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We developed a novel miRNA design that significantly im-
proves strand selection within the RISC complex by engineer-
ing the 30 end by adding extra nucleotides. Addition of seven
nucleotides at the 30 ends of the miR or miR* strand resulted
in a thermodynamic asymmetry at either of the two ends, which
resulted in selective RISC recruitment, as demonstrated by a
stem-loop PCR experiment. Such selective recruitment was
also corroborated at the protein level by western blot analysis.
To investigate the functional effect because of selective recruit-
ment, we performed apoptosis and metastasis studies using
human colon carcinoma cells (HCT116) and human osteosar-
coma cells (MG63). These experiments indicated that recruit-
ment of the miR strand is responsible for inducing apoptosis
and inhibiting the invasiveness of cancer cells. Recruitment
of the miR* strand, on the other hand, had the opposite effect.
To the best of our knowledge, our strand engineering strategy
is the first report of improved strand selection of a desired
miRNA strand by RISC without using any chemical modifica-
tions or mismatches. We believe that such structural modifica-
tions of miR34a could mitigate some of the off-target effects of
miRNA therapy and would also allow a better understanding
of sequence-specific gene regulation. Such a design could also
be adapted to other miRNAs to enhance their therapeutic
potential.

INTRODUCTION
MicroRNAs (miRNAs) belong to the large family of noncoding
RNAs that regulate a variety of cellular process employing RNAi.
These RNA molecules are formed from long single-stranded
RNAs that are transcribed from genomic DNA.1 miRNA was first
identified in C. elegans, where it was found to regulate Lin� 14
mRNA through the 30 UTR.2 Endogenous miRNAs are found in
almost all living systems, although their biogenesis involves different
pathways in plants and animals. In mammals, miRNAs are tran-
scribed by the RNA polymerase II gene and form hairpin loop
structures that are processed by Drosha to form shorter double-
stranded structures.3 The shortened 21 to 22 nucleotide binds to
mRNA and regulates the translation process or degrades the
mRNA.4 Unlike endogenous small interfering RNA (siRNA),
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miRNA duplexes have mismatches that allow unwinding of the
duplex after binding to a ribonucleoprotein complex called RNA-
induced silencing complex (RISC).5 When the miRNA duplex binds
to Argonaute (Ago) within the RISC, only one of the strands is fully
incorporated, forming a mature RISC complex, whereas the other
strand is discarded and degraded by nucleases in the cytosol.6 The
strand fully bound to RISC is used as a template to find mRNA tar-
gets, and most miRNAs have selectivity toward the 30 UTR of the
mRNA. Target recognition is determined by base-pairing between
the seed sequence of the miRNA strand (2–8 nt from the 50 end)
and the mRNA transcript.7 When a target mRNA is found, the
RISC complex binds to the mRNA, blocking ribosomal binding,
and recruits proteins that further induce translational repression.8

Because only the short seed sequence is responsible for target bind-
ing, a single miRNA can target many sequences, regulating the
expression of multiple genes.7 Thus, dysregulation of miRNA
expression can positively or negatively affect cellular processes.

One of the interesting features of endogenous miRNA expression is
that it is indicative of biological processes both in healthy and disease
states.9 Thus, the therapeutic and diagnostic potential of miRNA will
have major implications in future healthcare. One particular miRNA
that has high therapeutic potential is miR-34a, which is currently
investigated in phase I clinical trials.10 Overexpression of miR-34a
in cancer patients can downregulate the expression of more than 30
oncogenes as well as genes involved in tumor immune evasion.11

These include genes involved in apoptosis, such as SIRT1, as well as
those involved in metastasis, such as MYC and CDK4.12 Downregu-
lation of one of the targets of miR-34a, SIRT1 leads to increased
p53 expression, a tumor suppressor gene. Loss of miR-34a expression
through hypermethylation of the miR-34a promoter region has led to
progression in various cancer types. This suggests that miR-34a could
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Figure 1. Design and Strand Selection of Modified

miR-34a

(A) Structures of modified miR-34a. Green indicates the

miR or 5p strand, whereas red indicates the miR* or 3p

strand. The extra dT overhang is indicated in blue. (B) Stem-

loop qPCR analysis of strand recruitment, displaying strand

ratios between miR and miR* in HCT116 cells transfected

with different miRNAs. Student’s t test was used to deter-

mine statistical differences between pairs of groups. The

difference in strand abundance between the indicated

groups was significant (**p % 0.01).
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be employed as an anticancer agent, slowing down metastasis and, if
permissible, completely eliminating cancer phenotypes by reverting
the cancer cells to preneoplastic conditions.13

To use miR-34a as a tool for anticancer therapy, all targets of miR-34a
should be well defined. Unlike siRNA, which has a defined antisense
strand, the two strands of miRNA, usually denoted as miR (5p) or
miR* (3p), could participate in gene silencing activity, although the
miR strand is generally known to play a major role. Because the entire
potential binding sites for miR or miR* cannot be well defined within
the transcriptome, it is imperative to tailor miRNA molecules with
defined strand selection capability. Selection of the miR or miR*
strand within the RISC complex is based on the orientation of the
RNA duplex within the protein complex. It is generally believed
that, similar to RISC loading of siRNA, miRNA loading is based on
the thermodynamic asymmetry of the two ends of the duplex.14

The strand having the less stable 50 end is more likely to be selected
as a guide strand, whereas the other strand, with the more stable 50

end, serves as the passenger strand that is degraded. Although it is
possible to design siRNA molecules with the desired asymmetry, it
is not possible to optimize miRNAs because they are naturally iden-
tified from the biological milieu. In the case of miR-34a, it is known
that both strands are biologically active and can target different
genes.15 Such dual strand activity could not only increase the thera-
peutic effect of the RNA molecule but could also impart undesired
“off-target” effects that cannot be easily verified. In this article, we
envisioned to developmodifiedmiRNAwith tailored thermodynamic
asymmetry at the two ends of the duplex, which could modulate
selective recruitment of the desired strand.

RESULTS
Design of Modified miR-34a and Stem-Loop qPCR Assay

To design asymmetric miRNAs, we incorporated extra deoxythymine
nucleotides (dTs) at the 30 end of both the miR (5p) and miR* (3p)
strands (Figure 1A). Modifying the 30 end is expected to influence
duplex stability because it can destabilize the stacking interaction
with the nearest neighbor.16 To facilitate selective destabilization of
the duplex to improve miR strand selection within the RISC complex,
we added extra nucleotides at the 30 end of themiR* strand. To reverse
the strand selection and favor miR* strand selection, the extra nucle-
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otides were added to the 30 end of the miR strand (Figure 1A). Because
natural miR-34a has a 2-nt overhang at the 30 end on the miR* strand,
we increased the overhang length to 5 and 7 nt by adding 3 and 5 dT
nucleotides, respectively. Because the 30 end of miR strand of miR-34a
has a single nucleotide overhang, we increased the overhang length to
five and seven by adding four and six dT nucleotides, respectively
(Figure 1A).

To evaluate the effect of the modification on strand selection, we
performed transfection experiments in a human colon carcinoma
cell line (HCT116). Because it is known that the recruitment of
a particular strand within the RISC increases the cytosolic concen-
tration of that specific strand, we determined the levels of each
strand by stem-loop qPCR experiments.11 Quantitative determina-
tion of each strand after transfection gave a very surprising result.
The natural miR-34a demonstrated equal propensity to recruit
either strand. However, the 5-nt modification did not show a sig-
nificant difference when used for selection of miR compared with
miR-34a, but this modification resulted in an increase in miR*
strand concentration (Figure S1). Incorporation of the 7-nt over-
hang, on the other hand, clearly indicated a bias for one strand
or the other strand as a result of structural modification (Fig-
ure 1B). We therefore termed modified double-stranded miR-34a
with selectivity for miR or the guide strand “modmiR” (5p selec-
tion), whereas the sequence that showed selectivity for the miR*
strand was termed “modmiR*” (3p selection). We also designed
dual strand-modified miR-34a with 7-nt overhangs on both the
miR and miR* strands (termed “modmiRmiR*”) (Figure 1A). To
determine the increase of a specific strand recruitment, we esti-
mated the relative ratio of miR and miR* strand employing a
stem-loop qPCR assay, as mentioned above (Figure 1B). The un-
modified miR-34a indicated a ratio of close to one, suggesting a
similar abundance of both strands in the cytosol (Figure 1B).
The symmetrical dual-modified modmiRmiR* miRNA showed a
pattern almost identical to the miR-34a experiment. Interestingly,
modmiR* variants of miR-34a showed a significant increase in the
miR* strand (13-fold increase). The modmiR variant also had the
anticipated strand bias, with a higher concentration of the miR
strand compared with the miR* strand (2.2-fold increase). Taken
together, our stem-loop qPCR results reinforce the idea of



Figure 2. Effect of Different miR-34a on Gene Knockdown at the mRNA and Protein Levels

(A) HCT116 cells were transfected with different miRNAs for 48 h and analyzed by qPCR for SIRT1mRNA levels. (B) HCT116 cells were transfected with different miRNAs for

72 h for SIRT1 protein levels and for 96 h for AXIN2 protein levels by western blotting. Densitometry on protein bands was done using ImageJ.
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modified miRNAs displaying strand selectivity, which could lead
to a difference in functional activity.

Strand Selection at the mRNA and Protein Levels

To determine functional effects as a result of strand selection, we
analyzed the known targets of miR-34a. One such target of miR-
34a is SIRT1, which is reported to be specific for the miR (miR-
34a-5p) strand,17 whereas other targets, such as AXIN2, are known
to be specific for the miR* (miR-34a-3p) strand. Transfection of
differently modified miR-34a analogs (modmiR, modmiR*, and
modmiRmiR*) and evaluation of the mRNA levels of SIRT1 (Fig-
ure 2A) and AXIN2 (Figure S2A) by qPCR did not show any signif-
icant difference in gene knockdown compared with the unmodified
miR-34a. Such a marginal effect of strand selection could be due to
the accumulation of targeted mRNA in p bodies because they are
not generally degraded.6 We therefore, investigated the effect of
gene knockdown at the protein levels using western blot assays. West-
ern blot analyses were performed at different time points post-trans-
fection to observe the differences in protein levels between cells
treated with differently modified miR-34a. These experiments sug-
gested that the 72-h time point is suitable for SIRT1 knockdown,
whereas 96 h was found to be optimal for AXIN2. The analysis of im-
munoblots indicated distinct bands of SIRT1 and AXIN2 (Figure 2B)
proteins with clear differences in density between groups. Densito-
metric analysis of the plot indicated that approximately 57% of the
SIRT1 protein was silenced using conventional miR-34a compared
with the negative control (scrambled sequence [scr]). The transfec-
tion experiment with modmiR indicated a similar level of protein
knockdown as miR-34a (�61%), whereas modmiR* demonstrated a
lower level of knockdown (�40%). These results suggest that strand
bias as a result of miRNA modification indeed modulates protein
levels to some extent. Investigation ofAXIN2, on the other hand, indi-
cated that miR-34a induces silencing of AXIN2 by �43%, whereas
modmiR reduced the protein levels by�35%. Interestingly, modmiR*
reduced the protein target by�57%, which was anticipated because it
is specific for the miR* target (Figure 2B). Overall, the western blot
results indicated that structural modification of miR-34a could be re-
flected at the protein level, which correlates with the strand selection
phenomenon observed by stem-loop PCR experiments.

Apoptosis Assay

Intrigued by the target-specific gene knockdown because of our struc-
tural design, we decided to explore the therapeutic potential of the
modified miRNA sequences. For this purpose, we investigated the ef-
fect of modified miRNA sequences on apoptosis or necrosis of cancer
cells and compared it with miR-34a. For this purpose, we performed
an apoptosis assay on HCT116 cells as well as on MG63, a human os-
teosarcoma cell line. Because apoptosis of cells results in membrane
disruption, exposing the intramembrane phosphatidylserine sites
on the membrane surface,18 labeling of this lipid with fluorescently
labeled Annexin V has been suggested to provide direct evidence of
programmed cell death. Flow cytometry analysis of HCT116 cells
48 h after transfection with different miRNA analogs indicated that
miR-34a, along with modmiR, increased the apoptosis level, as re-
ported earlier, by approximately 4% (Figure 3A).19 The number of
apoptotic cells was reduced by 2% when transfection was performed
with modmiR* compared with miR-34a, which was found to be sta-
tistically significant. Earlier studies have shown that a commercially
available 5p mimic (a chemically modified double-stranded RNA de-
signed to supplement 5p strand-specific miRNA activity) of miR-34a
promotes apoptosis of cancer cells.17 We therefore compared the ef-
fect of the 5p mimic with that of modmiR in the apoptosis assay. Our
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 599
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Figure 3. Apoptosis Assay of Cells Treated with

Different miR-34a

(A and B) HCT116 cells (A) and MG63 cells (B) were

transfected with 25 nM of different miR-34a for 48 h and

analyzed by fluorescence-activated cell sorting (FACS) for

apoptotic cells. Annexin V-FITC dye was used for labeling

of apoptotic cells. Student’s t test was used to determine

statistical differences between pairs of groups. The differ-

ence in apoptotic cells between the indicated groups was

significant (*p % 0.05).
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results clearly show that modmiR yielded a better apoptotic effect
compared with the 5p mimic and miR-34a. We also compared the ef-
fect of the commercial 3p mimic with that of modmiR*, which indi-
cated a similar level of apoptotic cells, indicating that the miR strand
is responsible for apoptosis. Of note, we observed no significant dif-
ference in apoptotic cells in the 5p mimic group compared with
miR-34a. We also observed necrosis when the cells were treated
with modified miR-34a in a similar pattern as observed in apoptosis
(Figures S3A and S3C). When we performed the apoptosis assay with
MG63 cells using modified miR-34a, we observed similar apoptosis
(Figure 3B) and necrosis (Figure S3B) effects as observed with
HCT116 cells. As anticipated, we observed a significant drop in
apoptosis with modmiR* compared with miR-34a.

Invasion Assay

Cancer cell invasion is a process by which cancer cells invade their
extracellular matrix environment (basement membrane and
stroma) to reach the blood stream and, eventually, other organs.20

Interestingly, miR-34a is known to inhibit cancer cell invasion of
HCT116 cells by increasing apoptosis.17 We therefore investigated
the effect of our modifications to inhibit cancer cell invasion using
Matrigel (a mouse tumor-derived extracellular matrix that mimics
the tumor microenvironment).21 The cells were treated with
different miR-34a, and invasion activity was analyzed by counting
the number of cells on the basal surface of the Transwell after 48 h
of treatment (Figure 4). As anticipated, miR-34a significantly
reduced the number of invasive cells compared with cells treated
with the negative control (scrambled sequence) (Figure 4). Inter-
estingly, cells treated with modmiR exhibited marginally fewer
invasive cells compared with miR-34a-treated cells, whereas mod-
miR* had a higher number of invasive cells, similar to negative
control-treated cells. We further compared the invasiveness of
modified miR-34a-treated cells with commercially available 5p
and 3p mimics. These experiments indicated that cells treated
with the 5p or 3p mimic had a similar effect as unmodified miR-
34a. In summary, the invasion assay result corroborates the
apoptosis experiments, indicating a role of the miR strand in
inducing the anticancer effects of miR-34a. Thus, strategies that
could improve selective recruitment of the miR strand could be
beneficial for anticancer therapy.
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DISCUSSION
Synthetic miRNA mimics that could modulate gene expression
similar to endogenous miRNA have enormous potential as therapeu-
tic agents for treating a variety of human conditions from cardiovas-
cular diseases22 to cancer,9 provided there is an efficient cell-specific
delivery method. We have recently shown that native extracellular
matrix-derived biopolymers can promote intracellular delivery of nu-
cleic acids, exploiting hydrophobic interactions.23 Unlike endogenous
gene regulation by natural miRNA, the effects of synthetic mimics on
gene regulation significantly depend on the concentration of the
miRNA used or whether it is expressed using a plasmid or viral vec-
tor.24 Such mimics could also increase off-target effects by increased
loading of the passenger strand within the RISC.25 Thus, strategies
that can promote selective recruitment of the desired functional
strand could significantly reduce off-target effects as well as enable
effective gene regulation at a lower concentration of the mimics.
This prompted us to develop an asymmetric miRNA design that
would allow selective recruitment of the desired strand within the
RISC. To design asymmetric miRNA, we selected a therapeutic
miRNA (miR-34a) and incorporated 5- to 7-nt overhangs at the 30

end. Extension of the 30 end naturally occurs in many matured miR-
NAs with the help of terminal nucleotidyl transferases that preferen-
tially introduce uridyl or adenyl residues to the 30 end.26 It is generally
believed that such an extension, even though improves intracellular
stability, renders miRNA biologically inactive because it affects
RISC loading of the matured miRNA. We therefore decided to eval-
uate whether this is indeed true for a synthetic mimic and added three
or five dT units at the 30 end of the miR* strand and four or six dT
units at the 30 end of the miR strand to obtain an overhang length
of 5–7 nt. Our rationale for such an extension of 30 overhangs was
to incorporate a “wagging tail” that could result in selective destabili-
zation of the duplex at one or the other end of the mature miRNA.
Because RISC loading of the miR or miR* sequences is believed to
be dependent on the thermodynamic asymmetry principle,14 we
anticipated that such selective destabilization should render selective
loading of the miR or miR* strands.

To test our hypothesis of selective recruitment of the miR or miR*
strands, we chose miR-34a as a model miRNA because it is one of
the well-studied miRNAs that are known to be involved in different



Figure 4. Effect of miRNAs on Invasion of HCT116 Cells

Cells were transfected with different miRNAs for 24 h and seeded for an invasion assay for 48 h, followed by fixing and staining of invasive cells. The graph indicates the

percentage of invasive cells. Student’s t test was used to determine statistical differences between pairs of groups. The difference in invasive cells between the indicated

groups was significant (*p % 0.05).
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types of cancer,10,17,27 osteoporosis, and bone metastasis28 as well as
in cardiovascular diseases.22 Interestingly, some studies with miR-
34a also indicated dual strand activity, which would allow us to
quantify the role of miR or miR* strands separately. Of note, there
are few commercially available mimics of miRNA (e.g., a miRNA
mimic from Thermo Fisher Scientific and miRIDIAN from
Dharmacon), which are chemically modified double-stranded
miRNAs that show selectivity for miR or miR* strands. However,
the exact chemical structures of these mimics are not reported,
and to the best of our knowledge, there are no non-chemically modi-
fied miRNAs that show strand selectivity. Our study represents the
first report where strand activity of a miRNA could be regulated
without any chemical modifications. Our structural designs of mod-
miR and modmiR* were able to induce thermodynamic asymmetry,
which could be reflected in stem-loop qPCR experiments, indicating
selective strand selection within the RISC. These results were further
corroborated using western blot analysis, which provided direct ev-
idence for strand selection at the protein level (SIRT1, an miR target,
and AXIN2, an miR* target). The effect of strand selection was also
reflected in the functional analysis, as determined using apoptosis
and invasion assays in two different cancer cells. These experiments
indicated that the miR strand is responsible for inducing apoptosis
and for inhibiting invasion, which could be improved by our struc-
tural design. Selection of the miR* strand, on the other hand, had an
opposite effect. These results clearly suggest that miRNA modifica-
tions that have specific strand selection capability could modulate
the anticancer effect of miR-34a. Of note, our modified miRNA
had a better therapeutic effect compared with the commercially
available mimics. Because we employed natural nucleotides for
modifying miRNA, it would also limit any undesired toxicity that
may arise from modified nucleotides generally used in commercial
mimics. Such a design could be adapted to other clinically relevant
miRNAs, which could address some of the off-target effects associ-
ated with the recruitment of undesired strands. We believe that
our design strategy will also open new avenues for researchers to
study individual strand activity of different miRNAs.
MATERIALS AND METHODS
miRNA Synthesis

The sequence for miR-34a was obtained from miRBase. Unmodified
phosphoramidites and solid support were purchased from ChemGene
(USA).All reagents used forRNAsolid-phase synthesiswere purchased
from Sigma-Aldrich (Sweden). Lambda 35 UV-visible (UV-vis) spec-
trophotometer from PerkinElmer was used for spectroscopic analysis.
miRNA sequences were synthesized using an automated solid-phase
synthesizer (H8, K&A synthesizer) with 20-O-TBDMS-protected
monomers employing a standard synthesis cycle using phosphorami-
dite chemistry. Cleavage from support and deprotection of base-pro-
tecting groups was carried out by treating the beads with ammonia
and methylamine (AMA) solution (1 mL, 41% methylamine in water
and 30% aqueous [aq.] NH3 [1:1 v/v]). The 20-O-TBDMS groups
were deprotected using Et3N$3HF in DMSO. RNA was purified by
20% denaturing PAGE (7 M urea) and recovered with Tris-EDTA-
NaCl (TEN) buffer. The RNA samples were desalted using a Sep-Pak
(WAT020515, Waters) column. The pure RNA pellet was dissolved
in water, and the concentration was measured at 260 nm in a UV-vis
spectrophotometer. Hybridization into the duplexes of different miR-
34a sequences (Figure 1A) was prepared using equimolar concentra-
tions of the respective complementary strands in water. The solution
containing both strands was heated at 95�C for 2 min and then
gradually cooled to room temperature over a period of 3 h. Mimics
for miR-34a, 3p, and 5p were procured from Thermo Fisher Scientific
(Sweden).

Cell Transfections

HCT116 (human colon cancer) cells and MG63 (human osteosar-
coma cells) were obtained from the ATCC (Manassas, VA, USA).
A day prior to transfection, HCT116 cells were seeded at a
density of 100,000 cells/mL in a 12-well cell culture plate to achieve
�60%–80% confluence at the time of transfection. DMEM consisting
of high glucose, 10% fetal bovine serum (FBS), and 1% antibiotics
(penicillin streptomycin [PeSt]; Thermo Fisher Scientific, Sweden)
at 37�C, and 5% CO2 was used as a medium. On the day of
Molecular Therapy: Nucleic Acids Vol. 16 June 2019 601
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transfection, the medium was replaced with fresh complete DMEM.
The miRNAs (unmodified and modified; Figure 1A) were transfected
with 100-nM concentrations employing RNAiMAX transfection re-
agent (Thermo Fisher Scientific, Sweden) according to the manufac-
turer’s protocols. Briefly, the miRNA was mixed with RNAiMAX re-
agent and incubated for 5 min. This complex was subsequently added
to the cells to be transfected. Cells were also transfected with negative
control siRNA (scrambled sequence). Each transfection was per-
formed in duplicate. Post-transfection, cells were incubated for 24 h.

Total RNA Samples

After incubation as stated above, total RNA was isolated from cells
by adding 350 mL of lysis buffer (QIAGEN, Germany), followed by
homogenization of cell lysates. RNA was extracted from cell lysates
using the RNeasy Mini Kit (QIAGEN, Germany). The NanoDrop
2000 (Thermo Fisher Scientific, Sweden) was used to determine
RNA concentrations, with resulting optical density (OD) 260/280
ratios between 1.85–2.03.

Real-Time qPCR

1 mg of the total RNA was used to make the cDNA. The cDNA was
prepared using the High Capacity RNA to cDNA kit according to the
manufacturer’s protocol (Applied Biosystems, USA), and real-time
qPCR was performed with cDNA and TaqMan Fast Universal PCR
Master Mix (2X) (Applied Biosystems, USA). The real-time PCR reac-
tions were carried out with 10 mL of 2x TaqMan Universal PCRMaster
Mix, no AmpErase uracil-N-glycosylase (UNG) (Applied Biosystems,
USA), 5 mL diluted cDNA, and 1 mL of TaqMan gene-specific assay
mix (Applied Biosystems, USA) in a 20-mL final reaction volume. The
reference gene b-actin (ACTB) and the sample genes SIRT1 and
AXIN2 (TaqMan primers, Thermo Fisher Scientific, Sweden) were
selected as controls for normalization of real-timePCR data. Amplifica-
tion was carried out using the CFX Connect System (Bio-Rad, Sweden)
using a 40-cycle program. The CFX Manager software automatically
calculates the raw Ct (cycle threshold) values. Data from samples with
a Ct value equal to or below 30 were analyzed further. Samples were
normalized relative to the endogenous control, and differences in cycle
number thresholds were calculated using the comparative quantitation
2�DDCT method (also called the DDCT method), which is commonly
used for analyzing siRNA-induced gene knockdown efficiency.

The formulas used to calculate gene knockdown were as follows. First,
theDCTwas calculated as themean cycle threshold for the target gene
minus the mean cycle thresholds for the endogenous controls ACTB,
each performed in triplicate: DCT = CT (target gene) – CT (endoge-
nous control). Second, the DDCT was calculated as the DCT of the
target minus the DCT of the negative control (NC): DDCT = DCT
(target) – DCT (NC). Thereafter, the percentage of knockdown of
the target gene was calculated as follows: Fold change = 2�DDCT,
then percentage of knockdown: = 100 * (1-fold change).

Stem-Loop qPCR

For stem-loop qPCR, similar transfection conditions and amounts as
for real-time PCR were used for transfection. After transfection, RNA
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was isolated using the Mirvana miRNA isolation kit (Thermo Fisher
Scientific, Sweden) following the manufacturer’s protocol. Stem-loop
primers were used to make cDNA by using 10 ng of RNA. Stem-loop
primers and qPCR TaqMan primers specific for each strand of miR-
34a and miR-21 (control gene) were custom-ordered (Thermo Fisher
Scientific, Sweden). cDNA synthesis was done in accordance with the
manufacturer’s protocol. Real-time PCR was done in the same
manner as described in the previous section. The SEM of all primer
ratios was used to determine statistical variation. A Student’s t test
was performed to evaluate significance, with p values noted as follows:
*p % 0.05, **p % 0.01, and ***p % 0.001.

Western Blot Assays

Primary antibodies for the miR-34a targets SIRT1 (Santa Cruz
Biotechnology, USA) and AXIN2 (Cell Signaling Technology, USA)
and the control protein glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Cell Signaling Technology, USA), were procured from
Abcam. HCT116 cells were seeded in 6-well plates with 200,000 cells
in 2 mLDMEMper well. Transfection was performed as described for
stem-loop qPCR with 100 nM miRNA, and the cells were incubated
for 72 h for SIRT1 and 96 h for AXIN2. Thereafter, the cells were
washed twice with PBS (Thermo Fisher Scientific, Sweden), and
200 mL lysis buffer (Pierce radioimmunoprecipitation assay [RIPA]
buffer with 1% protease inhibitors; Thermo Fisher Scientific, Sweden)
was added to the wells, followed by scraping using cell scrapers. The
lysates were collected in microcentrifuge tubes, flash-frozen in liquid
nitrogen, and stored at�20�C. Protein concentration was determined
using the Bradford protein assay (Thermo Fisher Scientific, Sweden)
by creating a standard curve of BSA with known concentrations of
protein. The BSA protein was diluted to concentrations ranging
from 0 to 2 mg/mL, and 4 mL of each concentration was incubated
with 100 mL Pierce Coomassie Plus (Bradford) assay reagent (Thermo
Fisher, Sweden) in a 96-well plate at room temperature for 10 min.
Absorbance was measured at 595 nm using a Tecan InfiniteM200mi-
croplate reader (Tecan, Switzerland), and a standard curve with
absorbance as a function of protein concentration was set up using
the data points. The protein samples were centrifuged in a Himac
CT15RE tabletop centrifuge (Hitachi Koki) for 15 min at
15,000 rpm, and absorbance was determined using the method
described for BSA. The protein concentration of the samples was
determined using the linear correlation from the standard curve. To
prepare samples for SDS-PAGE, equal quantities of protein (ranging
between 15–30 mg depending on the lowest protein concentration)
from the samples were mixed with water and loading dye
(4� Laemmli buffer containing 10% b-mercaptoethanol; Bio-Rad,
Sweden) to a total volume of 60 mL in microcentrifuge tubes. The
samples were denatured at 95�C for 5 min and centrifuged briefly.
The Mini-PROTEAN Tetra cell System (Bio-Rad, Sweden) was set
up using Mini-PROTEAN TGX precast gels (Bio-Rad, Sweden).
20 mL of each protein sample was loaded onto the gel. The Tetra
cell system was run at 100 V for approximately 40 min until the pro-
tein bands reach the bottom of the gel. The protein bands were trans-
ferred from the gel onto a polyvinylidene fluoride (PVDF) (Bio-Rad,
Sweden) blot using the Trans-Blot Turbo Transfer System (Bio-Rad,
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Sweden). The blot was incubated in blocking solution (1� PBS with
1% casein; Bio-Rad, Sweden) with gentle rotation at room tempera-
ture for 1 h and cut into two pieces to accommodate incubation
with two different antibodies. The blot pieces were placed in blocking
solution containing primary rabbit antibodies specific to SIRT1 and
AXIN2 diluted 1:100 and GAPDH diluted 1:5,000, respectively, and
incubated for 24 h at 4�C. The next day, the blots were washed in
TBST (1% Tween 1� Tris-buffered saline buffer; Bio-Rad, Sweden)
with gentle rotation for 1 h, changing the buffer every 15 min, fol-
lowed by incubation in secondary goat anti-rabbit antibodies diluted
1:2,000 for SIRT1 and AXIN2 and 1:5,000 for GAPDH for 1 h. Finally,
the blots were incubated in 4 mL visualization solution from Clarity
(Bio-Rad, Sweden) and taken for camera exposure using a Molecular
Imager Gel Doc XR System (Bio-Rad, Sweden). Densitometry of the
bands obtained from visualization of the bands was done by ImageJ.

Flow Cytometry

Different concentrations and time points were tried to arrive at the
concentration and time point that showed the highest difference
among the miRNAs. After testing different concentrations, 25 nM
and 48 h incubation time were selected because they showed a signif-
icant difference. HCT116 and MG63 cells were grown in 12-well
plates with 100,000 cells per well and incubated for 24 h. After 24
h, the cells were transfected with 25 nM miRNA using the conditions
described for stem-loop qPCR and incubated for 48 h at 37�C. The
cells were washed with PBS and detached using 200 mL TrypLE
(Thermo Fisher Scientific, Sweden) for each well. Following the in-
structions of the Annexin V-FITC Apoptosis Staining/Detection Kit
(ab14085, Abcam, USA), cells were resuspended in 500 mL assay
buffer, and 5 mL of Annexin V with the fluorescent dye fluorescein
isothiocyanate (FITC) and 5 mL propidium iodide were added. Cells
were then incubated at room temperature in darkness for 5 min. The
cells were measured using a CytoFLEX S Research Flow Cytometer
(Beckman Coulter, USA) with the flow rate set at medium level.
Gain settings utilized for measurement were as follows: FITC, 10;
phycoerythrin (PE), 10; side scatter or forward scatter, 20. Around
10,000 events were recorded, and the data were analyzed using the
software Kaluza (Beckman Coulter, USA). Single cells were analyzed,
and doublets were excluded by using FSC-A-FSC-H plots. Untreated
cells were used as controls, and all treated cells were compared with
the untreated cells. Percentages of cells with Annexin FITC and pro-
pidium iodide were selected for analysis to determine apoptotic and
necrotic cells.

Invasion Assay

Cells were grown in 12-well plates with 100,000 cells per well and
incubated for 24 h. The next day, cells were transfected with
100 nM miRNA using the conditions described for stem-loop
qPCR and incubated for 24 h at 37�C. Corning BioCoat Matrigel
Invasion Chambers (Corning Life Sciences, USA) were used for the
assays. The inserts were incubated with cell medium for HCT116 cells
without FBS and PeSt in the bottom and the top for 2 h at 37�C and
5% CO2. Further, pre-transfected HCT116 cells were detached from
the cell culture plate with TrypLE (Thermo Fisher Scientific, Sweden)
and counted. Thereafter, 100,000 cells were diluted with medium
without FBS and PeSt and added to the top part of the insert while
medium with FBS and PeSt was added to the bottom part of the insert
and incubated for 48 h. After incubation, the cells in the top part of
the insert were removed, and the cells in the bottom part of the insert
were fixed with methanol for 2 min, stained with 0.2% toluidine blue
in water (Sigma-Aldrich, Sweden) for 10 min, and then washed 4
times with water for 10 min. After washing, the inserts were air-dried,
imaged further, and counted under a microscope (2�).

Statistical Analysis

Student’s t test was used to determine statistical differences between
pairs of groups. p < 0.05 and p < 0.01 (two-sided) was considered sta-
tistically significant. Data were analyzed using the GraphPad Prism
software package (version 7.0).
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