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MicroRNAs (miRs) are a class of endogenously expressed non-
coding RNAs that negatively regulate gene expression within
cells and participate inmaintaining cellular homeostasis. By tar-
geting 30 UTRs of target genes, individual miRs can control a
wide array of gene expressions. Previous research has shed light
upon the fact that aberrantly expressed miRs within cells can
pertain to diseased conditions, such as cancer. Malignancies
caused due to miRs are because of the high expression of onco-
miRs or feeble expression of tumor-suppressing miRs. Studies
have also shown miRs to engage in epithelial to mesenchymal
transition (EMT),which allows cancer cells tobecomemore inva-
sive andmetastasize. miR-21 is an onco-miR highly expressed in
breast cancer cells and targets protein PTEN, which abrogates
EMT. Therefore, we discuss an approach where in-house-devel-
oped peptidic amino sugar molecules have been used to target
pre-miR-21 to inhibit miR-21 biogenesis, and hence antagonize
its tumor-causing effect and inhibit EMT. Our study shows that
small-molecule-based fine-tuning of miR expression can cause
genotypic as well as phenotypic changes and also reinstates the
potential and importance of nucleic acid therapeutics.
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INTRODUCTION
Cancer is a complex disease that can progress to different levels of
severity. The outgrowth of a tumor in the body from one tissue to
another distant tissue occurs by entering into the blood and lymphatic
circulation and marks the most fatal stage of the disease. Mortality
caused due to cancer to date is about 90% around the world,1 and it
is mostly due to the phenomena occurring at the later stages, such
as epithelial to mesenchymal transition (EMT) and metastases.2–4

The understanding of the molecular machinery behind metastases is
very limited and thus leads to a lack of effective therapeutic methods
to intervene. EMT is a process that is also found during embryogen-
esis,5,6 where it gives rise to the diverse organ systems from the
different lineage of cells. In cancer, EMT is a hallmark for the begin-
ning of metastases.7 The primary characteristics of an epithelial cell
are adhesion, attachment to the basement membrane, cell to cell con-
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tact, apicobasal polarity, and innervated, non-vascular nature. Due to
the onset of EMT, a cascade of signaling pathways is triggered that
gives rise to stepwise changes in the epithelial cells that cause loss of
its epithelial characteristics. Upon this transition, the cells acquire la-
mellipodia- and filopodia-like features, which gives them migratory
and motility behavior, which is followed by extravasation and angio-
genesis. The tumor cells enter into the circulatory system and further
spreads to distant sites, giving rise to secondary and tertiary tumors;
pathologically the most chronic state of cancer.4,7,8

The molecular determinants to understand the phenomena of EMT
andmetastases are still under study, but its progression can be triggered
by differential expression of several microRNAs (miRs) in various can-
cers.9,10 For example, low expression of miR-335 andmiR-126 leads to
metastases,11 whereas elevated levels of miR-2112,13 or miR-10b14 have
been reported to cause the same. MicroRNAs are endogenously ex-
pressed within cells and belong to the small non-coding class of
RNA. They are �22 nucleotides in length and affect the stability of
RNAand translation negatively, thereby controlling gene expression.15

The maturation of miR happens in various steps where initially a
several kb long primary transcript (pri-miR) is transcribed from the
DNA by RNA polymerase (Pol) II or Pol III enzyme. The pri-miR is
then processed by Drosha, a nuclear endonuclease to generate the
precursor microRNA (pre-miR) which is around 70–80 bp long. The
pre-miR is exported to the cytoplasm from the nucleus by an Exportin
complex where further trimming happens by the cytoplasmic RNAse
III Dicer to form themature miR sequence of 22–25 bp in size. Mature
miRs are loaded onto the RISC complex by the Ago protein where the
strand selection happens, and when they exhibit their function by
erapy: Nucleic Acids Vol. 27 March 2022 ª 2021 The Authors. 685
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recognizing and binding to the 30 untranslated regions (UTRs) of their
target mRNAs.16 Partial complementarity to the target leads to tran-
scriptional stalling, whereas complete binding causes mRNA degrada-
tion.17 Since thematuremiRs can also imperfectly bind to their targets,
it opens up the possibility of one single miR to regulate multiple
genes.18,19 This ability of the miR to modulate gene expression gives
rise to various clinical conditions when they are aberrantly expressed,
and therefore opens up new avenues for prognosis.

MicroRNA anomalous expression is related to a plethora of diseases,
such as leukemia,20 cardiac hypertrophy,21,22 diabetes,23,24Alz-
heimer’s disease,25,26 and hepatic viral infection.27,28 The expression
of miRs in blood has also been harnessed as a potential biomarker
for diseases.29 Atypical expression of miRs in cancer has also been re-
ported. miRs that target tumor-suppressing genes, and are very highly
expressed in cancer cells are termed as onco-miRs.30–32 While certain
miRs that target the oncogenes which promote cancer, and are lowly
expressed within cells, is known as tumor-suppressing miRs.33–36

miR-21 is one such onco-miR37–39 whose expression levels are very
high in breast cancer cells40 and is known to target proteins, such
as PDCD4,40,41 PTEN,40,42 and Bcl2, all of which have tumor suppres-
sion potential. Out of these targets, loss of function of PTEN is known
to trigger EMT. The EMT is observed by the expression of distinct
cellular markers, such as E-cadherin, N-cadherin, vimentin, Snail,
Slug, and Zeb-1, to name a few.4,6,7,42 Themesenchymal characteristic
of a cell is marked by upregulation of transcription factors, such as
Snail, Slug, and Zeb-1.4,7 Snail is one of the early markers to get ex-
pressed during the onset of EMT by the PI3K/Akt pathway. PTEN
expression impedes the PI3K/Akt pathway.43 miR-21 overexpression
in cancer inhibits PTEN, which is followed by the activation of Snail,
which further initiates a downstream cascade of pathways that deter-
mine mesenchymal transition of a cell through the expression of vi-
mentin. In cancer caused due to miRs, various therapeutic strategies
have been designed. Initial studies involved the administration of
antisense miR complementary to the mature miR sequence to reduce
miR expression levels.44–47 Although the strategy was effective,
certain constraints, such as less stability within the cellular environ-
ment, cellular delivery, and uptake, limited its therapeutic potential.
Furthermore, modified and more stable anti-miRs were also designed
to counter the low stability,48 but the delivery issue remained a hurdle.
Subsequently, small molecules came up as promising candidates for
therapeutic application against miRs involved in cancer.49 Their
easy delivery and uptake with lower diffusion and dissociation rates
within cells gave them an upper hand over antisense miRs. Added ad-
vantages, such as longer stability and minimal toxicity50–52 made
themmore suitable. Small molecules bind to the bulged loop structure
of the pre-miR sequence and competes with Dicer for binding,
thereby hindering it to process the miR into mature form. Our lab,
has developed an in-house library of aminoglycoside conjugates tar-
geting miR-21 where small peptides and aromatic units are conju-
gated to different aminoglycosides. We have reported the synthesis
and RNA binding of a diverse series of aminoglycoside deriva-
tives.48,50,52–63 A number of these studies identified promising RNA
binders where aromatic units were covalently attached to the amino-
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glycoside. Here in this study, we report the comparative cellular
studies of 13 aromatic-neomycin conjugates (Figure 1) identified
via a miR-21 displacement assay using F-neo, a reporter molecule.57

Following the F-neo-based screening of the molecules, they were
further tested in cellulo to evaluate its potential in reducing miR-21
effects. Promising small-molecule candidates that could reduce mir-
21 levels in cellulo were further studied for binding, and were assessed
for their ability to elevate the target protein levels of miR-21. Encour-
aging results from the above led us to study the downstream processes
of the proteins, such as effect on proliferation and migration of the
cells and also EMT. Our study shows that the in-house-developed
molecules can effectively inhibit aberrant expression of miR-21 and
also hinder EMT, thereby acting as a gatekeeper for metastases in can-
cer. The results open a wide door for pharmacologists and clinicians
to explore and harness the potential of such small molecules.

RESULTS
Efficacy of aromatic-neo small molecules in downregulating

miR-21 transcript levels

The advantage of the small molecule toward cancer therapeutics is due
to the ease of its cellular uptake. Treatment of these molecules without
any transfecting agent makes them effective enough within cells. For
aromatic-neo conjugates, they could target miR-21 at its precursor
stage leading to a stall in its maturation. We, therefore, checked for
the mature miR-21 levels within MCF-7 breast cancer cells 48 h
post-treatment of molecules at 5 mM concentration by qRT-PCR.
Neomycin and neomycin TFA along with untreated cells were exper-
imental controls and streptomycin (treated at 5 mM concentration)
and locked nucleic acid (LNA)-modified antimiR-21 (transfected at
50 nM concentration) served as positive controls. We found that
DPA 1171 and DPA 560 were highly effective in curbing miR-21
levels, even more than the positive controls used (as shown in Fig-
ure 2A). For both molecules that effectively suppressed miR-21, we
performed treatment in an increasing concentration gradient to see
their effect on the mature transcript. qRT-PCR was carried out 48 h
post-treatment of DPA 560 and DPA 1171, which indicated a gradual
decrease in miR-21 levels upon the incremental dosage of both mole-
cules (Figures 2B and 2C). In the case of DPA 560, considerable down-
regulation of miR-21 was achieved at 0.5 mM concentration, and a
further gradual decrease was found with each increasing concentra-
tion, showing a maximum effect at 10 mM concentration. The effect
in miR-21 knockdown with DPA 1171 was more prominent at
2.5 mM and was maximally achieved at 10 mM. Depending on the
dose-dependent qRT-PCR analysis, we found DPA 560 to downregu-
late miR-21 more effectively even at lower concentrations, and the
maximum effect obtained was also more than DPA 1171. We further
monitored the effect of DPA 560 on the pre-miR-21 and mature miR-
21 in MCF-7 cells along with, MDA-MB-231 (an invasive breast can-
cer cell line) and HeLa (a cervical cancer cell line) cells via qRT-PCR.
We found no effect on the pre-miR-21 levels, whereas across all the
three cell lines, these molecules could effectively downregulate mature
miR-21 (Figures 2D, S1A, and S1B). Global profiling formiRs was per-
formed in MCF-7 cells upon treatment with the most effective DPA
560 molecule. Expression analysis of 47 differentially expressed



Figure 1. Structures of functionalized neomycin derivatives used in the study
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miRs (Figure S1C) revealed around 25miRs to be downregulated (Fig-
ure S1D). Although the heatmap indicates the extremely high expres-
sion of miR-21 compared with the other represented miRs, DPA 560
at 5 mM concentration was able to knock down its expression without
causing any deleterious effect to the MCF-7 cells. To validate the miR
profiling, we chose two other miRs, miR-96, which shows downregu-
lation, and miR-155 on which DPA 560 did not have any effect, and
checked their expression. qRT-PCR data showed downregulation of
miR-96 upon DPA 560 treatment and non-significant change in its
pre-miR levels. Mature and pre-miR-155 on the other hand showed
inconsistent expression levels upon treatment with DPA 560. When
DPA 560 dose-dependent treatment was administered to cells and
both these miRs were tested, they displayed aberrant expression levels
across all the concentrations, unlikemiR-21 which had downregulated
in a gradient manner upon dose-dependent DPA-560 treatment. We
could therefore conclude that the aromatic-neomycin molecule DPA
560 targets miR-21 at a precursor stage, and inhibit its maturation,
thereby reducing the mature transcript level within cells.

Determination of miR-21 cognate target protein (PTEN and

PDCD4) expression levels after treatment with aromatic-

neomycin molecules

miR-21 is known to target proteins, such as phosphatase and tensin
homolog (PTEN) and Programmed cell death protein 4 (PDCD4).
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Figure 2. Aromatic-neomycin small molecules are effective in downregulating miR-21 transcript levels within cells

(A) Relative expression of miR-21 transcript levels in cells treated with aromatic-neomycin conjugates at 5 mM concentration compared with the control samples chosen,

measured through qRT-PCR. (B) qRT-PCR to check relative miR-21 levels upon dose-dependent treatment of DPA 560 from 0 to 10 mM. (C) qRT-PCR to check relative miR-

21 levels upon dose-dependent treatment of DPA 1171 from 0 to 10 mM. (D) qRT-PCR to check the relative expression of pre-miR-21 comparedwith mature miR-21 inMCF7

cells. (A–D) Samples were normalized to U6 RNA serving as an internal control. The data shown in the figure are representative of three biological replicates with error bars ±

SD. *p < 0.5, **p < 0.005, ***p < 0.001; Student’s t test.
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PTEN and PDCD4 are proteins that both act as tumor suppressors as
they regulate important cellular dynamics, such as apoptosis, prolifer-
ation, migration, and EMT. Due to elevated levels of onco-miR-21,
they get suppressed thereby losing out on their tumor-suppressing ac-
tivity. Treatment with aromatic-neomycin molecules already showed
a reduction in the levels of mature miR-21 within MCF-7 cells and so
we wanted to test whether these molecules were equally capable of re-
flecting this effect at the translational level. Treatment of aromatic-
neomycin molecules at 5 mM concentration was administered to
the cells and similar controls were used as stated in the previous study.
After 48 h of treatment, western blot was performed to study the levels
of both PTEN and PDCD4. For PTEN, DPA 560 and DPA 1171 both
were able to elicit a major upregulation of the protein, with DPA 560
causing a 2-fold increase of PTEN expression relative to untreated
cells (Figures 3A and 3B). Similar results were observed with
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PDCD4 (Figures S2A and S2B). For both the proteins, DPA 1171,
although showing upregulation, the fold change was not as high as
for DPA 560, which indicates that DPA 560 is more potent even at
the translational landscape. To further establish the effect on PTEN
and PDCD4 upregulation, we performed western blot to check both
the protein levels post-DPA 560 treatment in an incremental concen-
tration gradient. We observed PTEN and PDCD4 protein levels grad-
ually went up as the concentration of treatment increased from 0 to
10 mM(Figures 3C 3D, S2C, and S2D).We further validated this effect
on MCF-7 cells after 48 h of DPA 560 treatment by performing qRT-
PCR to check the mRNA levels for PTEN and PDCD4 proteins. We
found that both the transcripts showed an elevated level of 1.5- to 2-
fold expression upon the molecule treatment when compared with
the untreated cells (Figure S2E). Our results at the miR-21 target pro-
tein level and their respective transcriptional level strongly co-relate



Figure 3. Treatment with aromatic-neomycin conjugates upregulates miR-21 target proteins in cellulo

(A) Data represent western blot for PTEN (target protein for miR21). Relative expression levels of PTEN for cells treated with aromatic-neomycin conjugates at 5 mM con-

centration compared with the control samples. The shared conditions between the two sets of blots are represented in bold on the right side of the blots. (B) Quantitative

analysis of the prior blot via ImageJ denotes the most effective molecule to downregulate miR-21, thereby increasing PTEN levels. (C) Relative expression of PTEN protein

represented by western blotting after dose-dependent treatment of DPA 560 from 0 to 10 mM. (D) Quantitative analysis of the prior blot via ImageJ shows an increment in

PTEN protein levels upon an increase in DPA 560 treatment to cells. (A–D) Samples were normalized with the housekeeping gene GAPDH. The data shown in the figure are

representative of three biological replicates with error bars ± SD. *p < 0.5, **p < 0.005, ***p < 0.001; Student’s t test.
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to the observation acquired at the miR level, further validating the
study.

Binding affinity study of aromatic-neomycin conjugate and

miR21

The binding analysis study was performed in Octet RED96 for
selected aromatic-neomycin molecules DPA 560 and DPA 1171,
which were the best hits obtained from previous experiments. Data
obtained from qRT-PCR and western blot assays were further vali-
dated from this binding affinity study, yielding strong support for
the role PAs play in hindering the maturation of miR-21. Binding as-
sociation and dissociation patterns were observed (Figures 4 and S3)
and the KD value obtained for both molecules are tabulated in Table
S1. Both the molecules showed a strong binding and minimal disso-
ciation over the initial two concentrations but, upon increment, in the
concentration, the dissociation fold change for DPA 1171 increased,
as compared with DPA 560, which indicates that DPA 560 could bind
to pre-miR-21 and inhibit the Dicer activity for a longer time. The KD

values as recorded for both molecules were comparable.

Cellular toxicity check of the most potent aromatic-neomycin

molecule DPA 560

Treatment of small molecules can cause cellular toxicity due to the
stress imposed upon cells by foreign material. Therefore, the correct
dosage of treatment should be chosen at which the cells are viable.
Cell viability is the percentage of living cells compared with dead cells
in a particular condition. This was checked for DPA 560 by MTT
assay where the 2.5–25 mM dosage range for treatment of molecules
was chosen across which even the highest concentration showed a
cell viability of �80% and, up to 10 mM of DPA 560 treatment, the
cell viability was �90% (Figure S4). Therefore, this shows that the
molecule used is non-toxic to cells.

Checking potential of aromatic-neomycin conjugate DPA 560 in

checking cellular proliferation

From the previous studies, DPA 560 proved to be a prominent mole-
cule that worked effectively across all the assays and therefore was
further chosen to characterize the downstream effect of the protein
pathways. Cellular proliferation is one of the mechanisms that
PTEN and PDCD4 both regulate. Any aberration within cells when
detected causes cell-cycle arrest and therefore a reduction in prolifer-
ation. Ki-67 is one of the most commonly used markers for prolifer-
ation. We wanted to check the proliferative potential of MCF-7 un-
treated cells in comparison with the DPA 560-treated cells, as well
as in a condition where the miR-21 levels were rescued after treat-
ment. So, we transfected in vitro synthesized pre-miR-21 in the cells
immediately after treatment with DPA 560. To verify whether the
miR-21 expression in the rescue was equivalent to the untreated cells,
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 689
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Figure 4. Binding affinity study of aromatic-neomycin conjugate and miR-

21

Association and dissociation pattern for DPA 560 to pre-miR21 over the concen-

tration range of 8–128 nM of DPA 560.
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we performed qPCR to estimate the pre-miR-21 and miR-21 expres-
sion in untreated, DPA 560-treated, and miR-21 rescue cells. We
found that the transfection of pre-miR-21 in the rescue condition
enhanced its levels within cells to 1.5-fold, because of which the
mature miR-21 levels were equivalent in this condition to that of un-
treated cells, despite the presence of DPA 560 molecules (Figure 5A).
The DPA 560-treated cells showed downregulation of miR-21 and
there was no change in the pre-miR-21 expression (Figure 5A). As
it was now established that miR-21 levels could be rescued within
cells, the immunofluorescence for Ki67 protein was performed for
untreated, DPA 560-treated, andmiR-21 rescue cells. In the untreated
samples, we found bright foci all across the nucleus for Ki67, indi-
cating that the cell was in its proliferative phase (Figures 5B and
5C). A similar effect was seen for cells treated with molecule DPA
503 (Figures 5B and 5C), which did not show any effect in our previ-
ous assays and so was chosen as a negative control. When we treated
the same cells with DPA 560, we found the disappearance of the nu-
clear foci for Ki67, and only a faint outline of the nucleolus was visible
(Figures 5B and 5C), and again when the in vitro synthesized pre-
miR-21 was transfected in the DPA 560-treated cells to rescue
miR-21 levels, they showed the presence of nuclear foci upon immu-
nostaining with Ki67 antibody (Figures 5B and 5C). Also, to validate
the effect of miR-21 downregulation due to DPA 560 treatment,
followed by its rescue, we analyzed the cell cycle for the different con-
ditions: untreated, DPA 560-treated, and miR-21 rescue cells (Fig-
ure S5A). Cells treated with DPA 560 show more populations of cells
arrested at the G1 phase before transitioning to the S phase. This is
due to the upregulation of the miR-21 target proteins PTEN and
PDCD4, which are already reported to play a role in G1-S phase ar-
rest. This effect was again reverted upon rescue of miR-21 levels and
the cell population in each cell-cycle stage was similar to that of the
untreated cells. We could, therefore, infer that DPA 560 is highly
effective in reducing the miR-21 effect on transcriptional and trans-
lational grounds, and the potency is high enough to cause a check
in cancer cell proliferation as well.
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Cell migration and invasion check by aromatic-neomycin

conjugate DPA 560 in breast cancer cell line

A classical characteristic of cancer progression in cells is via cell
migration and invasion. An elevated level of miR-21 is one such factor
that induces this phenomenon. Inhibition of miR21 can reduce the
migratory behavior in cells. To establish DPA 560 as a potent mole-
cule to suppress miR-21 and, thereby, reduce the deleterious down-
stream effects, we performed a wound-healing assay in MCF7 breast
cancer cells. A scratch, made in fully confluent dishes under un-
treated, streptomycin, DPA 560-treated, and miR-21 rescue condi-
tions was monitored at 0, 24, and 48 h. Indeed, the DPA 560-treated
cells did not completely close up the wound in comparison with un-
treated, miR-21 rescue cells, and the streptomycin-treated positive
control (Figure 5D). The same experiment was also performed in
MDA-MB-231 cells, which is a more invasive breast cancer cell
line, where we found the same effect of DPA 560 over untreated
and streptomycin-treated cells up to 48 h (Figure S5B). Quantification
of the wound exposure under all conditions in MCF7 cells revealed
that, up to 48 h, 95% of wound area was still left uncovered in DPA
560-treated cells as compared with 40%–45% in streptomycin-treated
cells, and �20%–25% in untreated and miR-21 rescue cells (Fig-
ure 5D). Similar results were obtained from the quantification of
wound exposure in MDA-MB-231 cells for untreated, and DPA
560- and streptomycin-treated cells (Figure S5C). To consolidate
this finding, we further performed a cell migration assay using trans-
well inserts. The MCF-7 cells in untreated, DPA 560-treated, and
miR-21 rescue conditions were seeded in the transwell chambers,
and after 48 h it was seen that the untreated and miR-21 rescue cells
efficiently migrated across the basement membrane as compared with
DPA 560-treated cells where the action was curbed (Figure 5F).
Migratory cells also possess the ability to invade and penetrate nearby
tissues, thereby colonizing new niches where tumor formation can
take place. To check the invasion potential of MCF-7 cells, we per-
formed an invasion assay in transwell inserts with the polycarbonate
basement membrane, which the untreated and miR-21 rescue cells
could breach, but the action was not prominent in the DPA 560-
treated cells (Figure 5H). A quantitative estimate of the optical density
of the stained migrated or invaded cells was performed. DPA 560-
treated cells reduced up to 50% of both invasion and migration, in
comparison with untreated or miR-21 rescue cells (Figures 5G and
5I). Thus, DPA 560 was quite effective in checking the migration
and invasion potential of the cells by suppressing the miR-21 levels.

Efficacy of DPA 560 in inhibition of EMT phenomena in breast

cancer cells

Metastasis is a process in cancer that happens at a later more progres-
sive stage of the disease. It is due to this phenomenon that primary
tumors enter into the blood circulation and disseminate into second-
ary or tertiary tumors. A major factor that drives this occurrence is
EMT of the cells, where cells lose their adherence property and gain
motility features. Some markers designate the onset of EMT, such
as E-cadherin and vimentin. Multiple proteins are involved in trig-
gering this process one of which is PTEN, which regulates this via
the PI3K/Akt pathway inhibition. PI3K/Akt pathway augments the



Figure 5. Aromatic-neomycin small-molecule DPA 560 curbs cellular proliferation, migration, and invasion in breast cancer cells

(A) qRT-PCR to check the relative expression of mature miR-21 and pre-miR-21 in untreated, DPA 560-treated, andmiR-21 rescue MCF7 cells. Samples were normalized to

U6 RNA serving as an internal control. The data shown in the figure are representative of three biological replicates with error bars ± SD. *p < 0.5, **p < 0.005, ***p < 0.001;

Student’s t test. (B) Representation of Ki67 cell proliferation assay showing foci within the cell nucleus as proof for the cells to be in the proliferative phase. The figure shows

untreated cells, cells treated with DPA 503 (negative control), with DPA 560 (test hit), and cells rescued with miR-21. Scale bars for all the images are shown. The cells were

viewed under 100� magnification (miR-21 rescue cells were imaged under 60� magnification). Magnified boxes from each image show the best-focused cell. (C) Quan-

tification for the images is provided with error bars representing ± SD; *p < 0.05, **p < 0.005, ***p < 0.001; Student’s t test. The data shown in the figure are representative of

three biological replicates. (D) Wound-healing assay performed in MCF7 cells to monitor cell migration ability in untreated, streptomycin-treated, DPA 560-treated, and miR-

(legend continued on next page)
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expression of the Snail transcription factor that negatively regulates
epithelial marker E-cadherin which is a Ca2+-dependent adhesion
protein. miR-21 targets PTEN and suppresses it. This action boosts
the PI3K/Akt pathway thereby promoting Snail followed by the onset
of EMT and metastasis. From our previous assays, it was established
that miR-21-dependent cell migration and invasion is curbed by the
treatment of DPA 560 molecules. To prove its efficacy in inhibiting
EMT, we therefore first checked the effect of DPA 560 treatment
on Snail transcription factor expression by qRT-PCR. Downregula-
tion of Snail after DPA 560 treatment established that PTEN upregu-
lation after miR-21 knockdown might affect EMT status of the breast
cancer cells (Figure 6A). We further validated this by checking the
protein expression of Snail, along with phospho-Akt and pan-Akt.
Western blot data showed significant downregulation in Snail and
phospho-Akt levels while no change in the pan-Akt expression,
thereby indicating the action of the molecules to inhibit EMT via
the Snail-Akt axis (Figures 6B and 6C). We further proceeded to
check the effect of DPA 560 small molecule on EMT markers within
cells and whether it could mitigate cancer progression. E-Cadherin,
which is an epithelial marker, and is useful for establishing cell-cell
contact, was restored in our treated cells when compared with un-
treated cells (Figures 6D and 6E). High fluorescence intensity of E-
cadherin expression localized to the cell membranes was observed
in DPA 560-treated cells, which would facilitate cell-cell contact.
Similarly, vimentin, which is a type III intermediate filament protein
and a mesenchymal marker has low expression in MCF-7 cells but is
seen scattered across the cytoplasm (as it marks the cytoskeleton of
the cells) in the untreated cells (Figure 6F). The expression for this
protein is reduced to more than 50% in DPA 560-treated cells (Fig-
ures 6F and 6G). To capture the effect of EMT more prominently,
we chose a more invasive breast cancer cell line, MDA-MB-231,
and performed immunofluorescence after treatment with DPA 560
for both E-cadherin and vimentin. As MDA-MB-231 is E-cadherin
negative, we could not capture the protein expression in untreated
cells, although, in DPA 560-treated cells, we found a slight increase
in E-cadherin expression within cells (Figures S6A and S6B). Vimen-
tin, on the other hand, has high expression in this cell line and,
compared with untreated cells, we could find a stark reduction in
the protein expression after DPA 560 treatment (Figures S6C and
S6D). The levels of E-cadherin and vimentin were also validated in
the treated and untreated cells via western blotting, in both MCF-7
and MDA-MB-231 cells. E-cadherin showed a reduction in treated
cells in MCF7 (Figures 6H and 6I) and was undetectable in MDA-
MB-231 (Figures S6E and S6F). Vimentin, on the other hand, showed
21 rescue conditions at 0, 24, and 48 h time points. (E) Quantitative analysis for the are

points, analyzed using ImageJ. Error bars represent ± SD; *p < 0.05, **p < 0.005, ***p

biological replicates. (F) Representation of cells in untreated, DPA 560-treated, and mi

imaged under 10� objective. (G) Fold change in the absorbance of the dye at 560 nm, ex

the motility of the cells in untreated, DPA 560-treated, and miR-21-rescued cells. Error

shown in the figure are representative of three biological replicates. (H) Representation o

through the transwell membrane andwere imaged under 10� objective. (I) Fold change in

membrane denoting the comparison in invading potential of the cells in untreated, DPA

0.005, ***p < 0.001; Student’s t test. The data shown in the figure are representative o
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a reduction in both the cells lines in the DPA 560-treated cells (Fig-
ures 6H, 6I, S6E, and S6F). Therefore, our studies reveal that DPA
560 actively represses miR-21 and it strongly affects reversal of
EMT both in MCF7 and MDA-MB-231 cell lines.

DISCUSSION
miRs comprise a major part of non-coding RNAs that is responsible
for controlling �70% of cellular regulation and homeostasis.
Research in the past decade has identified miRs that play a pivotal
and multistep role toward tumor formation and metastases, although
the entire mechanism behind its deregulation is not deciphered yet.
Therefore, miRs are being harnessed for new therapeutic strategies
where specific cancer-causing miRs can be targeted.64,65 Small mole-
cules are one such promising strategy that can decrease oncogenic
miRs. Various research to develop approaches to enhance the speci-
ficity and affinity of these small molecules are being performed. In
our study, we have developed peptide-conjugated amino sugar, which
interacts with miR and regulates its maturation ultimately leading to
inhibition of cancer progression. We have shown how this conjuga-
tion leads to profound changes in downregulating mature miR-21
levels in breast cancer cells. The levels of cognate target protein
(PTEN and PDCD4) for miR-21 were also increased upon treatment
with the most potent small molecule. The molecule also resulted in
the reversal of EMT. This study highlights that the small molecules
binding to miR-21 competitively inhibit Dicer and therefore affect
the overall onco-miR maturation. Such high-throughput screening
of novel synthesized small molecules opens new avenues for more
focused drug design and provides optimistic leads toward cancer
therapeutics.

MATERIALS AND METHODS
F-neo screening

Pre-miR21 50UGUCGGGUAGCUUAUCAGACUGAUGUUGACU
GUUGAAUCUCAUGGCAACACCAGUCGAUGGGCUGUCUGA
CA was ordered from IDT (Coralville, IA). All experiments were per-
formed in 10 mM phosphate buffer supplemented with 25 mM KCl
and 0.05 mM EDTA (pH 6.5). Pre-miRs were slowly annealed using
a heating block. Solutions of pre-miRs in 2� buffer were cooled from
75�C to 25�C at 1�C /min rate. First, the stoichiometry of F-neo bind-
ing to each pre-miR was determined as previously reported by us.52,54

F-neo (100 nM) was titrated with increasing concentrations of pre-
miRs using 96-well plates in triplicate. Plates were scanned using
485 nm excitation wavelength and 525 nm emission wavelength.
The signal was collected on a TECAN M1000Pro plate reader. The
a of the exposed wound under the experimental conditions at 0, 24, and 48 h time

< 0.001; Student’s t test. The data shown in the figure are representative of three

R-21 rescue conditions, which migrated through the transwell chambers and were

tracted from themigratory cells in the transwell chamber denoting the comparison in

bars represent ± SD; *p < 0.05, **p < 0.005, ***p < 0.001; Student’s t test. The data

f cells in untreated, DPA 560-treated, and miR-21 rescue conditions, which invaded

the absorbance of the dye at 560 nm, extracted from the cells invading the transwell

560-treated, and miR-21-rescued cells. Error bars represent ± SD; *p < 0.05, **p <

f three biological replicates.
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emission intensity of F-neo decreases as the concentration of RNA in-
creases. Graphical analysis estimation of binding stoichiometry was
0.132 for pre-miR-21. It corresponds to 7.6 molecules of F-neo for
one molecule of pre-miR-21. The pre-miR:F-neo complex was then
titrated with neomycin or kanamycin to determine their IC50 values.
IC50 is the concentration of a compound at which the intensity of F-
neo emission is half of the maximum value. Pre-miRs were mixed
with 100 nM F-neo at concentrations of 12.5 nM for pre-miR-21.
Neomycin was serially diluted and its concentration varied from
2 mM to 0.9 nM after mixing with pre-miRs. IC50 values were
measured in duplicate. The average IC50 value for neomycin was
42 ± 3 nM and the IC50 for kanamycin was �1,100 nM. Screening
of pre-miR against neomycin conjugates was assessed using competi-
tion fluorescence assay at a single concentration of the added drug, as
previously reported by us. Aromatic-neomycin compounds (peptide-
neomycin library, pyrene, Hoechst, and anthraquinone conjugates) or
neomycin were added at 100 nM concentration to the F-neo:RNA
complex. Each plate contained duplicates of an F-neo:RNA complex
without added compound and an F-neo:RNA complex with added
100 nM neomycin as a reference compound. Pre-miR-21 was mixed
with 100 nM F-neo at 12.5 nM. Pre-miR-27a was mixed with 100 nM
F-neo at 14.3 nM. The chosen ratio of F-neo [pre-miR] is based on
binding stoichiometry. The top 13 compounds that showed the best
binding were then chosen (Figure 1) for further analysis in cells.

Cell culture-treatments and transfections

MCF-7, MDA-MB-231 breast cancer cell line, and HeLa cells were
chosen as the model system for the in cellulo experiments. The
MCF-7 cell lines were purchased from ECACC, while the HeLa and
MDA-MB-231 cells were obtained from the American Type Culture
Collection and were maintained in DMEM (Dulbecco’s modified Ea-
gle’s medium) medium (Gibco) with 10% FBS supplement (Gibco)
and incubated at 37�C in an incubator with 5% CO₂. For experiments
(RT-PCR and western blots) all the molecules (neomycin conjugates
along with streptomycin as a positive control) were treated at a con-
centration of 5 mM. The experimental set had neomycin sulfate and
Figure 6. DPA 560 is effective in the inhibition of EMT in breast cancer cells

(A) qRT-PCR to check the relative expression of Snail transcription factor in untreat

housekeeping gene as an internal control. The data shown in the figure are representative

Student’s t test. (B) Relative expression of proteins represented by western blotting fo

untreated and DPA 560-treated MCF7 cells. (C) Quantification of the prior blot performed

change in the pan-Akt levels. Samples were normalized with the housekeeping gene G

with error bars ±SD. *p < 0.5, **p < 0.005, ***p < 0.001 (Student’s t test) (D) Represen

comparative difference among the untreated cells and cells treated with DPA 560 for the

(E) Quantification of the image (done by ImageJ) has been shown to demonstrate the effe

E-cadherin protein as compared with the control cells. The experiment has been

representing ±SD. *p < 0.05, **p < 0.005, ***p < 0.001 (Student’s t test). (F) Represen

comparative difference among the untreated cells and cells treated with DPA 560 for the

Quantification of the image (done by ImageJ) has been shown to demonstrate the effec

vimentin as compared with the control cells. The experiment has been done in three bio

0.05, **p < 0.005, ***p < 0.001 (Student’s t test). (H) Relative expression of proteins repr

treated MCF7 cells. (I) Quantification of the blot performed by ImageJ to show increase a

the housekeeping gene GAPDH. The data shown in the figure are representative of th

Student’s t test.
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neomycin TFA also as controls. Another positive control used in
the experiments was antisense oligo for miR-21 (LNA), which was
transfected in cells at a concentration of 50 nM. For rescuing the
expression of miR-21, in vitro synthesized pre-miR-21 (with MEGA-
script T7 IVT kit according to the manufacturer’s manual) was trans-
fected at 50 nM concentration. Lipofectamine 2000 (Invitrogen) was
used as a transfection reagent. The transfection was done in 100%
opti-MEMmedia (Gibco) and cells were incubated in it for 4–6 h, af-
ter which the medium was changed to complete DMEM. Cells were
harvested for processing after 48 h for RNA and protein isolation.

RNA isolation, cDNA preparation, and qRT-PCR

After 48 h of treatment and transfection, total RNA isolation was
done using TRIzol reagent from Ambion. DNase treatment was given
to each sample for 30 min at 37�C to avoid DNA contamination. The
enzyme was deactivated at 65�C for 10 min. The RNA acquired was
then poly-adenylated by ATP using poly(A) polymerase and incu-
bated at 37�C for 30 min. Next, to the poly-adenylated RNA, an
oligoDT adaptor was added and incubated at 60�C for 5 min for an-
nealing. After oligoDT annealing, reverse transcription was per-
formed using RevertAid Reverse Transcriptase enzyme (Thermo
Fisher Scientific) and the reaction mixture was incubated at 42�C
for 1 h and enzyme deactivation was done at 95�C for 10 min. After
the cDNAwas prepared, qRT-PCRwas performed for all treated sam-
ples in triplicate. The reaction volume for each well of the 384-well
plate was 15 mL. The mature transcript level of miR-21, miR-96,
and miR-155 were measured using the primers 50-TAGCTTATCA-
GACTGATGTTGA-30, 50-TTTGGCACTAGCACATTTTTGCT-30

and 50-TTAATGCTAATCGTGATAGGGGTT-30 respectively and
as an internal control, U6 RNA transcript levels were measured using
the primer 50-CGCAAGGATGACACGCAAATTC-30. To determine
pre-miR levels within cells, cDNA was synthesized from the total
RNA using stem-loop-specific primers for pre-miR-21, pre-miR-96,
and pre-miR-155 using the QIAGEN cDNA synthesis kit and,
further, their levels were checked by qPCR using the specific miR-
21, miR-96, and miR-155 primers, respectively. For cDNA
ed cells and DPA 560-treated cells. Samples were normalized to the beta-actin

of three biological replicates with error bars ±SD. *p < 0.5, **p < 0.005, ***p < 0.001;

r pan-Akt, phospho-Akt, and Snail, with GAPDH used as a housekeeping gene, in

by ImageJ to show a decrease in Snail and phospho-Akt protein while there was no

APDH. The data shown in the figure are representative of three biological replicates

tation of images for EMT analysis done by immunofluorescence assay showing the

E-cadherin marker in MCF7 cells. The cells were viewed under 100�magnification.

ct of DPA 560 on the inhibition of EMT by an increase in the relative expression of the

done in three biological replicates. Figures for quantification show error bars

tation of images for EMT analysis done by immunofluorescence assay showing the

vimentin marker in MCF7 cells. The cells were viewed under 100�magnification. (G)

t of the DPA 560 on the inhibition of EMT by a decrease in the relative expression of

logical replicates. Figures for quantification show error bars representing ±SD. *p <

esented by western blotting for E-cadherin and vimentin in untreated and DPA 560-

nd decrease in E-cadherin and vimentin, respectively. Samples were normalized with

ree biological replicates with error bars ± SD. *p < 0.5, **p < 0.005, ***p < 0.001;
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preparation for mRNA transcripts, random nonamers were used as
provided in the QIAGEN cDNA synthesis kit. Transcript levels
were determined using SYBR Green Master Mix-SYBR Premix Ex
Taq II (Tli RNase H Plus) (from TaKaRa) in a Light Cycler 480
(Roche) instrument. Fold change analysis was done by the 2�DDCt

method66 across all the samples compared with untreated samples
and internal control.

Small RNA sequencing and analysis

RNA isolated from untreated MCF-7 and DPA 560-treated MCF-7
cells were sequenced for small RNAs in duplicate. NEBNext Multi-
plex Small RNA Library Prep Kit was used to prepare the libraries
for miR sequencing. The NEB adapters in this kit were directly, and
specifically, ligated to miRs. The RNA 30 adapter is specifically modi-
fied to target miRs and other miRs that have a 30 hydroxyl group. The
RT primers are annealed to the 30 adapters to prevent adapter dimer
formation. This is followed by the 50 adapter ligation to the 50-phos-
phate group of the small RNA molecules. Next, the RT reaction was
used to create single-stranded cDNA. The cDNA was then PCR
amplified using a common primer and a primer containing index se-
quences to generate final indexed libraries. These products were then
selected on a gel to yield size-specific (140–160 bp) small RNA library.
Prepared libraries were then sequenced on Illumina NextSeq 500 for
15M 75 bp SE reads. Up to 80% of the sequenced bases were of Q30
value. Sequenced data were processed to generate FASTQ files. Over-
all, 41,407,092 single-end reads were sequenced. The miRDeep2
package was used for 30 adaptor removal, length-based filtering
(minimum 16 nucleotides) followed by read alignment (Bowtie1)
against the human reference genome from Gencode (GRCh38.p13)
and miRBase (v.22). Differential expression analysis was performed
using edgeR with quasi-likelihood F tests. Any miR showing raw
read count <10 were excluded. Heatmap was generated by Bio-
conductor Complex Heatmap package. The sequencing files are sub-
mitted in the Sequence Read Archive database with accession number
PRJNA748015 under submission ID SUB10035940. The table con-
taining information on the 47 differentially expressed miRs is in the
supplemental information, Table S2.

Western blot

After 48 h of treatment/transfection, cellmediumwas removed,washed
withPBS, and then lysed usingCell Lytic lysis buffer (Sigma). The plates
were incubated with the buffer and 1� protease inhibitor cocktail
(Sigma) at 4�C on a rocker for 1–2 h. After incubation, the lysate was
collected and centrifuged at full speed for 5 min to settle the cell debris.
After centrifugation, the supernatant was collected, and protein estima-
tion was done for all samples using a Pierce BCA Protein Assay Kit
(Thermo Fisher). Equal concentrations of protein (40 mg) were
measured for each sample and loaded on a 10% SDS-PAGE gel. After
resolving the protein, they were transferred to a 0.2-mm PVDF mem-
brane (GE Healthcare Life Science) from the gel. As the proteins were
transferred, the blot was cut according to our desired protein size,
and then blocked using 5% BSA (HiMedia). After successful blocking,
the blots were incubated with the desired antibody (PTEN, PDCD4,
pan-Akt, or GAPDH, purchased from Abcam; E-cadherin, vimentin,
Snail, or p-AKT, purchased from CST) overnight at 4�C on a rocker.
After incubation with primary antibody, blots were washed thrice, for
15 min each using 1� TBST. After washing, blots were incubated for
2 h with the respective HRP-conjugated secondary antibodies (anti-
mouse/anti-rabbit). After secondary antibody incubation, a similar
washing step was performed as before. After washing, blots were devel-
oped using EMD Millipore Immobilon Western Chemiluminescent
HRP Substrate (ECL) in a Gel Doc instrument (Syngene). Quantifica-
tion for the blots was done using ImageJ software.

Binding affinity studies

In vitro binding affinity studies were done using the Octet Red system
from Forte Bio. The instrument is known to provide the most reliable
kinetic parameters of binding and dissociation. Biotinylated pre-miR-
21 was ordered from IDT and was immobilized on streptavidin-
coated welled plates. The machine and software are high throughput,
and several analytes across varied concentration ranges can be tested
at one go using the instrument’s 8-channeled plate system. For our
experiment, each well contained a reaction volume of 200 mL. The
pre-miR-21 was immobilized on the plates at a concentration of
25 mg/mL. The test molecules were used over a concentration range
of 8–128 nM. The buffer used for the entire system was 10 mM
HEPES, 50 mM NaCl, and 0.05% Tween 20, which was degassed
and filtered. The regeneration buffer system is comprised of 50 mM
NaOH and 1 M NaCl. The association parameter was set over a
time frame of 5 min followed by a dissociation period of 10 min.

Cell viability assay

For the cell viability test, MTT (dimethyl thiazol diphenyl tetrazolium
bromide) assay was performed. A total of 8,000 cells was plated on a
96-well plate and incubated for 24 h. After incubation, to the adhered
cells, treatment was given for the test molecule and control at the con-
centrations of 0, 2.5, 5, 7.5, and 10 mM. Each concentration for individ-
ualmolecules was tested in triplicate. Incubation of 24 h post-treatment
was carried out and then 20 mL ofmediumwas removed for addition of
20mL ofMTT (Sigma) (0.5mg/mL concentration). AfterMTT applica-
tion, cells were incubated for 4 h at 37�C in the incubator. After 4 h, the
entire medium and MTT were removed and the formation of violet
crystals was visible at the bottom of the wells. The violet crystals were
dissolved using 150 mL of DMSO (Sigma). Absorbance was recorded
using a TECAN plate reader at 570 nM. The percentage of viable cells
was then calculated according to the manufacturer’s recommendation.

Proliferation (Ki67) assay

MCF7 breast cancer cells were seeded at a density of 8 � 10⁴ in a 6-
well plate that already had pre-immersed Corning 22 mm2 coverslips
in each well to which cells had adhered. After adherence of the cells
24 h post-seeding, they were treated with aromatic-neomycin conju-
gates that were identified as hits from the qPCR and western blot ex-
periments, and transfection of pre-miR-21 was also performed to
obtain miR-21 rescue cells. After 48 h of treatment, the cells were
washed with 1� PBS. Cells on the coverslips from the wells were
then fixed using fixation buffer (3% paraformaldehyde, 5 mM
EGTA [pH 8], 1 mM MgCl2) for 10 min. After fixation, cells were
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 695

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
washed with washing buffer (30 mM glycine in PBS, 5 mMEGTA, and
10 mMMgCl2) twice, and then permeabilized using permeabilization
buffer (0.2% Triton X-100 in PBS, 5 mM EGTA, and 10 mM MgCl2).
After permeabilization, a similar washing step was followed. The wells
containing the coverslips with adhered cells were next blocked using
blocking buffer (0.5% BSA in PBS, 5 mM EGTA, 10 mM MgCl2) for
30 min. After blocking was performed the cells were incubated over-
night with primary antibody Ki67 (Abcam), which is a marker for
proliferation, at a dilution of 1:1,000. Cells were washed thrice for
5 min each using blocking buffer post-incubation with primary anti-
body. This was followed by incubation with secondary antibody Alexa
Fluor 488 (Invitrogen) (detected under the FITC filter) at 1:2,000
dilution for 2 h. After incubation with secondary antibody, cells
were washed thrice for 5 min each using blocking buffer.
In each well 600 mL of 1� PBS was added next, in which a drop of
Prolong Gold Antifade Mountant with DAPI (Thermo Fisher) was
added and incubated for 5 min. The coverslips then were mounted
on a glass slide (Corning) and then viewed and analyzed using a
Nikon Eclipse Ti-ε Inverted Microscope system (Epi-TIRF module)
under 100� objective focus. Quantification for the images was done
using ImageJ.

Cell-cycle analysis

Seeding of MCF-7 cells was done on 12-well plates and treatment of
DPA 560 at 5 mM concentration was performed. Transfection of pre-
miR-21 was also performed to obtain miR-21 rescue cells. At 48 h
post-treatment and transfection, the cells were trypsinized, centri-
fuged, and washed with 1� PBS twice. This was followed by cell fix-
ation in 70% ethanol overnight at�20�C. The pellet was resuspended
in 200 mL of 4 mM sodium citrate buffer containing 0.1% Triton X-
100 and RNase A at 100 mg/mL final concentration and incubated
for 2 h at 37�C. Following incubation, cells were stained with propi-
dium iodide at 30 mg/mL concentration and incubated at room tem-
perature in the dark for 15–20min. Cell-cycle analysis was carried out
using a BD LSR flow cytometer.

Wound-healing assay

The wound-healing assay was performed using MCF7 and MDA-
MB-231 breast cancer cells to understand the potential of the aro-
matic-neomycin hit molecules to curb the migration of cells. The cells
were densely seeded in a 12-well plate so that, upon adherence, it
reached full confluency. A vertical and horizontal wound was created
on the plates after cell adherence, using a 200-mL pipette tip. The me-
dium was discarded and the cells were washed thoroughly so that all
non-adhered cells due to wound infliction were cleared off. After
washing, the cells were given streptomycin and DPA 560 treatments
at 5 mM concentration, transfection of pre-miR-21 was performed,
and untreated cells were kept as control. Images were captured at 0,
24, and 48 h post-treatment using the phase-contrast module of an
Evos FL Imaging system with a 4� magnification lens. After
capturing images at each time point, the plates were kept in a humid-
ified incubator at 37�C with 5% CO2. The plates were discarded after
the last time point at 48 h. Quantification of the images was per-
formed using ImageJ software.
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Transwell invasion and migration assay

Invasion and migration assay for MCF-7 breast cancer cells was
done using a CytoSelect cell migration and invasion assay kit
(Cell Biolabs) using the manufacturer’s protocol. In brief, after
24 h of treatment/transfection, the cells were counted and placed
on the transwell inserts at 100 cells/mL in FBS-free DMEM in
complete medium and were allowed to migrate for 24 h at 37�C
in humidified incubators. Non-migratory or non-invading cells
from the top of the inserts were cleaned and the cells that
migrated/invaded through the polycarbonate basement membrane
were fixed, stained, and images were taken using an EVOS FL
microscope under the 10� objective. The stained cells on the
basement membrane were extracted and the optical density was
recorded at 560 nm and quantified.

Assay to detect EMT

To check EMT for the treated and untreated cells, the protocol fol-
lowed was similar to that followed for the proliferation assay, as
described before. Cells were treated with aromatic-neomycin
conjugates that delivered the best results from the assays performed
previously. Untreated cells served as the control. Primary antibodies
E-cadherin and vimentin (from Cell Signaling Technology) were used
as markers for EMT and were used at a ratio of 1:500. The secondary
antibody used was Alexa Fluor 488 (Invitrogen) (visible under the
FITC range) at a 1:1,000 dilution. Quantification for the images was
done using ImageJ.

Statistical methods

The statistical significance analysis for experiments was performed
using Microsoft Office Excel and GraphPad Prism 8.0 across different
replicates. All the data presented are mean ± SD of three independent
biological replicate on which a two-tailed unpaired Student’s t test
was performed. The experiment data were considered significant
with p < 0.05. *p < 0.05, **p < 0.005, and ***p < 0.001. Biological rep-
licates used are similar to what is employed in the field.
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