IDT, Singapore)

•

RNU44, RNU48, RNU6B TaqMan™ MicroRNA Assays (Applied
Biosystems, Melbourne, Australia)

2.1.6. Cell culture
•

Human malignant glioblastoma multiform (U87MG) cell line was ordered
from Cell Bank Australia (Sydney, Australia)

•

Hepatocellular carcinoma (Huh-7) cell line was kindly provided by Dr.
Bernard Callus, originally bought from American Type Culture Collection
(ATCC, Manassas, USA)

•

Human breast adenocarcinoma (MDA-MB231) cell line was ordered from
ATCC (Manassas, USA)

•

1X Phosphate buffer saline (PBS) was made using a 1X PBS tablet (SigmaAldrich, Sydney, Australia), dissolved with 500mL Milli-Q H2O (SigmaAldrich, Sydney, Australia)

•

1X Trypsin diluted from 10X Trypsin (Sigma-Aldrich, Sydney, Australia)

•

Neutralisation Media: Dulbecco’s Modified Eagle Media (DMEM)
supplemented with 10% Horse Serum (HS) (ThermoFisher Scientific,
Melbourne, Australia)

•

U87 Growth media: Eagle’s Minimum Essential Medium (EMEM)
supplemented with 10% Foetal Bovine Serum (FBS) (ThermoFisher
Scientific, Melbourne, Australia)
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•

Huh7 and MDA-MB231 Growth media: DMEM supplemented with 10%
FBS

•

GlutaMAX™ supplement (ThermoFisher Scientific, Melbourne, Australia)

•

NuNc™ EasYFlask™ 25cm2, 75cm2 , 175cm2 Nunclon™ Delta Surface
(ThermoFisher Scientific, Melbourne, Australia)

•

NuNc™ Dish 10cm2 Nunclon™ Delta Surface (ThermoFisher Scientific,
Melbourne, Australia)

•

24-well plate Nunclon™ Delta Surface (ThermoFisher Scientific, Melbourne,
Australia)

•

Trypan blue stain (Life Technologies, Melbourne, Australia)

2.1.7. Transfection
•

Opti-MEM™ reduced serum media, GlutaMAX™ supplement (ThermoFisher
Scientific, Melbourne, Australia)

•

Lipofectamine® RNAiMAX Transfection Reagent (In Vitro Technologies,
Melbourne, Australia)

•

Lipofectamine® 3000 and P3000 (In Vitro Technologies, Melbourne,
Australia)

•

FuGENE® HD Transfection Reagent (Promega, Sydney, Australia)

•

Lipofectamine® 2000 reagent (In Vitro Technologies, Melbourne, Australia)

•

Lipofectin® Reagent (In Vitro Technologies, Melbourne, Australia)

•

Growth media as described in section 2.1.6.

•

DNA constructs from IDT as described in section 2.1.1.

•

Template stands as described in section 2.1.1.

•

Sterile T25cm2, T75cm2 Flasks and T175cm2 as described in 2.1.6.
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•

1.7mL Microcentrifuge tube (Sarstedt, Nümbrecht, Germany)

2.1.8. RNA extraction
•

RNAaseZap™ (Sigma-Aldrich, Sydney, Australia)

•

mirVana™ PARIS™ mirVana™ Protein and RNA Isolation System kit
(Invitrogen, Melbourne, Australia): Cell disruption buffer, 2X Denaturing
solution, Wash solution 1, 2/3, Elution buffer

•

Acid-Phenol: CHCl3 (Invitrogen, Melbourne, Australia)

•

Ethyl alcohol, pure (Sigma-Aldrich, Melbourne, Australia)

•

2.0mL Graduated microtubes, Natural (SSI bio, Sacramento, USA)

•

Filter cartridges (Invitrogen, Melbourne, Australia)

•

Collection tubes (Ambion, Melbourne, Australia)

•

TE buffer pH 8 (Invitrogen, Melbourne, Australia)

2.1.9. RT-PCR
•

10X RT buffer (Applied Biosystems, Melbourne, Australia)

•

dNTPs(100mM) (Applied Biosystems, Melbourne, Australia)

•

RT custom primer pool (Applied Biosystems, Melbourne, Australia)

•

TaqMan™ MicroRNA Reverse Transcription Kit (Applied Biosystems,
Melbourne, Australia)

•

RNAase inhibitor (Applied Biosystems, Melbourne, Australia)

•

Multiscript reverse transcriptase (RT)(Applied Biosystems, Melbourne,
Australia)

•

Molecular grade H2O (Sigma-Aldrich, Sydney, Australia)

•

1.7mL Microcentrifuge tube (Sarstedt, Nümbrecht, Germany)

•

0.2mL PCR tubes (SSI bio, Sacramento, USA)
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•

C1000™ Thermal cycler (BIO-RAD, Sydney, Australia)

2.1.10. q-PCR
•

TaqMan™ Universal Master Mix II, no UNG (Applied Biosystems,
Melbourne, Australia)

•

20X TaqMan® MicroRNA Assay (miR-21, miR-494) (Applied Biosystems,
Melbourne, Australia)

•

Hard-Shell® 96-well PCR microplate (BIO-RAD, Sydney, Australia)

•

Optimal film (BIO-RAD, Sydney, Australia)

•

dH2O

•

C1000™ Thermal cycler, CFX96™ real-time system (BIO-RAD, Sydney,
Australia)

2.1.11. Cell resurrection
•

Serum free DMEM (ThermoFisher Scientific, Melbourne, Australia)

•

DMSO (Dimethyl Sulfoxide) (Sigma-Aldrich, Sydney, Australia)

•

Cell Resurrection media: DMEM supplemented with 10% FBS
(ThermoFisher Scientific, Melbourne, Australia)

2.1.12. Microscopy
•

Hoechst Solution (bisBenzimide H Trihydrochloride) (Sigma-Aldrich,
Sydney, Australia)

•

Colourless Opti-MEM™ (ThermoFisher Scientific, Melbourne, Australia)

•

1X PBS made in house as in 2.1.6

•

Eclipse TS100 microscope (Nikon Australia, Sydney, Australia)
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2.2. Methods

Figure 2.1. provides a flow chart of the experimental pipeline for the study, from target
identification and selection, to transfection reagent optimisation, in vitro and in cell
cleavage analyses to address the three main aims, details of these methods are provided
in the following sections.

Figure 2.1. Flowchart of experimental pipeline for the study. This Includes target
transfection reagent optimisation and subsequent microscopy. Orange boxes signify the
three project aims.

2.2.1. miRNA selection
To select target miRNAs, a comprehensive review on miRNAs was conducted (Table
1.1). The criteria for the review included; miRNA must be overexpressed in GBM and
possibly other cancers/diseases, miRNA must have an oncogenic role within the
disease. Following the literature review, miR-21 and miR-494 were selected, not only
are they overexpressed in GBM and numerous other cancers, but they also exhibit
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strong oncogenic roles being involved in; proliferation, invasion, growth and apoptosis
as reported in section 1.5. We selected the 5’ strand of the respective miRNAs (miR21-5p and miR-494-3p) because previous reports indicate the 5’ strand codes for the
mature miRNA sequence (Figure 2.2).

Figure 2.2. Illustration of Pre-miRNA Structure. The mature miRNA strand is shown in red
and green, the passenger strand is shown in blue and purple.

2.2.2. In Vitro Cleavage Assay (DNAzyme screening)
2.2.2.1. Cleavage Reaction
4.4µL of 20uM DNAzyme was incubated with equal molar concentrations of FAMconjugated miRNA template RNA in 5µl of buffer containing Mg2+ divalent cations
(10mM MgCl2) at 37°C (Table 2.1). The reaction was stopped by adding 10µL of
Formamide to 10µL of the reaction mixture at 0, 30, 60, 120, and 180 minutes. A
Scrambled sequence (RNV174) was used as negative control and the untreated
samples did not contain any DNAzymes. The reaction mixtures were separated on a
15% polyacrylamide gel/7M urea for 50 minutes at 13W. The gel was visualised using
the Fusion FX Vilber Lourmat Imager.
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Table 2.1. DNAzyme master mix reaction volumes.
Reagents

Volume(μL)

Buffer (Mg2+ to catalyse the reaction)

5

DNAzyme (20μM)

4.4

RNA (20μM)

4.4

H2O

36.2

2.2.3. Polyacrylamide gel electrophoresis
2.2.3.1. Polyacrylamide gel mix
7M urea (42g) was dissolved into 37.5ml of 40% acrylamide and 10mL 10X TBE in
a 100mL glass bottle, using a magnetic stirrer and topped up to 100mL with deionised
H2O. Gel mix was stored at 4°C until use.
2.2.3.2. Preparing plates
Glass plates were washed with water and then sprayed with ethanol. Slides were dried.
Glass plates were then placed together with masked tape side placed on the inside,
plates were then placed into the chamber with opposite side balanced with a buffer
dam and locked into place. H2O was added between slides to ensure there was no
leakage, H2O was then poured out and plates dried.
2.2.3.3. Complete gel mix was made
For a single gel plate 10mL Polyacrylamide gel mix, 60µL 10% ammonium persulfate
solution, and 12µL TEMED were added into a 50mL tube and mixed.
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2.2.3.4. Gel Casting
Using a transfer pipette, the gel mix was poured between the glass plates. An
appropriately sized comb was inserted half way. The small remainder of gel mix left
in the 50mL tube was retained, and used to evaluate if the gel had polymerised. Once
the gel had hardened, the comb was removed.
2.2.3.5. Gel tank set up
Gel plate chamber (glass plates and hardened gel mix) was placed into the gel tank.
The gel tank was then filled with 1X TBE, to the indicated line (approximately two
thirds full). Wells were flushed with 1X TBE by pipetting up and down a few times.
The gel was pre-run at 13W for 30 minutes. Wells were flushed again following the
pre-run, 10µL of each sample was loaded into each well and the gel was run at 13W
for 25-35 minutes. Once the final run had completed, the gels were removed from their
chambers and visualised using the Fusion FX Vilber Lourmat Imager (ThermoFisher
Biotech) under Bao protocol (Fluorescent samples, exposure time: 0 to 4 sec, serial
mode: Incremental, Number of Images: 5).
2.2.3.6. Image analysis of the gel from in vitro cleavage assay
Densitometry was conducted using Image J Software to measure the band intensity.
The band intensity of the full length RNA bands for different time points were
measured and normalised to the combined band intensity of both cleaved and full
length RNA bands for different time points and plotted on excel (Microsoft) as the
percent of uncleaved RNA. The same analysis was repeated to calculate percentage of
cleaved RNA.
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2.2.4. Cell resurrection
2.2.4.1. General
Cell culture work was performed under sterilised conditions in a class II biological
safety cabinet (fume hood). The cells were grown and maintained in a humidified 37°C
incubator at 5% CO2. All instruments were sterilised prior to use by spraying with
70% ethanol. All media including; DMEM and FBS were prewarmed to 37°C before
use.
2.2.4.2. Cell resurrection
The cells suspension was brought down from liquid nitrogen or -80°C, cell suspension
was stored in esky containing dry ice and moved to PC2 laboratory. In a class II
biosafety cabinet a 15mL tube was prepared with cell resurrection media as described
in 2.1.6. The vial of cell suspension was then thawed in a 37°C waterbath. Once
thawed, 1mL of cell suspension was added to the 15mL tube containing cell
resurrection media (DMEM supplemented with 10% FBS) to neutralise the DMSO.
The 15mL was then centrifuged at 1000 rcf for 5 minutes, supernatant was discarded
and cell pellet was resuspended in 1mL cell resurrection media as described in 2.1.6.
Cell suspension was then added to a T75cm2 Flask containing Cell resurrection media.
The flask was incubated at 37°C in 5% CO2/air.
2.2.5. U87MG and Huh-7 cell culture/subculture
2.2.5.1. Plating cells
When U87, MDA-MB231, and Huh-7 reached 70-80% confluence, they were seeded
into a combination of T25cm2, T75cm2, T175cm2 flasks and 10cm2 plates (only Huh7) in growth media for the subsequent transfection using the following method. Cell
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culture media was removed (aspirated) from the culture flask and PBS was used to
wash the flask (exact volumes for each flask in Table 2.2). Cells were then detached
from the flask by treatment with 1X trypsin and incubated for approximately 2 minutes
at 37°C. Following incubation, the cells were checked under the microscope to ensure
that the cells were detached from the flask surface. Neutralisation media (1:1 ratio
with trypsin) was then added (Table 2.2), to neutralise the trypsin. The cells were then
transferred to a 15mL tube and centrifuged at 1000 rcf for 2.5 minutes, forming a cell
pellet. The supernatant was then removed and discarded, and the cell pellet was
resuspended in approximately 1mL growth media. For maintenance, approximately
50% of cells were added back into the flask with growth media (Table 2.2), 10%
glutaMAX™ supplement was added with media for Huh-7 cells, the other 50% were
discarded. To determine the cell number, cells were counted using a haemocytometer.
Table 2.2. Volumes of PBS, trypsin, media for each culture vessel.

1X PBS(mL)

T25cm2
Flask
2-3

T75cm2
Flask
7-10

T175cm2
Flask
10

10cm2 Plate = (T60
cm2)
3-5

Trypsin(mL)

2

3

5

2

Neutralisation
Media(mL)
Culture Media(mL)
Total

2

3

5

2

5

10

18-20

5-7

2.2.5.2. Counting cells
For plating, approximately 10µL aliquot of cell suspension was transferred into a
sterile 1.5mL tube. On a parafilm a 1:4, 1:8, or 1:10 dilution of tryphan blue and cell
suspension was made depending on estimated cell number. 10µL of the diluted cells
was taken and pipetted under the coverslip on the hemocytometer. Under the
microscope four corners of the square were counted, and cell number calculated
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(Figure 2.2). Once cell number was obtained cell growth media was used to make the
desired dilution of cell suspension.

1. Calculate the number of cells present/ml:
•
•

(𝐶𝑜𝑟𝑛𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒 1+ 𝑐𝑜𝑟𝑛𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒 2+ 𝑐𝑜𝑟𝑛𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒 3+ 𝑐𝑜𝑟𝑛𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒 4)
4

×

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟
= 𝑥 × 104 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿

2. Calculate the number of cells/ mL needed and the dilution:
•

𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =

𝑥 ×104 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿(𝑓𝑟𝑜𝑚 𝑆𝑡𝑒𝑝 1)
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑛𝑒𝑒𝑑𝑒𝑑/𝑚𝐿

3. Calculate the amount of cell suspension to add to media:
•

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑖𝑛 𝑠𝑡𝑒𝑝 2)

•

𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿) − 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑛𝑒𝑒𝑑𝑒𝑑 =
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑔𝑟𝑜𝑤𝑡ℎ 𝑚𝑒𝑑𝑖𝑎 𝑛𝑒𝑒𝑑𝑒𝑑

= 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛 𝑛𝑒𝑒𝑑𝑒𝑑

Figure 2.3. Cell count calculation. Each flask was seeded with approximately 1,000,000 U87,
and MDA-MB231, cells for q-PCR and 50,000 for transfection reagent efficiency, and initially
each flask/plate was seeded with approximately 2,000,000 Huh-7 cells then 50,000 for
subsequent experiments.

2.2.6. Transfection reagent efficiency analysis/optimisation
2.2.6.1. Transfection for Microscopy
Cells were transfected with DNA using several transfection reagents including;
Lipofectamine® 3000 and P3000 (In Vitro Technologies), Lipofectamine® 3000,
Lipofectamine® 2000, Lipofectin®, Lipofectamin®, RNAiMAX (ThermoFisher
Scientific), and FuGENE®HD (Promega) to enhance the cellular uptake of
DNAzymes. As per the manufacturers protocol two tubes were prepared (A and B) in
the appropriate volumes (Table 2.3, Figure 2.4) for each transfection reagent. Tubes
A and B were incubated separately to allow for conjugation of transfection reagent
with the DNAzyme. The two tubes were then combined and incubated again at room
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temperature per the manufacturer’s protocol for either 10, 15 or 30 minutes (Table 2.3,
Figure 2.4). The remainder of the Opti-MEM™ was then added (Table 2.3, Figure
2.4). 500µL transfection mix was then added to each well of the 24-well plate and
incubated for a 24 hour period. Random scrambled sequence (RNV25) alone and
untreated samples were run as controls.
Table 2.3. Reaction mix for each transfection reagent efficiency test.
Transfection
Reagent

AO/DNAzyme
name

Stock
(nM)

RNV25
RNV25

Mol
weight
(g/mol)
7913.3
7913.3

L3KP3K
L3K and IMAX
L2K,
Lipofectin and
Fugene
AO/DNAzyme
alone

Vol
(µL)/well

no. of
wells

ug

100000
100000

Transfection
Reagent
(nM)
200
200

500
500

1
1

0.79133
0.79133

RNV25

7913.3

100000

200

500

1

0.79133

RNV25

7913.3

100000

200

500

1

0.79133

Optimem
(µL)
48.5

Volume
of
Reagent (µL)
1.5

AO/DNAzyme
(µL)
1

P3000
1.58

Optimem
(µL)
47.4

Optimem
(µL)
400

Incubation
time (Min)
10

48.5

1.5

1

0

49

400

10

48.417

1.583

1

0

49

400

1.5

1

0

49

400

10, 30, and
15
0

0
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Figure 2.4. Illustration of workflow for transfection of cells.

2.2.6.2. Transfection of U87MG and Huh-7 cells
Transfections were performed in 24-well plate seeded with approximately 50,000
cells/well. The cells were seeded 24 hours prior to transfecting with DNAzymes
complexed with Lipofectamine 3000® and P3000 transfection reagent per the
manufacturers protocol (Figure 2.4). Media was aspirated from the cells in the plate,
transfection mixes for each concentration was added to each corresponding well. The
cells and transfection mix were incubated for 24 hours, at 37°C in an incubator
supplying 5% CO2/air.
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2.2.7. Fluorescent Microscopy
2.2.7.1. Cell Preparation and Hoechst staining
To stain the nucleus of the cells, approximately 1µL of Hoechst solution (1µg/mL)
(Sigma-Aldrich) was added to the plated cells and incubated for 10 minutes at 37°C.
Media was removed (aspirated) and approximately 500µL of 1X PBS was used to
wash the wells, wells were washed a total of two times, cells were observed under the
microscope after each wash, to ensure cells remained attached to the wells surface.
PBS was then removed (aspirated) and 300µL colourless Opti-MEM™
(ThermoFisher Scientific) was added. Fluorescent microscopy was conducted using
the Eclipse TS100 microscope (Nikon Australia) and accompanying NIS Elements
AR 4.13.05 program.
2.2.8. Transfection
2.2.8.1. Transfection for RNA extraction
Cells were transfected with DNA using Liopofectamine 3000® and P3000 to enhance
the cellular uptake of the DNAzyme. Transfection mixes were prepared following
protocol described in 2.2.6.1.
Two 1.5mL tubes were labelled A and B. Optimem was added to each tube A and B.
DNA and P3000 was added to tube B, tube A was then transferred to tube B for each
transfection mix, and incubated at room temperature for 15 minutes inside the fume
hood. The remainder of the optimem was then added. Transfection mix was then added
to plated cells (Figure 2.4). The cells and transfection mix were incubated for 24
hours, at 37°C in an incubator supplying 5% CO2/air.
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2.2.8.2. Transfection of U87MG, MDA-MB231, and Huh-7 cells with Lipofectamine
3000® P3000 reagent
Transfections were performed in T25cm2 Flasks seeded with approximately 1,000,000
cells/flask for U87, and MDA-MB231 cells and in 10cm2 plates were seeded with
approximately 2,000,000 cells/flask for Huh-7 cells. The cells were seeded 24 hours
prior to transfecting with DNAzymes complexed with Lipofectamine 3000®
transfection reagent per the manufacturers protocol. Media was aspirated from the
cells in the flask/plate, transfection mixes for each concentration was added to each
flask/well (Figure 2.4). The cells and transfection mix were incubated for 24 hours, at
37°C in an incubator supplying 5% CO2/air.
2.2.9. RNA extraction
2.2.9.1. General
Class II biological safety cabinet (fume hood) was sprayed with RNAaseZap and 70%
ethanol to sterilise the area. A bench pad was used to conduct the extraction. Thermos
block was pre-heated to 95°C.
2.2.9.2. Cell Collection for RNA extraction
As described in 2.2.4.2. once the cell pellet was obtained, it was stored in an esky filled
with ice and transferred to pre-PCR laboratory for RNA extraction.
2.2.9.3. RNA extraction
Following transfection, miRNA was isolated using mirVana™ PARIS™ mirVana™
Protein and RNA isolation System kit (Invitrogen) per the manufacturers protocol. A
10µL aliquot was taken of each sample, 2µL was used to conduct nanodrop. Nanodrop
was conducted to determine purity and quantity of RNA extracted. Once adequate
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yield was confirmed cDNAs were then synthesized and amplified using one-step RTPCR, as indicated below.
2.2.10. RT-PCR and q-PCR
2.2.10.1. RT-PCR
RT-PCR was carried out on RNA samples from cells treated with miR-494 and miR21 targeting DNAzymes, using TaqMan™ MicroRNA Reverse Transcription Kit
(Applied Biosystems) with Multiscribe Reverse Transcriptase (RT) (Applied
Biosystems). Each reaction consisted of 3µl of Multiscribe RT, 6µL RT custom primer
pool, 0.19µL RNAase inhibitor, 100nM dNTPs, 10X RT buffer, 100ng RNA, and
dH2O up to a final volume of 12µL per sample. Samples were loaded into C1000™
Thermal cycler and cycling conditions were set as follow: initially at 4°C for 5min,
followed by 16°C for 30min, 42°C for 30min, 80°C for 5 min, then finally 4°C till
samples were removed.
2.2.10.2. q-PCR
q-PCR was carried out on cDNA samples produced in RT-PCR. A master mix
consisted of 5µL of TaqMan Master Mix and 20X TaqMan Assays (RNU44, RNU6B,
RNU48, miR-21 and miR-494) were prepared. cDNAs were diluted into 90µL dH2O
to make up to 1:7 dilution. 15µL of master mix and 4.5µL of diluted RNA were added
into each well of a 96-well plate and covered with optimal film. The 96-well plate was
centrifuged at 1000 rcf for 1min. q-PCR was conducted in C1000™ Thermal cycler,
CFX96™ real-time system, and programmed initially at 95°C for 10min, 95°C for
15sec, then 60°C for 1 min, q-PCR is repeated for a total of 40 cycles.

63

2.2.11. Data analysis
2.2.11.1. q-PCR Raw Data Analysis
Raw data of miRNA expression obtained from q-PCR were analysed using delta delta
CT (ΔΔCT) statistical analysis via Bio-Rad CFX Manager™ Software. The analysed
data was then exported to excel (Microsoft) and presented in graphs as normalised
miRNA expression.

64

3. Results
3.1. Initial DNAzyme Construct screening
As proof-of-concept that knockdown of overexpressed oncogenic microRNAs is
inducible and can alter expression of targeted miRNAs using a synthetic catalytic
oligonucleotide (DNAzyme) is possible, six DNAzymes complementary to miR-494
and four DNAzyme constructs targeting miR-21 were tested by in vitro cleavage
(Table 3.1).
Table 3.1. Sequences and targets of DNAzyme constructs.
Target Sequence
miR-494-3p (Temp-7)
miR-494-3p (Temp-7)

Construct
name
RNV533
RNV534

Sequence (5’-3’)

miR-494-3p (Temp-7)

RNV535

miR-494-3p (Temp-7)

RNV536

CGTGTAGGCTAGCTACAACGAGTTTCA

miR-494-3p (Temp-7)

RNV537

TTCCCGTGTAGGCTAGCTACAACGAGTTTCA

miR-494-3p (Temp-7)

RNV538

GAGGTTTCCCGTGTAGGCTAGCTACAACGAGTTTCA

miR-21-5p (Temp-8)

RNV539

TCAACATGAGTCTGAGGCTAGCTACAACGAAAGCTA

miR-21-5p (Temp-8)

RNV540

ATGAGTCTGAGGCTAGCTACAACGAAAGCTA

miR-21-5p (Temp-8)

RNV541

TCAACAGGCTAGCTACAACGACAGTCTGATAAGCTA

miR-21-5p (Temp-8)

RNV542

TCAACAGGCTAGCTACAACGACAGTCTGATA

TTCCCGTGGGCTAGCTACAACGAATGTTTC
AGGTTTCCCGGGCTAGCTACAACGACTATGTTTCA
GAGGTTTCCCGTGGGCTAGCTACAACGAATGTTTCA

Scrambled
(RNV174)

GACCTCATCGTTGTAGCTAGCCTGCAGATG

Table 3.2. Sequences of template strands.
Template Name

Sequence (5’-3’)

miR-494-3p (Temp-7)

UGAAACAUACACGGGAAACCUC

miR-21-5p (Temp-8)

UAGCUUAUCAGCUGAUGUUGA
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3.1.1. miR-494 Targeting constructs (RNV533-RNV538)
Initially miR-494 targeting DNAzymes (RNV533, 534, 535, 536, 537, 538) were
tested at 20µM concentration (1:1 ratio with template) at time points 0, 60 and 120
minutes. Four of the six constructs tested showed no cleavage of temp-7(Figure 3.1A).

Figure 3.1A. In vitro cleavage assay of RNV533, 534, 535, and 536 targeting miR-494-3p.

Two constructs showed cleavage of miR-494 (Temp-7) at time points 60 and 120
minutes, these included RNV537 and RNV538 (Figure 3.1B).

Figure 3.1B. In vitro cleavage assay of RNV537 and 538 targeting miR-494-3p.

Densitometry revealed a positive correlation between incubation time (Time points)
and cleavage for RNV537 and RNV538, as time increased the cleavage also increased,
for constructs RNV533 to RNV536 there was no change to band intensity. RNV538
showed slightly lower cleavage efficiency at 60 and 120 minutes than RNV537
(Figure 3.1C).
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Figure 3.1C. Densitometry analysis of gels (In vitro cleavage assay) of RNV537 and RNV538.
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3.1.2. miR-21 Targeting Constructs (RNV539, RNV540, RNV541, and RNV542)
#1
In vitro Cleavage analysis was conducted on miR-21 (Temp-8) targeting DNAzyme
constructs (RNV539, 540, 541, 542). These four constructs were tested at 100µM
concentration at a 1:1 ratio with Temp-8 at time points 5, 10, 30, 60, 120 minutes.
Constructs RNV539, 541 and 542 showed cleavage of Temp-8, RNV541 showed
highest cleavage efficiency followed by RNV542 then RNV539 (Figure 3.2A).

Figure 3.2A. In vitro cleavage assay of RNV539, 540, 541, 542 targeting miR-21.

Densitometry analysis of gels that showed cleavage revealed that there was a positive
correlation between time and percentage cleavage, as time increased the cleavage also
increased. RNV541 showed the highest percentage cleavage compared with RNV539
and RNV542 (Figure 3.2B).
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Figure 3.2B. Densitometry analysis of gels (In vitro cleavage assay) of RNV539, RNV541,
and RNV542.
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3.1.3. miR-21 Targeting Constructs (RNV539, RNV540, RNV541, and RNV542)
#2
To confirm the cleavage of RNV537, 538 and 541, we repeated the in vitro cleavage
assay again, with a 20µM DNAzyme concentration at a 1:1 ration with the templates
and an additional time point (180 minutes). RNV541 was the only construct to show
cleavage of the template (Figure 3.3A).

Figure 3.3A. In vitro cleavage assay of RNV539, 540, 541, and 542 targeting miR-21.

Densitometry analysis showed a positive correlation, as time increased the cleavage
also increased, moreover RNV541 showed efficient cleavage from time points 60 to
180 minutes with some cleavage occurring at time point 30 minutes (Figure 3.3B).

Figure 3.3B. Densitometry analysis of gel (In vitro cleavage assay) of RNV541.
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3.1.4. miR-21 and miR-494 Targeting Constructs (RNV537, RNV538, and
RNV541) #1
To further confirm cleavage RNV537, 538 and 541 tested at 20µM at a 2:1 ratio with
the templates (Temp-7 and Temp-8) at time points 0, 10, 30, 60, 120 minutes. All three
of the DNAzyme constructs showed cleavage of their respective template strand
(Temp 7 or 8)(Figure 3.4A).

Figure 3.4A. In vitro cleavage assay of RNV537, 538, and 541 targeting miR-494 and miR21 respectively.

Densitometry revealed positive correlation between time and cleavage for RNV537,
RNV538 and RNV541 as time increased the cleavage also increased (Figure 3.4B).
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Figure 3.4B. Densitometry analysis of gel (In vitro cleavage assay) of RNV537, RNV538, and
RNV541.
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3.1.5. miR-21 and miR-494 Targeting Constructs (RNV537, RNV538, and
RNV541) #2
RNV537, 538 and 541 were tested again at 10µM concentration at a 10:1 ratio with
templates, time points 0 to 180 minutes. No cleavage was observed in any of the
constructs at this concentration (Figure 3.5).

Figure 3.5. In vitro cleavage assay of RNV537, 538, and 541 targeting miR-494 and miR-21.
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3.2. In Cell Transfection Reagent Efficiency Test
3.2.1. Transfection Reagent efficiency in U87MG cell line
From visual observations Lipofectamine® 3000 and P3000 (L3KP3K) appear to have
shown the highest levels of cellular uptake compared with the other transfection
reagents, there also appeared to be little to no observable cell death (Figure 3.6).
FuGENE® (fugene) and Lipofectin® both appeared to show high levels of cellular
uptake on par with L3KP3K, however low amounts of cell death were observed
(Figure

3.6).

RNAiMAX®

(iMAX),

Lipofectamine®

2000

(L2K),

and

Lipofectamine® 3000 (L3K) both appeared to show little to no cellular uptake and
relatively high amount of cell death. RNV25 alone appeared to show a moderate
amount of cellular uptake and cell death. In Untreated (UT) there was little to no
cellular observable uptake of DNAzyme, however the FAM image shows high auto
fluorescence in the cells (Figure 3.6).
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Figure 3.6. Transfection reagent efficiency test U87MG cell line. Images taken at 10X
microscope magnification. Results representative of n=2, other images showed the same
results (A) Experiment one U87 cells (B) Experiment two, conducted with all transfection
reagent and same experimental conditions, only Lipfectamine® 2000 and UT are shown.
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3.2.2. Transfection reagent efficiency test Huh-7 cell line
From visual observations Lipofectamine 3000® and P3000, and Fugene® appeared to
show the highest amount of cellular uptake. Lipofectamine® appeared to show a
slightly higher level of uptake. No observable cell death was observed for either
Lipofectamine 3000® and P3000 or Fugene® (Figure 3.7). IMAX® and Lipofectin®
appeared to show relatively good (moderate) cellular uptake, there was no observable
cell death for either transfection reagent. L2K and L3K appeared to show relatively
low to moderate cellular uptake, L2K appeared to show a low amount of cell death.
RNV25 alone and UT appeared to show high levels of auto fluorescence, there is a
small amount of DNAzyme entering the cells for RNV25 (Figure 3.7).

76

Figure 3.7. Transfection reagent efficiency test Huh-7 cell line. Images taken at 10X
microscope magnification. Results are representative of n=3, other images showed the same
results.
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3.3. In Cell Cleavage Analysis
Following initial screening in vitro, we wanted to determine if the DNAzyme
constructs have the ability to target and cleave microRNAs in cell, as well as wanting
to determine the effectiveness of cleavage of target sequences. In order to analyse the
efficiency, DNAzymes were transfected into cell lines at different concentrations
(50nM-400nM), and miRNA expression levels were measured by q-PCR. First, we
tested miR-494 targeting DNAzymes, RNV537 and RNV538 in U87 and Huh-7 cells,
an optimised qPCR array for miR-494 was readily available from a collaborating
laboratory, for Huh-7 cells.
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3.3.1. Treatment of Huh-7 cells with RNV537 targeting miR-494
In order to validate the catalytic activity of RNV537 against miR-494 in cell, the
DNAzyme was transfected into Huh-7 cell line. 50nM showed relatively large
decrease in expression. Expression was decreased by 55%. 100nM showed increase
of miR-494 expression of 42%, similarly 200nM also showed a large increase in
expression at 61%. 300nM showed a decrease in expression of 25%. 400nM showed
increase in expression of 15%. Scrambled sequence (RNV174) showed a 40% increase
in expression of miR-494.

miR-494 Expression
Normalised miR-494 Expression
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RNV537
200nM
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300nM
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400nM

Scrambled
Sequence

Figure 3.8. q-PCR analysis of normalized miR-494 expression in Huh-7 cells following
treatment with RNV537. RNV537 DNAzymes treatment at 50nM, 100nM, 200nM, 300nM,
400nM. Data points are obtained from one independent experiment performed in triplicate
(n=1). Results were normalised to UT samples.
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3.3.2. Treatment of U87MG cells with RNV537 targeting miR-494
All results showed an increase in miR-494 expression following treatment with
RNV537. 50nM concentration showed the smallest increase in expression at 1-2%.
100nM and 400nM concentrations showed similar increase in expression of 41% and
45% respectively. Scrambled sequence (RNV174) showed the largest increase,
expression was elevated by 79%.
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Figure 3.9. q-PCR analysis of normalized miR-494 expression in U87MG cells following
treatment with RNV537. RNV537 DNAzyme treatment at 50nM, 100nM and 400nM
concentrations. Data points are obtained from one independent experiment performed in
triplicates (n=1). Results were normalised to UT samples.
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3.3.3. Treatment of Huh-7 cells with RNV538 targeting miR-494
Similarly, to 3.3.1 we wanted to validate the catalytic activity of RNV538 in cell, so
we conducted transfection and q-PCR in huh-7 cell line. All DNAzyme concentration
showed decrease in miR-494 expression. 50nM showed the largest decrease at 50%.
100nM showed a decrease of 30%. 200nM showed the smallest decrease in expression
of any concentration of 15%. 400nM decreased expression by 25%. Scrambled
sequence (RNV174) showed an increase in miR-494 expression levels of 15%. There
was no observed dose dependent response and no obvious correlation between
concentration and cleavage efficiency.
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Figure 3.10. q-PCR analysis of normalized miR-494 expression in Huh-7 cells following
treatment with RNV538. RNV538 DNAzymes treatment at 50nM, 100nM, 200nM, and 400nM.
Data points are obtained from one independent experiment performed in triplicate (n=1).
Results were normalised to UT samples.
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3.3.4. Treatment of U87MG cells with RNV541 targeting miR-21
As the screening of DNAzymes targeting miR-494 in both U87 and Huh-7 cells did
not show any dose-dependent inhibition, we then explored the potential of miR-21
targeting DNAzyme (RNV541) in U87 glioblastoma cells.
The 100nM concentration showed 70% reduction in miR-21 expression. 200nM
showed a reduced expression of miR-21 by 90%. There is a strong positive correlation
between DNAzyme concentration and miR-21 expression level, as concentration
increased the level of expression reduction also increased. Scrambled sequence
(RNV174) showed a reduction in expression.
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Figure 3.11. q-PCR analysis of normalized miR-21 expression in U87MG cells following
treatment with RNV541. RNV541 DNAzyme treatment at 100nM and 200nM concentrations.
Data points are the mean ± standard deviation, from two independent experiments performed
in triplicates (n=2). Results were normalised to UT samples.
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3.3.5. Treatment of MDA-MB231 cells with RNV541 targeting miR-21
In order to validate the catalytic activity of RNV541 in cell, transfection and q-PCR
was conducted in MDA-MB231 cells. All DNAzyme concentrations showed
reduction in miR-21 expression. There was a positive correlation, as concentration
increased, miR-21 expression reduction also increased. There was a dose dependent
response. 100nM showed a knockdown of 18%, followed by 200nM at 22%, and lastly
400nM at 50% knockdown. Scrambled sequence (RNV174) showed an increase in
miR-21 expression.
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Figure 3.12. q-PCR analysis of normalised miR-21 expression in MDA-MB231 cells following
treatment with RNV541. RNV541 DNAzyme treatment at 100nM, 200nM, and 400nM
concentrations. Data points are obtained from one independent experiment (n=1). Results
were normalised to UT.
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4. Discussion
4.1. Principal findings

Initial screening showed that cleavage of miRNA templates could readily be achieved
by half of the DNAzyme tested (n=10), however cleavage efficiency seems to be
limited for some of the constructs. Two constructs (RNV539, RNV542) only showed
cleavage at 100µM concentration in vitro (Figure 3.2), cleavage was not observed
(bands disappeared) once concentration was reduced to 20µM (Figure 3.3). We
believe this variable efficiency is due to the length, similarity of arm regions for target
sequence and the nucleotides at which cleavage occurs for each DNAzyme, another
possible explanation is the incorrect formation of the RNA secondary structure,
particularly in the conserved catalytic core, base pairing with flanking miRNA bases
will alter the ability of the enzymatic core to cleave the target sequence.
Overall, the experimental results suggest that DNAzyme constructs RNV541,
RNV537 and RNV538 could induce efficient knockdown of their respective miRNA
targets miR-21 and miR-494 respectively, both in vitro and in cell. Five DNAzymes
tested (n=10) showed cleavage of their target sequence. Two (RNV539 and RNV542)
of which only showed cleavage at 100µM concentration in vitro (Figure 3.2 and 3.3)
indicating lack of efficiency or cleavage or binding to target sequence.
Treatment with RNV541 showed a dose dependent response in U87 and MDAMB231 cell lines (Figure 3.11 and 3.12), as expected there was generally a positive
correlation between concentration and cleavage, increasing DNAzyme concentration
resulted in larger decreases in miR-21 expression. RNV537 showed consistency in
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levels of miR-494 knockdown in both U87 and Huh-7 cell lines, with RNV538
showing similar results to RNV537 in Huh-7 cells (Figure 3.8, 3.9, and 3.10).
Unexpectedly lower concentrations of DNAzymes in some cases showed higher
knockdown than high concentrations (Figure 3.8, 3.9, 3.10) , a possible explanation
for this could be that the DNAzymes are completely saturated at low concentrations
(e.g. 50nM) and thus resulting in no statistically significant reduction in expression at
increased concentrations, another explanation may be the formation of DNAzyme
self-dimers, this explanation is consistent with our results, as concentrations of
DNAzymes increase, we expect the occurrence of self-dimerization will also increase
and hence reduce the binding to the target miRNA sequence.
Interestingly, both miR-21 and miR-494 experiments scrambled sequence (RNV174)
showed either a minimal knockdown of target (Figure 3.11), or an increase in miRNA
expression (Figure 3.8, 3.9, 3.10, 3.12) compared with UT. We expected to see no
change in the miRNA expression of samples treated with RNV174, this was because
the sequence is not complementary to the target miRNAs, and was selected as a
negative control. Although unlikely this may be attributed to similarity between
RNV174 and target miRNA, causing primers to bind to RNV174 and causing a
misleading increase in miRNA expression. The most plausible explanation is the small
technical errors during the plating, cell collection, and RNA extraction resulting in
variability of miRNA expression from sample to sample.

4.2. Selection of Transfection Reagent

U87 cell lines were not previously used in this group thus it was essential to select a
transfection reagent that would (1) have high efficiency of moving DNAzymes
intracellularly, and (2) that caused little to no observable cell death. It was also
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assumed that transfection reagent selection would differ from one cell line to the next,
thus it was essential that transfection reagent efficiency test was optimised prior to
commencing the in cell experiments. In both U87 and Huh-7 cell lines several
transfection reagents were tested including; Lipofectamine® 3000 with and without
P3000, liopofectamine® 2000, Lipofectin®, Lipofectamine® RNAiMAX, and
FuGENE® HD.
4.2.1. U87MG
Three of the seven transfection reagents tested showed high rate of DNAzymes
cellular uptake, these included FuGENE, L3KP3K, and Lipofectin (Figure 3.6). The
other transfection reagents showed low, to no observable DNAzyme uptake.
Observing the cells transfected with each of the reagents that showed cellular uptake
we determined, that despite the high efficiency of FuGENE there was a moderate
amount of cell death, not observed for L3KP3K or Lipofectin. L3KP3K was selected
over lipofectin due to the small difference in cellular uptake in favour of L3KP3K.
4.2.2. Huh-7
Once again several transfection reagents showed high cellular uptake of DNAzymes
including; FuGENE, RNAiMAX, L3KP3K, and Lipofectin. The remaining
transfection reagents showed relatively little observable uptake (Figure 3.7). From
visual observation, it appears that Fugene showed the highest uptake followed by
L3KP3K then Lipofectin. L3KP3K was selected because it effectively delivered
DNAzyme into the cell, is relatively non-toxic, and lastly to maintain consistency
between experiments in multiple cell lines.
Ultimately the choice of transfection reagent depends on a number of factors,
including; cell lines being transfected, target gene transcripts, and DNAzyme
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sequence. In U87 there was strong auto fluorescence in the UT sample, while for Huh7 strong auto fluorescence was observed for RNV25 alone and UT, occurring to some
degree in all other samples except for Lipofectamine® 2000 (Figure 3.7). Huh-7 cells
naturally auto fluoresce to a higher degree than U87 cells. This auto fluorescence is a
naturally occurring phenomenon in the cells, variation is observed from one cell line
to the next (294). Transfection reagent efficiency was not conducted in MDA-MB231
cell line, because these cells were used in our lab and it was previously determined
that L3KP3K showed adequate transfection efficiency and low cell death.

4.3. DNAzyme Concentration and Chemistry
4.3.1. DNAzyme chemistry
DNAzymes, with 10-23 catalytic motif (arm-loop) were designed to target the mature
miR-21-5p and miR-494-3p sequences (Table 3.2). The DNAzymes require
Guanine/Cytosine or Uracil (G(C/U)) and Adenosine/Cytosine or Uracil (A(C/U))
dinucleotides for cleavage to occur, with the highest cleavage efficiency at A/U and
G/U (293). The sequences of the catalytic region were pre-fixed according to previous
reports (293). The catalytic loop structure was 15 nucleotides in length, designed to
target A/U or A/C junctions. The catalytic loop was flanked by sequence specific arm
regions, of varying lengths, and designed to form 6 to 15 Watson-Crick pairs with
target miRNA (Figure 4.1).

87

A.
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B.

Figure 4.1. Schematic illustration of the 10-23 catalytic motif DNAzymes binding target
mature miRNA sequence. The catalytic motifs are shown in red, the arm regions are in black.
The cleavage site is marked by an arrow and dotted line. A) miR-494-3p targeting DNAzymes.
B) miR-21-5p targeting DNAzymes. Figure adapted from Chakravarthy et al. 2017 (285).

4.3.1.1. miR-494 targeting DNAzymes
Constructs were designed to target the mature strand of miR-494-3p. The catalytic
region as mentioned above was a 10-23 (arm-loop) conserved region for all the
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constructs targeting miR-494-3p. Initial screening of constructs revealed variable
cleavage efficiencies, despite the high level of similarity between the sequences.
Surprisingly only two (n=6) constructs showed cleavage (Figure 3.1), RNV537 and
RNV538. We can confidently say that the catalytic loop sequence played no role in
cleavage efficiency due to the fact that this region was conserved from one construct
to the next.
The sequences of RNV537 and RNV538 are identical apart from 5 additional
nucleotides in the 5’ arm region of RNV538. Both constructs bind miR-494-3p with
perfect complementarity and cleave at A/U residues (Figure 4.1). Observations show
that the cleavage efficiency of RNV537 may be slightly higher than RNV538 (Figure
3.4), Sequence and length of individual binding arms should be considered for the
optimal design of 10-23 deoxyribozyme to accommodate for the differences in
stability of the arm regions respective substrate complexes. Experiments with different
binding arms have shown that in some instances the rate of DNAzyme-catalyzed
cleavage can be enhanced by asymmetric arm length truncation (295), the
heteroduplex stability of each individual binding domain substrate-complex most
likely influences this effect. The reaction rate may be inhibited by the rigidity of the
enzyme-substrate complex when the RNA substrate is bound with exceptionally high
stability by the full-length DNAzyme, resulting in slow product release and reduction
of multiple turnovers.
RNV533, RNV534, RNV535, and RNV536 showed no cleavage of miR-494-3p at
20µM concentration (Figure 3.1) despite the high sequence complementarity to target
miRNA. These constructs were designed to be similar to each other but show differing
cleavage efficiencies, RNV536 despite having almost identical arm regions to
RNV537 and RNV538 apart from a 4 and 9 base pair (bp) truncation in the 5’ arm for
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RNV537 and RNV538 respectively, and cleaving at A/U junction, showed no
cleavage (Figure 3.1). An explanation for the lack of cleavage observed may be due
to the lowering of heteroduplex stability and increase in hybridisation free energy
caused by the reduction in arm length and resulting in a decreased reaction rate,
compared with RNV537 and RNV538. The difference in arm length of RNV536 may
have cause formation of DNAzyme secondary structure that may have interfered with
the catalytic activity of the DNAzyme.
RNV533 and RNV535 all showed no cleavage of miR-494-3p (Figure 3.1), despite
high sequence complementarity. This high complementarity may be caused by
increased heteroduplex stability resulting in reaction rate inhibition. Due to the
differing arm length of RNV533-RNV535, cleavage occurs at A/C residues , which
allows for cleavage albeit at a lower efficiency than A/U or G/U dinucleotide junction
(293).
The optimal arm length may vary for different DNAzymes and there is no evidence
on whether the arms should be asymmetrical or symmetrical for optimal catalytic
activity. In addition, the G/C content may also have an effect on the catalytic efficiency
(295-298), but how it is effected is unclear (299).

4.3.1.2. miR-21 targeting DNAzymes
The constructs were designed to target the mature strand of miR-21. The catalytic
region as mentioned above was a 10-23 (arm-loop) conserved region for all the
constructs targeting miR-21-5p. Initial screening of constructs revealed variable
cleavage efficiencies. Despite the high level of similarity between them, RNV541
showed the strongest cleavage, with some cleavage occurring for RNV539 and
RNV542 (Figure 3.2A) albeit at a reduced efficiency (Figure 3.2B). There was no
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observable cleavage for RNV540. The low cleavage efficiency of RNV539 and
RNV542 was confirmed in the following experiment where reducing the DNAzyme
concentration to 20µM from 100µM resulted in a disappearance of cleaved bands for
RNV539 and RNV540 (Figure 3.3). All miR-21 targeting constructs tested cleaved at
the A/U junction, thus this factor could be eliminated as influencing cleavage
efficiency. RNV541 had relatively high sequence complementarity, and increased
heteroduplex stability, while all other constructs had a low sequence complementarity
and high level of bp mismatching. This low complementarity would have decrease
heteroduplex stability and thus ultimately reducing the cleavage efficiency of the
constructs. As stated above G/C content may have also influence the cleavage
efficiency.
4.3.2. DNAzyme concentration and cellular environment
Overall results show that miR-21-5p and miR-494-3p can be effectively targeted and
cleaved by RNV541, RNV537, and RNV538 at 20µM and 100µM concentrations
(Figures 3.1-3.4). RNV539 and RNV542 also show cleavage although only at 20µM
concentrations. There was no observable cleavage at 10µM concentration (Figure 3.5)
for any of the constructs, this however may have been due to low sensitivity of
polyacrylamide gel electrophoresis, not being able to detect the template (1µM
concentration) and may not be representative of true DNAzyme function.

4.3.2.1. miR-494 targeting DNAzymes
To determine if the constructs could target and cleave miRNA at cellular conditions,
RNV537 was transfected into U87 and Huh-7 cell lines at varying concentrations. It
was expected that RNV537 would cleave miR-494-3p effectively and that as
concentration was increased, the DNAzyme binding would also increase, thus
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increasing the overall cleavage of miR-494. Surprisingly in U87MG cells miR-494
expression was elevated for all concentrations compared with untreated samples
(Figure 3.9). A possible explanation for the observations is untreated sample
contamination, since the experiment was conducted only once in Huh-7 cells, we are
unable to determine whether this expression pattern is representative of RNV537
function. In Huh-7 cells similar results were observed, 50nM and 300nM showed
efficient cleavage, however expression was increased for all other concentrations
tested (Figure 3.8). Due to the cleavage at two concentrations, we suspect that the
increase in miR-494 expression is due to natural variation that occurs within cells and
inaccuracies that occur during plating, transfection, and RNA extraction. Once again
we cannot determine if RNV537 is causing the increase in expression due to the lack
of additional experiments.
In Huh-7 cells, RNV538 showed cleavage at all concentrations tested (Figure 3.10),
there was no observed dose dependent response. 50nM showed the highest cleavage,
followed by 400nM. A possible explanation for a 50% reduction at 50nM but only a
30% and 15% reduction at 100nM and 200nM respectively, is that the DNAzyme
binding sites are saturated and maximum cleavage efficiency has been achieved,
however we would expect to see similar reduction of miR-494 for 50nM. This is
further disproven by an increased knockdown of miR-494 by 25% at 400nM
concentration (Figure 3.10). The variable expression patterns may be due to
variability in the cellular environment and cleavage from one sample to the next.
Expression seemed to generally increase with increasing concentration of DNAzyme,
this may be attributed to self-dimerization, as concentration of the DNAzyme was
increased, the rate of self-dimerization would also increase, however this explanation
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does not account for the decrease in expression at 400nM, which showed higher
knockdown than 100nM and 200nM concentrations.

4.3.2.2. miR-21 targeting DNAzymes
To determine if the constructs could target and cleave miRNA at cellular conditions,
RNV541 was transfected into U87, and MDA-MB231 cell line at varying
concentrations. We expected to see a dose dependent response. Results consistently
show relatively efficient reduction of miR-21-5p levels in cell. There is a positive
correlation, as concentration increased generally we saw an increase in the reduction
of miR-21 (Figure 3.11, 3.12). RNV541 was tested in U87 cells targeting miR-21 in
five separate experiments, although high variability in cleavage efficiencies were
observed from one experiment to the next, these differences are relatively small, and
are most likely due to natural variability in the efficiency of DNAzyme from one
sample to the next. In MDA-MB231 cell, as expected there was a dose dependent
response, increasing concentration was positively correlated with increasing cleavage
(Figure 3.12). The results obtained from the in cell cleavage assay (Figure 3.11) show
consistent cleavage pattern as in vitro cleavage assays (Figure 3.1B, 3.2, 3.3).

4.4. Limitations

Beside the limitations of a small number of DNAzymes tested for each miRNA
targeted, and a lack of variability in DNAzyme characteristics, a major limitation
encountered in this project was the low amount of experimental replicates when
quantifying the miRNA expression following treatment with DNAzyme. This resulted
in high variability in the efficacy of DNAzymes from one concentration to the next
and the apparent increase in expression of target miRNA (Figure 3.8 and 3.9). Due to
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the lack of experimental replicates, it is not possible to determine whether the increase
in miR-494 expression in U87 and huh-7 cells was due to the effects of RNV541.
Running experimental replicates, then averaging the results, would reduce a large
portion of the variability, and would allow us to elucidate the true activity of the
DNAzymes.
Transfection reagent was used at a fixed volume of 1.5µL for all samples, instead 15µL per sample as indicated in the manufacturer’s protocol. This may have affected
the transfection efficiency of each reagent, however we suspect that the only difference
in outcome occurred when quantifying the levels of target miRNAs, high transfection
reagent volume will result in relatively high levels of miRNA compared with levels
detected in low transfection reagent volume experiments, however expression pattern
should remain the same.

4.5. Future directions and implications

Data from this pilot study on miRNA knockdown by synthetic catalytic
oligonucleotides has provided evidence that miRNA can be successfully targeted and
effectively cleaved by DNAzymes in vitro and in cell. The data will provide the basis
for an in-depth exploration of the technique that could result in the development and
novel application of DNAzymes as a strategy to downregulate the expression of genes
associated with solid cancers and other diseases.
4.5.1. Cell viability assay
Initially cited as an aim of the project, cell viability was not conducted due to time
constraints. Analysis of the effects of target miRNA knockdown in cell, would be an
important next step, because a significant decrease in miRNA (miR-21) could result
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in a significant effect on cell growth, proliferation, and viability. Therefore, the next
step is to examine the effect of DNAzyme mediated miR-21 and miR-494 knockdown
on cell viability.
4.5.2. Experimental modifications
As stated above 1.5µL transfection reagent was used as a fixed volume for the
experiments conducted, however ThermoFisher Scientific recommends the use of
between 1-5µL per sample. We do not expect to see the overall trend of miRNA
downregulation to change, but the raw data will indicated that there is an overall
increase in downregulation across all samples relative to the change in transfection
reagent volume.
Additionally, initially cited as an aim, U251 GBM cells were not used to test in vitro
activity of DNAzymes due to time constrains. Future experiments may include the
addition of U251 cell line to confirm the effect of DNAzymes targeting miR-21 in
glioblastoma.
4.5.3. Mouse models
Following analysis of the effect of miRNA knockdown on cell viability, validation of
the function of DNAzymes in mouse models with the Telethons Kids Institute would
be a logical progression. Determining the toxicity, pharmacodynamics and possible
offtarget effects of these synthetic oligonucleotides is essential for the development of
the technique as a therapeutic option.
4.5.4. Implications
Reducing the expression level of overexpressed miRNAs (miR-21 and miR-494) with
DNAzymes, as shown to be possible in a number of cell lines in this project, may
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ultimately be developed as a novel therapeutic strategy if sufficient impact on cell
viability, growth, proliferation and a dose dependent response can be achieved.
Decreasing levels of mature miR-21 and miR-494 have been shown to have a
therapeutic effect as discussed above, thus represent highly desirable targets to tackle
highly malignant cancers where conventional therapies remain ineffective. Moreover,
DNAzymes can be used as a tool for the study the function of miRNAs and other
molecules.
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5. Conclusion
In summary, we have developed and tested unique DNAzymes such as RNV541
targeting miR-21, RNV537 and RNV538 targeting miR-494. The results show that
DNAzyme mediated miRNA knockdown in vitro and in U87 and MDA-MB231 cells
is both inducible and effective. It is postulated that reduction in overexpressed miRNA
levels can inhibit and even reverse the malignant phenotype of some cancers, however
the effect of miRNA knockdown on cell viability was not measured, so it is not
possible to conclude if knockdown of target miRNAs by DNAzyme induced growth
or proliferation suppression. Overall, this project is a preliminary study demonstrating
the ability of DNAzymes to target and cleave miRNAs in cell. A larger scale study
with more DNAzymes with multiple chemistries would be required to accurately
determine the functional efficiency of the DNAzymes, and analysis of the effects of
miRNA knockdown by DNAzymes on cell viability and survival.
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7. Appendices
Appendix I. Full gene name used in thesis.
Official gene symbol

Official gene name

PACT

Protein Activator of Interferon Induced Protein
Kinase

TRBP

Trans-Activation Response RNA-Binding Protein

CCNE1

Cyclin E1

NRP-2

Neuropilin 2

MMP2

Matrix Metallopeptidase 2

MMP3

Matrix Metallopeptidase 3

MMP9

Matrix Metallopeptidase 9

MMP16

Matrix Metallopeptidase 16

Wt1

Wilms Tumor 1

Rab9B

Ras-Associate Protein Rab 9B

AKT

AKT Serine/Threonine Kinase

AKT1

AKT Serine/Threonine Kinase 1

AKT2

AKT Serine/Threonine Kinase 2

RAS

RAT Sarcoma protein

HMGA2

High Mobility Group AT-Hook 2

PDPN

Podoplanin

MCL1

Myeloid Cell Leukaemia Sequence 1

SMAD2

SMAD Family Member 2

SMAD3

SMAD Family Member 3

SMAD4

SMAD Family Member 4
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FRAT1

Frequently Rearranged in Advanced T-cell
lymphomas 1

BCL2

B-Cell CLL/Lymphoma 2

ERG

ERG, ETS Transcription Factor

ERG2

ETS Related Gene

CTGF

Connective Tissue Growth Factor

ABCG2

ATP Binding Cassette Subfamily G Member 2

PTEN

Phosphatase and Tensin Homology

TIMP2

Tissue Inhibitor of Metalloproteinases 2

PTPμ

Protein Tyrosine Phosphatase mu

CDKN1B/p27Kip

Cyclin Dependent Kinase Inhibitor 1B

CDKN1C

Cyclin Dependent Kinase Inhibitor 1C

MGMT

O-6-Methylguanine-DNA Methyltransferase

SEMA3B

Semaphorin

GABRA1

Gamma-Aminobutyric Acid type A Receptor
Alpha 1 subunit

MAPK13

Mitogen-Activated Protein Kinase 13

MAPK14

Mitogen-Activated Protein Kinase 13

FOXO3a

Forkhead Box O3

MXI1

MAX Interactor 1, Dimerization Protein

Wee1

Wee1 G2 Checkpoint Kinase

E2F1

E2F Transcription Factor 1

NLK

Nemo Like Kinase

CASP3

Caspase 3

CASP9

Caspase 4
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PHLPP2

PH Domain and Leucine Rich Repeat Protein
Phosphatase 2

LLRC4

Leucine Rich repeat superfamily C4

WIF1

WNT Inhibitory Factor 1

CTNNBIP1

Catenin Beta Interacting Protein 1

SENP6

SUMO1/Sentrin Specific Peptidase 6

SEPT7

Septin 7

SPRY4

Sprouty RTK Signaling Antagonist 4

RAF1

Raf-1 Proto-Oncogene, Serine/Threonine Kinase

HIF3A

Hypoxia Inducible Factor 3 Alpha Subunit

HIF2A

Hypoxia Inducible Factor 2 Alpha Subunit

CXCR4

C-X-C Motif Chemokine Receptor 4

PAK1

P21 (RAC1) Activated Kinase 1

RTK

Receptor Tyrosine Kinase

PDGFRa

Platelet Derived Growth Factor Receptor Alpha

P70S6K1

Ribosomal Protein S6 Kinase Beta-1

E2F3a

E2F Transcription Factor 3

Bmi-1

BMI1 Proto-Oncogene, Polycomb Ring Finger

PDPK1

3-Phosphoinositide Dependent Protein Kinase 1

BCL2L12

BCL2 Like 12

BMI/BCL2L11

BCL2 Like 11

MET

MET Proto-Oncogene, Receptor Tyrosine Kinase

CYLD

CYLD Lysine 63 Deubiquitinase

LRRC4

Leucine Rich Repeat Containing 4

ADAM9

ADAM Metallopeptidase Domain 9
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CD6K

Cyclin Dependent Kinase 6

CDC25A

Cell Division Cycle 25A

CDC27

Cell Division Cycle 27

E2F2

E2F Transcription Factor 2

BMF

BCL2 Modifying Factor

MAZ

MYC Associated Zinc Finger Protein

LIN28

Lin-28 Homolog

HOXD10d

Homeobox D10

Rhoc

Ras Homolog Family Member C

uPAR

Urokinase receptor

BCL3L11

BCL3 Like 11

TFAP2C/ AP-2γ

Transcription Factor AP-2 Gamma

CDKN1A/p21

Cyclin Dependent Kinase Inhibitor 1A

CDKN2A/p16

Cyclin Dependent Kinase Inhibitor 2A

P21WAF/1/Cip1

Cyclin Dependent Kinase Inhibitor 1A

CSMD1

CUB And Sushi Multiple Domains 1

CAB39

Calcium Binding Protein 39

LKB1

Liver Kinase B1

CAMTA1

Calmodulin Binding Transcription Activator 1

MDM2

MDM2 Proto-Oncogene

ITGB3

Integrin Subunit Beta 3

Daam1

Dishevelled

Associated

Activator

Morphogenesis 1
Rb1

Retinoblastoma 1

Shh signalling pathway

Sonic Hedgehog Signalling Pathway
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of

IκBα

Nuclear Factor of Kappa Light Polypeptide Gene
enhancer in B-cells Inhibitor Alpha

SOCS3

Suppressor of Cytokine Signalling 3

DLL3

Delta Like Canoica Notch Ligand 3

IGFR1

Insulin Like Growth Factor 1 Receptor

SFRP1

Secreted Frizzled Related Protein 1

SH3GL2

SH3

Domain

Containing

GRB2

Like

2,

Endophilin A1
SOX4

SRY-Box 4

ST7L

Suppression of Tumorigenicity 7 Like

TSC1

TSC Complex Subunit 1

NEFL

Neurofilament Light

SMRT/NCOR2

Nuclear Receptor Corepressor 2

ATM

ATM Serine/Threonine Kinase

SLC2A3

Solute Carrier Family 2 Member 3

MCM7

Minichromosome

Maintenance

Complex

Component 7
EZH2

Enhancer of Zeste 2 Polycomb Repressive
Complex 2 Subunit

MST1

Macrophage Stimulating 1

SAV1

Salvador Family WW Domain Containing Protein
1

NOTCH1

Translocation-Associated Notch Protein TAN-1

FIH1

Factor Inhibiting Hypoxia Inducible Factor 1

NFKBIA

NFKB Inhibitor Alpha
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Appendix II. Cell freeze down protocol
Subculture of cells was followed as described in 2.2.4.2. to obtain a cell pellet. Cells
were resuspended and counted using a hemocytometer as described in 2.2.5.2.
Following cell count and ensuring the correct number of cells were present, the cell
suspension was then diluted into the amount needed. 1mL of cell suspension was
frozen down per vial, the appropriate amount of media was added (e.g. for 10 vials of
cells, a further 9ml media is added to the 1mL cell suspension, or 10mL media to the
cell pellet). 5% DMSO was added to cells as per ATCC. Samples were then mixed by
inversion and aliquoted into prelabelled cryovials (culture number, name of operator,
date, passage number, and cell type). The cryovials were moved to a defrosted
Mr.Frosty™ Freezing Container (ThermoFisher Scientific) and stored in -80°C
freezer, which was then transferred to liquid nitrogen.
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