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Emergingdata show thatmicroRNA193a-3p (miR-193a-3p) has
a suppressive role inmany cancers and is often downregulated in
tumors, as compared to surrounding normal tissues. Therefore,
mimics of miR-193a-3p could be used as an attractive therapeu-
tic approach in oncology. To better understand and document
the molecular mechanism of action of 1B3, a novel synthetic
miRNA-193a-3p mimic, RNA sequencing was performed after
transfection of 1B3 in six different human tumor cell lines.
Genes differentially expressed (DE) in at least three cell lines
weremappedby IngenuityPathwayAnalysis (IPA), and interest-
ingly, these results strongly indicatedupregulationof the tumor-
suppressive phosphatase and tensin homolog (PTEN) pathway,
as well as downregulation of many oncogenic growth factor
signaling pathways. Importantly, although unsurprisingly,
IPA identified miR-193a-3p as a strong upstream regulator of
DE genes in an unbiasedmanner. Furthermore, biological func-
tion analysis pointed to an extensive link of 1B3 with cancer, via
expected effects on tumor cell survival, proliferation, migration,
and cell death. Our data strongly suggest that miR-193a-3p/1B3
is a potent tumor suppressor agent that targets various key onco-
genic pathways across cancer types. Therefore, the introduction
of 1B3 into tumor cells may represent a promising strategy for
cancer treatment.

INTRODUCTION
MicroRNAs (miRNAs) are small noncoding RNA molecules that
post-transcriptionally regulate gene expression by controlling the sta-
bility and translation of mRNAs.1 Individual miRNAs have multiple
mRNA targets, and a single mRNA may be targeted by several
miRNAs.2 Given their critical role in a wide range of cellular pro-
cesses, such as cell proliferation and apoptosis,3 miRNA dysregula-
tion contributes tomany hallmarks of cancer.4 Furthermore, miRNAs
can modulate tumor-modifying extrinsic factors, such as cancer-im-
mune system interactions, stromal cell interactions, and sensitivity to
therapy. Ultimately, it is the balance among these processes that de-
termines whether a miRNA produces a net oncogenic or tumor-sup-
pressive effect. Expression of miRNAs decreases, but does not fully
extinguish, expression of their multiple targets, and such a global
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dampening of biochemical machinery is likely to especially affect
transformed cells, while sparing normal cells.5 Introduction of tu-
mor-suppressive miRNAs into tumor cells is therefore an attractive
approach for cancer treatment that may result in high efficacy and
low drug resistance due to their multi-targeted nature and overlap-
ping downstream effects on cancer cell biology.

Specifically, microRNA (miR)-193a was initially identified in a
high-throughput functional lentivirus-based genomics screen of a
miRNA library in tumor cells.6 Subsequently, the 3p arm of
miR-193a (miR-193a-3p) was demonstrated as the biologically
active entity in tumor cell-based assays. A large body of evidence
in the literature clearly shows that miR-193a-3p is frequently
downregulated in malignant cells, including hepatocellular carci-
noma (HCC),7 non-small cell lung cancer (NSCLC),8 and triple
negative breast cancer (TNBC).9 Significant evidence points to-
ward a strong tumor-suppressive function of miR-193a-3p. In
various cancer types, overexpression of miR-193a-3p in vitro and
in vivo increases apoptosis and decreases cell proliferation and
migration, leading to reduced tumor growth and metastasis.9–13

Furthermore, miR-193a-3p was shown to sensitize HCC cells to
chemotherapy and radiation treatment.14 Based on compelling ev-
idence that miR-193a-3p plays an undisputed role as a tumor sup-
pressor, we set out to develop 1B3 (Figure 1A), which represents a
proprietary, novel, chemically modified miR-193a-3p mimic for
therapeutic intervention in oncology. 1B3 has been fully character-
ized in cell-based assays, showing reduced cell proliferation/
survival, cell cycle arrest, induction of apoptosis, increased cell
senescence, DNA damage, and inhibition of migration.15 Impor-
tantly, 1B3 in a novel lipid nanoparticle-based formulation, INT-
1B3, demonstrated marked anti-tumor activity following systemic
administration in tumor-bearing mice.
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Figure 1. Nucleotide sequences of precursor miR-193a,

miR-193a-3p, and 1B3 and transfection efficiency of 1B3

(A) Nucleotide sequences of precursor miR-193a, miR-193a-3p

(according to miRBase), and 1B3. The seed sequence in the

guide (anti-sense) strand is underlined. The forward qPCR

primer (green) for 1B3 used in stem-loop qRT-PCR also binds to

the endogenous mature miR-193a-3p sequence. (B) Six tumor

cell lines were transfected with 10 nM 1B3 in the presence of

RNAiMAX, and total RNA was harvested after 24 h and 72 h.

RNA samples from three independent experiments were pooled.

The expression levels of 1B3 in samples submitted for RNA

sequencing were analyzed by stem-loop qRT-PCR. Shown are

the cycle threshold (Ct) values.
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As miRNAs have been shown to be able to modulate expression of
several hundreds of genes, the search for targets of miR-193a-3p
has, so far, been dictated by prediction algorithms and validation of
suspected genes of interest. Among the identified putative targets,
KRAS,13 PLAU,16 MCL-1,17 CCND1,5,18 and ERBB411 are the most
experimentally validated, and their downregulation by miR-193a-3p
has been demonstrated at both mRNA and protein levels. Other pub-
lished miR-193a-3p targets with important roles in malignant cell
behavior include S6K2,19 RAB27B,20 and SRSF2.21 Although focused
studies have revealed numerous relevant genes, a comprehensive anal-
ysis of miR-193a-3p targets and consequent molecular mechanism of
action across cancer types is lacking. We therefore performed tran-
scriptome-wide sequencing of six different human tumor cell lines
transfected with 1B3 to identify genes that are directly or indirectly
modulated at the mRNA level. Regulated genes were subsequently
used in an unbiased analysis (Ingenuity Pathway Analysis [IPA]) to
document affected cellular pathways and biological functions.

RESULTS
Transfection of miRNA mimics and controls in different cancer

cells

The stem-loop sequence of miR-193a and the naturally occurringmiR-
193a-3p mature sequence are depicted in Figure 1A. As illustrated, the
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guide (anti-sense) strand of 1B3 is identical to the 3p
strand of the mature miR-193a, which is highly
conserved across species. The passenger (sense) strand
of the mimic has limited oligonucleotide backbone
chemical modifications (20-O-methyl; as shown in
our patent application file22). Besides providing resis-
tance to degradation by endogenous nucleases
in vivo,23,24 20-O-methyl modifications improve anti-
sense strand selection. As demonstrated by chemically
modified small interfering RNA (siRNA) duplexes, 20-
O-methyl modifications avoid sense strand incorpora-
tion into the RNA-induced silencing complex
(RISC).25 Anti-sense specificity of 1B3 is further
ensured by the 30 deoxythymidine (dT) overhang of
the sense strand26 and the lower 50 thermodynamic
stability of the anti-sense strand.27,28
To perform a comprehensive analysis of the targets of 1B3 and its
consequent mode of action, 1B3 was transfected in six different hu-
man cancer cell lines, including melanoma (A2058), NSCLC (A549
and H460), TNBC (BT549), and HCC (Hep3B and Huh7) cell lines.
Expression of 1B3 was assessed in pooled RNA samples of three inde-
pendent replicates using stem-loop qRT-PCR . Low endogenous
levels (high cycle threshold [Ct]) of miR-193a-3p were detected in
all cell lines (Figure 1B). After transfection with 1B3, samples had,
on average, a 10-Ct difference compared to mock at 24 h post-trans-
fection, indicative of a �1,000-fold higher 1B3 expression as
compared to endogenous miR-193a-3p. At 72 h post-transfection,
the average difference compared to mock at the same time point
was, on average, 8 Ct, pointing at the long-term sustained presence
of 1B3 in cells upon transfection and limited degradation. Pooled
RNA samples of three independent replicates of each time point
were subsequently analyzed by RNA sequencing. Adequate sample
pooling has been shown to sufficiently control biological variation
and to enable reliable exploratory analysis.29,30

In parallel to exploration of the effects of 1B3 on gene expression, two
miRNA controls were also included in the RNA sequencing experi-
ment. 1K1 is a miRNA similar to 1B3, except for three point muta-
tions in the seed sequence leading to a theoretical 1B3 “dead mutant”



Figure 2. Gene-expression regulation by 1B3 in

individual cell lines

(A) Numbers of differentially expressed (DE) genes that

are downregulated (estimated expression 1B3/estimated

expression mock < 1) and upregulated (estimated expres-

sion 1B3/estimated expression mock > 1) 24 h and 72 h

after transfection with 10 nM 1B3 in each cell line are shown

as compared to mock-transfection conditions. The number

of downregulated genes that are predicted miR-193a-3p

targets is also indicated. (B) Heatmaps showing differential

gene expression induced by 1B3 per cell line at 24 h and

72 h post-transfection. All DE genes are on the y axis and on

the same row across all cell lines and both time points (due

to the long list, gene names are not shown). Green means

downregulated, and red means upregulated genes. Gray

means no observed change in gene expression.
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(Figure S1A). 3A1 is based on a commercially available random
sequence miRNA that has been validated to not produce identifiable
biological effects on known mRNA functions. Transfection efficiency
of these controls was similar among all cell lines (Figure S1B).

Transcriptome-wide analysis of gene expression upon

transfection with 1B3

To investigate the transcriptome-wide effect of 1B3, RNA samples were
sequenced at two time points after transfection: 24 h to characterize
direct targets of 1B3 and initial changes in cell signaling and 72 h to
determine consequent differential gene expression and later functional
effects following initial 1B3-induced gene-expression modulation. The
DESeq analysis was not based on replicates but on a mean-variance
relationship by treating the two samples as if they were replicates.31 Sin-
gle replicate differential gene-expression analysis can therefore only be
used to compare between experimental conditions, not between cell
lines; hence, all comparisons were done between transfected (1B3)
and nontransfected (mock) samples. The estimated expression in the
1B3 samplewasdividedby the estimated expression in themock sample
to determine the extent of gene down- or upregulation (fold change < 1
or > 1, respectively). Because the p value generated by DESeq is related
to the fold change and the estimated gene expression, we chose p <0.05
as an arbitrary cutoff for differential expression. As anticipated from
literature data on miRNA properties, at 24 h post-transfection, 1B3
affected the expression of several hundred genes in each tumor cell
line,most ofwhichweredownregulated, consistentwith expecteddirect
Molecular Th
effects of the miRNA on target mRNA downregu-
lation (Figure 2A). Furthermore, around 50% of
genes downregulated by 1B3 were predicted miR-
193a-3p targets.

The heatmap presented in Figure 2B visualizes
the 1B3-induced gene-expression profile at 24 h
and 72 h and the overlap between the tested tu-
mor cell lines, where each row corresponds to a
certain gene that is differentially expressed
(DE). In line with cell line-specific effects of miR-
NAs,32 each cell line had a proportion of DE genes that did not over-
lap with the other cell lines. The DE genes that were common between
the cell lines and between 24 h and 72 h were mostly regulated in the
same direction. At 72 h post-transfection with 1B3, the pattern of
gene expression changed drastically from the profile at 24 h in all
cell lines. A greater proportion of genes was upregulated as compared
to 24 h, and fewer genes were predicted miR-193a-3p targets, on
average 30%, reflecting downstream effects triggered by the initial
(24 h) gene-expression modulation (Figure 2A).

DE gene lists from each cell line at 24 h post-transfection were used as
input for IPA software, which importantly, identified miR-193a-3p as
a very significant upstream regulator in all cell lines (p = 4.4 � 10�6,
z = 2.382, on average), based on the observed gene-expression
changes in the datasets, independently validating 1B3 as a biologically
active miR-193a-3p mimic.

Modulation of gene expression by “negative” miRNA controls

Similarly, gene-expression modulation induced by the negative
miRNA controls, 1K1 and 3A1, upon transfection in the same
panel of selected tumor cell lines, as compared to mock, was
analyzed by RNA sequencing (at 24 h post-transfection). Surpris-
ingly, both 1K1 and 3A1 affected several hundred genes in all tu-
mor cell lines, although only few downregulated genes (<18%)
were predicted miR-193a-3p targets (Table S1). The number of
overlapping genes between 1K1 and 3A1 was minimal (data not
erapy: Nucleic Acids Vol. 23 March 2021 1163
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Figure 3. Gene-expression regulation by 1B3 in

multiple cell lines

(A) Numbers of DE genes that are downregulated (esti-

mated expression 1B3/estimated expression mock < 1)

and upregulated (estimated expression 1B3/estimated

expression mock > 1) 24 h and 72 h after transfection with

10 nM 1B3 in multiple (up to six) tumor cell lines are shown

as compared to mock-transfection conditions. The number

of downregulated genes that are predicted miR-193a-3p

targets is also indicated. (B) Volcano plots show genes

DE in at least three cell lines (blue) in the population of all

DE genes in at least one cell line (black). (C) Venn diagram

demonstrating DE genes common among at least three

cell lines. Downward arrow indicates downregulation

(average estimated expression 1B3/estimated expression

mock < 1), and upward arrow indicates upregulation

(average estimated expression 1B3/estimated expression

mock > 1).
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shown), which excludes large general effects on gene-expression
modulation due to the transfection procedure or exogenous oligo-
nucleotide introduction. As expected, only a small number of DE
genes by 1B3 overlapped with those affected by miRNA controls,
1K1 (<8%) and 3A1 (<7%), as compared to mock (Table S1), high-
lighting the sequence-specific effect of 1B3 on gene-expression
modulation.

Unsurprisingly, DE gene analysis of 1B3 versus either miRNA control
(estimated expression in the 1B3 sample divided by the estimated
expression in the 1K1 or 3A1 sample) resulted in gene profiles that
were not in line with the expected direct effect of 1B3 on mRNA tar-
gets, showing only a minority of predicted miR-193a-3p targets and
more upregulated than downregulated genes (Figure S1C). Moreover,
these gene profiles had, on average, only 22% overlap with the 1B3/
mock DE profile (Figure S1D), and therefore, as expected, IPA did
not predict miR-193a-3p as a positive upstream regulator when the
1164 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
DE gene-expression profile was based on 1B3
versus 3A1 or 1K1 (data not shown).

Therefore, it was concluded that comparing the
gene profile induced by 1B3 tomock transfection,
rather than to a negative miRNA control, was
more suitable and reliable for correct differential
gene-expression analysis.

Cancer gene-expression modulation by 1B3

To further increase stringency and find 1B3 tar-
gets that are common across cancer cell types,
lists of genes were made that were DE in multiple
tumor cell lines at each time point. Narrowing
down to genes regulated in more than one cell
line may also filter out cell line-specific effects
on endogenous miRNA activity, as well as
mRNA expression changes that can occur due
to competition for intracellular small RNA processing machinery.33

The 24-h samples contained more predicted miR-193a-3p targets
common to multiple cell lines than the 72-h samples (Figure 3A).
In addition, the more cell lines considered, the larger the proportion
of predicted miR-193a-3p targets. 1B3 led to 141 DE genes in all six
tumor cell lines at 24 h (Table S2), of which all were downregulated,
and 110 genes (78%) were predicted miR-193a-3p targets. Many of
these genes, including STMN1,34 CCND1,5 and KRAS,13 have impor-
tant described roles in cancer, such as regulation of cell proliferation,
migration, and apoptosis.

Because our objective was to further document and refine the mode of
action of 1B3 across cancer types, significantly DE genes, common to
at least three cell lines at 24 h (Table S3) and 72 h (Table S4), were
used as IPA input. This reduced cell-type-specific genes and yielded
adequate gene numbers to be used in subsequent pathway analyses.
Volcano plots visualize these genes for each time point within the
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whole population of DE genes (Figure 3B). All genes were DE at least
1.3-fold and were evenly distributed among the different cell lines
(Figure S2A). Fewer genes were DE in at least three cell lines at
72 h (357 genes) compared to 24 h (516 genes), likely due to more
cell line-specific events secondary to 1B3 target downregulation at
the later time point. Almost one-third of DE genes overlapped be-
tween the two time points, most of which were downregulated by
1B3 (Figure 3C).

Similar IPA input lists of DE genes common to at least three cell lines
(24 h only) were also created for 1K1 (Table S5) and 3A1 (Table S6).
These were compared to the IPA input list of 1B3 to rule out the pos-
sibility that the DE genes were due to nonspecific effects of each
miRNA. This result showed that less than 10% of genes overlapped
between 1B3 and 1K1, or between 1B3 and 3A1, and only three genes
were DE in at least three cell lines by all three miRNAs (Figure S2B).

1B3 activates the phosphatase and tensin homolog (PTEN)

signaling pathway

IPA was used to uncover the significance of the RNA sequencing data
and to characterize 1B3-regulated genes within the context of cellular
and biological systems. For each time point, a positive or negative
expression fold change was assigned to every gene that was DE in at
least 3 tumor cell lines, based on its average fold change (estimated
expression 1B3/mock). Hence, 515 genes at 24 h and 357 genes at
72 h were consistently down- or upregulated. These gene lists served
as input for IPA to find 1B3-regulated mechanisms that are common
across cancer types. Data were overlaid onto a global molecular map
developed from information contained in the IPA knowledge database.

Next, canonical pathways affected by the 1B3-induced differential gene
expressionwere predicted. Statistics were based on the number of genes
involved in a defined pathway in the IPA libraries that were up- or
downregulated genes in the dataset. By far, the most significantly en-
riched pathway at 24 h was PTEN signaling (p = 6.2� 10�7; Figure 4A;
Table S7), which was predicted to be activated (z = 2.309). Themajority
of other significantly regulated pathways were predicted to be inhibited,
including neuregulin signaling (p = 6.7� 10�6, z =�2.333) and hepa-
tocyte growth factor (HGF) signaling (p = 1.6� 10�5, z =�3.162). The
pathway, “molecular mechanisms of cancer,” was identified without
directionality (p = 9.1 � 10�6, no Z score). Importantly, PTEN
signaling remained significantly activated up to 72 h (p = 4 � 10�4,
z = 1.633), alongside multiple inhibited pathways involved in cell cycle
control and oncogenesis. PTEN signaling is known to play major roles
in suppressing tumors and is frequently inhibited in malignant cells.35

Key genes in this pathway that were downregulated by 1B3 are high-
lighted in Figure 4B.

For confirmation of this result and to gain statistical power, we addi-
tionally analyzed the transcriptome data using multiple replicate
testing, whereby all six 1B3-transfected cell lines were compared to
all corresponding mock-treated cell lines per time point, while con-
trolling for the effect of the cell lines using linear modeling, as imple-
mented in DESeq2.36 In the resulting dataset, 547 genes were signif-
icantly DE (adjusted p < 0.05) by at least 1.5-fold compared to mock
(477 down, 70 up) at 24 h post-transfection (Figure S3A; Table S8).
IPA predicted, identically to the earlier analysis, that PTEN signaling
was the top significant pathway and strongly activated (p = 5.5 �
10�6, z = 2.111) in the 1B3-transfected cells (Figure S3B). Also, simi-
larly, the pathway, "molecular mechanisms of cancer," was enriched
(p = 8.70964 � 10�5, no Z score), and other identified pathways
were all downregulated.

To experimentally demonstrate that 1B3 activates the PTEN
pathway and to further validate the results obtained from the RNA
sequencing and the IPA, we examined the protein level of selected
miR-193a-3p targets involved in the PTEN pathway. Western blot-
ting was performed on lysates of multiple cell lines transfected
with 1B3 or 3A1 for 72 h, and results were quantified by densitom-
etry (Table S9). In all tested cell lines, protein downregulation of
PTK2 and PIK3R1 was observed in the 1B3 sample compared to
mock and 3A1 (Figure 4C). TGFBR3 was also downregulated by
1B3 in cell lines where a constitutive expression level could be
observed (A2058, A549, BT549, and H460). RPS6KB2 was reduced
by 1B3 in A2058, H460, and HUH7. PDPK1 was downregulated
in all cell lines except BT549. In addition to target protein level,
we analyzed the activation status of AKT, a critical downstream
effector in the PTEN pathway. The phosphorylation level of AKT
was decreased by 1B3 in A2058, A549, H460, and HUH7 (Figure 4D).
Hence, in line with the RNA sequencing and IPA results, 1B3 was
demonstrated to activate the PTEN pathway through direct down-
regulation and indirect inhibition of key signaling proteins in cell-
based assays.

Similar analyses using IPAwere performed to identify affected canon-
ical pathways in the dataset of genes that were DE by the miRNA con-
trols compared to mock in at least three cell lines at 24 h (Figures S4A
and S4B). 1K1 regulated pathways with much lower significance and
directionality as opposed to 1B3. IPAwas unable to definemeaningful
pathway regulation by 3A1 despite significant differential expression
of hundreds of genes. Importantly, few pathways regulated by 1K1
and 3A1 were in common with 1B3, and different DE genes partici-
pated in these pathways (Table S10). Consistently, IPA identified a
very distinct set of pathways for 1B3 when we uploaded the DE
gene dataset in which the expression profile of either miRNA control
served as baseline for 1B3 (data not shown).

Tumor suppressor functions of 1B3

Subsequently, IPA software was used to predict downstream biolog-
ical effects of the observed gene-expression changes 72 h after trans-
fection. Out of the 100 most significant biological functions that were
affected by 1B3, those that were inhibited (z <�2) were related to cell
survival, proliferation, migration, or cancer, and those that were acti-
vated (z > 2) were related to (tumor) cell death (Figure 5A). Finally,
we categorized the top 100 biological functions (all p < 0.00001) regu-
lated by 1B3 and made a ranking based on the number of functions in
each category. The great majority of affected biological functions be-
longed to the category “cancer” (Figure 5B). Categories related to
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1165
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Figure 4. PTEN pathway activation by 1B3

(A) Canonical pathways regulated by 1B3 at 24 h (p < 0.01) according to IPA. Directionality is indicated by Z score (<�2: inhibition; >2: activation). The significance threshold

for multiple testing is indicated by a black dotted line. (B) Diagram showing mRNA targets of 1B3 in the PTEN pathway. Genes highlighted in green were downregulated by

1B3 at 24 h in at least three cell lines. (C and D) Indicated human tumor cells were transfected with 10 nM of either 3A1 or 1B3 in the presence of RNAiMAX and lysed after

72 h. Clarified whole-cell lysates were immunoblotted for PTK2, RPS6KB2, PIK3R1, TGFBR3, and PDPK1 (C). TGFBR3 could not be detected in HEP3B and HUH7.

Additionally, samples were immunoblotted for pSer473 AKT and AKT total protein (D). Vinculin served as a loading control. Green boxes highlight observed protein

downregulation as measured by densitometry.
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survival, cell proliferation, cell cycle, and cell movement were also
prominent.

DISCUSSION
This manuscript is the first to dissect and document the mode of ac-
tion of 1B3, a novel miR-193a-3pmimic, in a variety of cancer cells via
1166 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
an unbiased transcriptome-wide analysis. We examined the differen-
tial gene-expression profiles resulting from transfection with 1B3 in
six different human tumor cell lines from various cancer types in
comparison to mock-transfection experimental conditions. DE gene
lists were then entered into IPA software to characterize affected
cellular pathways and biological functions. In accordance with



Figure 5. Biological functions affected by 1B3

(A) The top 100 biological functions (ranked by p value) affected by 1B3, according to IPA at 72 h, were filtered for functions relevant to tumor cells. Shown are functions with

Z score < �2 and > 2. All p values are smaller than 0.00001. (B) Categories of top 100 biological functions (all p < 0.00001) regulated by 1B3 were ranked based on the

number of functions in each category.
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literature data demonstrating that an individual miRNA can recog-
nize several hundreds of mRNAs,37–41 our data show that 24 h
post-transfection with 1B3, 515 genes were DE in at least three cell
lines, underlining the multi-targeted feature of miRNAs. At this
time point, which is more relevant for identification of direct interac-
tions with the transcriptome, genes were mainly downregulated,
consistent with the expected direct primary effect of miRNAs on
target mRNA downregulation. 1B3 regulated 141 genes common to
all tested tumor cell lines, as well as many cell line-specific genes, in
line with known miRNA function.32 At 72 h post-transfection, the
pattern of gene-expression modulation drastically changed from the
profile at 24 h in all cell lines, and a greater proportion of gene upre-
gulation was observed, reflecting consequent gene-expression modu-
lation triggered by the initial wave of gene downregulation. Many
1B3-regulated genes were components of growth factor signaling
pathways and cell cycle machinery, which induce cellular prolifera-
tion and tumor progression.

IPA predicted miR-193a-3p as a very significant upstream regulator
of the gene-expression changes in all six tested cancer cell lines
and confirmed the link between 1B3 and cancer-related biology.
Unbiased analysis clearly identified 1B3 as a strong activator
of the tumor-suppressive PTEN pathway, which antagonizes the
proto-oncogenic phosphoinositide 3-kinase (PI3K)-AKT signaling
pathway, thereby governing fundamental cellular processes. The
downregulation of multiple PTEN pathway proteins and decrease
in AKT phosphorylation because of 1B3 transfection were
confirmed by western blotting. PTEN is one of the most commonly
lost tumor suppressors in human cancer,42,43 and even small
changes in PTEN activity affect susceptibility and prognosis in a
range of highly aggressive malignancies. Furthermore, since activa-
tion of AKT impairs apoptosis and stimulates cell cycle progression,
phosphorylation of Ser473 AKT can predict poor clinical outcome
in several cancers.44–46 Thus, the reactivation of the PTEN signaling
pathway and suppression of AKT phosphorylation could potentially
represent an effective therapy against cancer.47,48 Very much in line
with the mode of action uncovered by this RNA sequencing study,
we fully characterized 1B3 as a potent and safe tumor suppressor in
cell-based assays as well as animal models.55

Surprisingly, similar evaluation of the control oligonucleotides 1K1
(mutated 1B3) and 3A1 (unrelated miRNA) also revealed extensive
mRNA downregulation, despite the absence of a physiological seed
sequence. However, target overlap among 1B3, 3A1, and 1K1 was
very limited, clearly suggesting distinct molecular mechanisms of ac-
tion. This also suggests that gene dysregulation by endogenous miR-
NAs as a side effect of overexpression of exogenous miRNA mimics
was minimal.49 A classic way to generate negative controls for small
RNAs is to randomize their nucleotides to control for effects that
are not sequence-specific but are instead due to the physiochemical
properties of the molecules, such as charge.50 CG-rich molecules,
for example, have been shown to have nonspecific anti-tumor effects
in vivo by inducing an interferon response.51 It is important to note,
however, that these negative controls also have their own sequence-
specific effects that lead to changes in cellular pathways, as demon-
strated by our IPA results, although the direction of regulation was
often undetermined. Given the lack of endogenous functions of
such miRNAs that do not exist in nature, their effects can be very
cell-type dependent and hence, unpredictable. In addition, because
of the lack of strong direct targets, the effect of any endogenous
miRNA repression due to competition for intracellular small RNA
processing machinery33 may be over-represented. Furthermore, we
have shown that calculating differential expression of a bona fide
miRNA using control oligonucleotide data as baseline, an approach
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1167
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that is often used, may lead to skewed DE gene profiles that are not in
line with true miRNA function. Therefore, negative miRNA controls
should be used with caution in such studies and possibly even in
experimental tumor models, as biological responses to random mod-
ifications of gene-expression profiles may have a significant and
confusing impact in these settings.

In conclusion, RNA sequencing after transient transfection of a panel
of six human tumor cell lines indicated a clear sequence-specific dif-
ferential effect of 1B3 as compared to either mock-transfection con-
ditions or selected miRNA controls, and IPA demonstrated that
1B3 regulates a wide range of cellular pathways contributing to
and/or cooperating with effective tumor suppression. Therefore,
based on the significant number of modulated genes and biological
links to “hallmarks of cancer,” the introduction of 1B3 into cancer
cells represents a promising novel treatment modality in oncology
as a single agent or in combination with standard of care.

MATERIALS AND METHODS
Oligonucleotides

The miR-193a-3p mimic, 1B3, and control oligonucleotides, 1K1
(mutated 1B3; point mutations in the seed sequence) and 3A1 (unre-
lated miRNA; based on Thermo Fisher Scientific; #4464058), were
manufactured by BioSpring (Frankfurt am Main, Germany). The
nucleotide sequences are as follows (with limited 20-O-methyl nucle-
otide modifications on the passenger strand; as shown in our patent
application file22):

1B3 passenger (sense) strand: (05)-UGGGACUUUGUAGGCCA-
GUUTT-(03)

1B3 guide (anti-sense) strand: (50)-AACUGGCCUACAAA-
GUCCCAGU-(30)

1K1 passenger (sense) strand: (05)-UGGGACUUUGUAGCCGA-
CUUTT-(03)

1K1 guide (anti-sense) strand: (50)-AAGUCGGCUACAAA-
GUCCCAGU-(30)

3A1 passenger (sense) strand: (05)-UAACGACGCGACGAC-
GUAATT-(03)

3A1 guide (anti-sense) strand: (50)-UUACGUCGUCGCGUC-
GUUATT-(30)

Cell culture, transfection, and sample preparation

The human cell lines A2058 (melanoma), A549 (NSCLC), BT549
(TNBC), H460 (NSCLC), and Hep3B (HCC) were purchased from
ATTC. The human cell line Huh7 (HCC) was obtained from the Jap-
anese Cancer Research Resources Bank (JCRB). All cell lines were
cultured at 37�C in a 5% CO2 humidified incubator and in cell culture
media recommended by suppliers. For RNA isolation, cells were
seeded at 80% confluency into 6-well cell-culture plates, 24 h before
mock transfection or Thermo Fisher Scientific Lipofectamine RNAi-
MAX-assisted transfection with 10 nM of 1B3, 1K1, or 3A1. Transfec-
tion media were aspirated at 24 h (mock, 1B3, 3A1, 1K1) and 72 h
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(mock, 1B3) post-transfection, and culture plates were stored at
�80�C. For protein isolation, cells were seeded into 6-well plates at
25% confluency before mock transfection or transfection with either
10 nM of 1B3 or 3A1 using RNAiMAX. Media were aspirated 72 h
after transfection, and plates were stored at �80�C. Three indepen-
dent replicate transfection experiments were performed for each
cell line.

RNA isolation

TRIzol Reagent was added onto transfected cells that were stored
at�80�C, and total RNAs were isolated according to the instructions
of the miRNeasy Mini kit (QIAGEN). The procedure included on-
column DNase treatment. RNA concentration was measured on
NanodropOne. For RNA sequencing, 150 ng RNA from each inde-
pendent replicate was pooled.

Protein isolation and western blotting

Radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl,
pH 8, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1%
SDS, 0.5 mM EDTA), supplemented with protease and phosphatase
inhibitor cocktails, was added onto transfected cells stored at
�80�C. Lysates were centrifugated at 15,000 � g for 1 h at 4�C
and clarified by removing the cell debris pellet. Protein concentra-
tion was determined using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). Samples were separated at 120 V by
polyacrylamide gel electrophoresis under denaturing conditions
(SDS) on Mini-PROTEAN TGX Stain-Free Precast Gels (Bio-
Rad). Proteins were transferred at 200 mA for 2 h to polyvinylidene
difluoride (PVDF) membranes in transfer buffer (25 mM Tris,
192 mM glycine, 20% methanol, pH 8.3). The membranes were
blocked using 5% milk or 5% BSA in Tris-buffered saline with
Tween (20 mM Tris, pH 7.6, 137 mM NaCl, 0.1% Tween). Blots
were probed with primary and horseradish peroxidase-conjugated
secondary antibodies (Table S11). Proteins were detected using
enhanced chemiluminescence (ECL) reagents. Membranes were
stripped by incubation in stripping buffer (62.5 mM Tris, pH 6.8,
2% SDS, 100 mM 2-mercaptoethanol) for 30 min at 50�C and
reprobed as appropriate. Band intensities were quantified by densi-
tometry using ImageJ software.

Stem-loop quantitative real-time PCR

Isolated RNA was reverse transcribed (RT) using stem-loop RT
primers (IDT) to amplify specific miRNAs. Subsequently, quantita-
tive real-time PCR was performed using SYBR Green (Bio-Rad).
The primer sequences used in this study are provided in Table S11.
The forward qPCR primer for 1B3 guide strand also binds to the
endogenous mature miR-193a-3p sequence, leading to parallel detec-
tion and quantification of both sequences.

RNA sequencing

RNA samples (450 ng) were sent to and processed by GenomeScan
BV (Leiden, the Netherlands). Briefly, the NEBNext Ultra II Direc-
tional RNA Library Prep Kit for Illumina was used to isolate
mRNA from total RNA, followed by mRNA fragmentation and
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cDNA synthesis. This was used for ligation with the sequencing
adapters and PCR amplification of the resulting product. Samples
were sequenced using next-generation RNA Sequencing (Illumina
HiSeq 4000/NovaSeq 6000). The data processing workflow included
raw data quality control, adaptor trimming, and alignment of short
reads. The reference GRCh37.75.dna.primary_assembly was used
for alignment of the reads for each sample. Based on the mapped lo-
cations in the alignment file, the frequency of how often a read was
mapped on a transcript was determined (feature counting). The
counts were saved to count files, which served as input for down-
stream RNA sequencing differential expression analysis.

RNA sequencing data analysis

Differential gene-expression analysis was performed on the short-
read dataset by GenomeScan BV. The read counts were loaded into
the DESeq package version (v.)1.30.0, a statistical package within
the R platform v.3.4.4. DESeq was specifically developed to find DE
genes between two conditions at the same time point (mock versus
transfected with 1B3/3A1/1K1) for RNA sequencing data with small
sample size and overdispersion.31 The DESeq algorithm performs an
internal normalization to account for sequencing depth and RNA
composition. In brief, the raw counts are divided by sample-specific
size factors determined by the median ratio of gene counts relative
to the geometric mean per gene. To calculate p values in the absence
of replicates, DESeq performs a binominal distribution test per gene,
whereby the average gene spread is based on the transfected sample
and the mock sample. Because the p value is related to the estimated
gene expression and the fold change, which represents the gene
expression in the transfected sample as compared to themock sample,
genes were selected for subsequent analysis based on the arbitrary cut-
off p < 0.05. Furthermore, a minority of genes inf which expression
was absent in mock samples (estimated expression = 0) were excluded
from further analyses.

An additional analysis of the raw counts was done using the DESeq2
package36 by Single Cell Discoveries BV (Utrecht, the Netherlands).
The six cell lines were grouped and considered replicates of each other
to compare the gene-expression profiles between 1B3 and mock,
while controlling for the cell-line effect using linear modeling.
Furthermore, a fold-change threshold of 1.5� was specified. p values
were adjusted for multiple testing with the Benjamini-Hochberg
method.

Target prediction and pathway analysis

For miR-193a-3p target prediction, three online tools were
used: TargetScan 7.2,52 MiRDB,53 and MicroT-CDS/Diana.54 Genes
were considered a predicted target if they were listed as the target
in at least one of the databases. For pathway analysis, lists of genes
that were DE in at least three cell lines were uploaded and
analyzed using IPA software55 (https://digitalinsights.qiagen.com/
products-overview/discovery-insights-portfolio/analysis-and-visualization/
qiagen-ipa, QIAGEN), which computes two statistical measures.
The overlap p value is calculated using Fisher’s exact test and com-
pares the significant DE genes in the dataset versus those known to
be part of a pathway. The threshold of significance for multiple
testing is indicated on the graphs. The Z score provides a prediction
of the directional effect. A positive Z score means activation,
whereas a negative Z score means inhibition. IPA considers p
<0.01 significant and z >2 or <�2 indicative of a clear directionality.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtn.2021.01.020.
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