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shRNA-mediated strategy of miRNA overexpression based on RNA Polymerase III (Pol III) expression cassettes is
widely used for miRNA functional studies. For some miRNAs, e.g., encoded in the genome as a part of a poly-
cistronic miRNA cluster, it is most likely the only way for their individual stable overexpression. Here we have
revealed that expression of miRNAs longer than 19 nt (e.g. 23 nt in length hsa-miR-93-5p) using such approach
could be accompanied by undesired predominant generation of 5 end miRNA isoforms (5-isomiRs). Extra U
residues (up to five) added by Pol III at the 3' end of the transcribed shRNA during transcription termination
could cause a shift in the Dicer cleavage position of the shRNA. This results in the formation of 5'-isomiRs, which
have a significantly altered seed region compared to the initially encoded canonical hsa-miR-93-5p. We
demonstrated that the commonly used gPCR method is insensitive to the formation of 5-isomiRs and cannot be
used to confirm miRNA overexpression. However, the predominant expression of 5-isomiRs without three or four
first nucleotides instead of the canonical isoform could be disclosed based on miRNA-Seq analysis. Moreover,
mRNA sequencing data showed that the 5-isomiRs of hsa-miR-93-5p presumably regulate their own mRNA
targets. Thus, omitting miRNA-Seq analysis may lead to erroneous conclusions regarding revealed mRNA targets
and possible molecular mechanisms in which studied miRNA is involved. Overall, the presented results show that
structures of ShRNAs for stable overexpression of miRNAs requires careful design to avoid generation of unde-
sired 5-isomiRs.

1. Introduction A base pairing of nucleotides 2-7/8 at the 5' end of a miRNA, the so-

called “seed region”, plays a crucial role in miRNA-mRNA binding [4].

Intracellular expression of small RNAs is widely used in research and
increasingly applied for therapeutic purposes due to their potential in
targeted gene silencing. Thus, short hairpin RNAs (shRNAs) are
commonly employed for both gene expression regulation based on the
RNA interference (RNAi) mechanism and miRNA overexpression [1,2].
Importantly, the shRNA-based approach may be the only way for the
stable overexpression of some miRNAs, for example, the ones encoded in
the genome as a part of a polycistronic miRNA cluster (e.g., miR-25/93/
106b or miR-17/92 clusters). Such clusters make up nearly 40 % of the
human miRNA genome [3]. In cases like these, one cannot simply
overexpress the endogenous pri-miRNA sequence since it contains more
than one miRNA.

Thus, changes in this seed sequence may lead to changes in the miRNA
target repertoire. Two RNase-III family nucleases, Drosha and Dicer,
may alternatively process miRNA precursors during the miRNA
biogenesis (pri-miRNA and pre-miRNA, respectively), resulting in the
addition or removal of one or more nucleotides at the 5’ ends of mature
miRNAs [5,6]. Such alternatively processed miRNAs with altered seed
regions are called 5' end miRNA isoforms (5-isomiRs).

As we have shown recently, such imprecise 5’ end cleavage is more
typical for Dicer than for Drosha [7]. Notably, the exact conditions
determining whether Dicer will cleave pre-miRNA at a single site or
produce several isomiRs have yet to be fully elucidated. A simple model
suggests that Dicer acts predominantly as a “molecular ruler” that
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measures 22 nt from both ends of a pre-miRNA [8-10]. However, this
model fails to explain the presence of multiple isoforms of specific
miRNAs and the existence of miRNAs with lengths ranging between
18-21 or 23-25 nucleotides. Additionally, there is evidence suggesting
that Dicer recognizes not only the ends but also the loop structure of pre-
miRNAs [11]. This is in line with our recent finding — we showed that
specific nucleotide motifs located near the Dicer cleavage site determine
the number of isomiRs generated as a result of cleavage [7]. It is also
reported that the secondary structure of pre-miRNA control Dicer pro-
cessing [12]. In particular, the presence of a single nucleotide bulge at
position 22 on the 3’ arm of pre-miRNA enhances Dicer activity.

Importantly, designed shRNAs used for miRNA overexpression or
ectopic intracellular expression of small interfering RNAs (siRNAs) un-
dergo the same processing mechanism as pre-miRNAs. Since the “guide”
shRNA strand is located on the 3’ arm of the hairpin, all the above issues
are highly relevant for shRNA design [1,2]. Imprecise Dicer cleavage
may lead to the formation of functional 5-isomiRs, as previously
demonstrated in the case of anti-ELOVL5 shRNA [7]. The most popular
strategy for intracellular shRNAs expression is using vectors with RNA
polymerase III (Pol III) cassette. Since the site of Pol III termination is
heterogeneous, a variable number of U residues will be generated at the
3" end of the transcribed RNA [13]. The presence of a 2-nt 3' overhang is
necessary for the formation of the correct pre-miRNA-like structure and
a proper Dicer cleavage [8,9,14,15]. However, three or more U residues
originating from the Pol III termination signal are non-optimal terminal
structures [8,14] possibly impairing further Dicer processing. While
embedding a miRNA of interest in sShRNA may sound like a perfect so-
lution, there is no guarantee that the set of produced isomiRs will match
the set of corresponding endogenous isomiRs. If the sets do not match,
the downstream analysis will be irrelevant since overexpressed isomiRs
have non-endogenous mRNA targetomes.

The problem becomes even more evident, considering that no
commonly used qPCR protocols can accurately discriminate between
isomiRs produced from the same parental pre-miRNA arm [16,17].
Thus, the information on which isomiRs are produced upon shRNA-
mediated miRNA overexpression could be achieved only by small RNA
sequencing. Consequently, to the best of our knowledge, there are only a
few studies evaluated the validity of shRNA-based miRNA/siRNA
overexpression using miRNA-Seq.

To address the aforementioned gap, we overexpressed miRNA hsa-
miR-93-5p (part of hsa-miR-25/93/106b cluster) using an shRNA-
based approach. The overexpression was performed in the prostate
cancer (PC) cell line PC-3 and DU-145 — we recently showed that hsa-
miR-93-5p is highly abundant in PC cells and is associated with cancer
aggressiveness [18]. Of note, the optimal design of shRNA has yet to be
determined since the scientific community is still establishing key points
affecting the accuracy and efficiency of shRNA processing by Dicer. For
this reason, we used several shRNA constructs to minimize potential
biases associated with shRNA structure. We performed miRNA-Seq to
assess the isomiR contents of treated and control cells. In addition, we
used mRNA-Seq to detect differentially expressed genes upon hsa-miR-
93-5p overexpression. Finally, we used a thorough bioinformatics
analysis to link the overexpressed isomiRs with their putative down-
regulated targets.

2. Materials and methods
2.1. Cell culturing and lentiviral transduction

The human prostate adenocarcinoma cell lines PC-3 and DU-145
were grown in DMEM medium containing 4.5 g/1 glucose (PanEco,
Russia) supplemented with 4 mM r-Glutamine (PanEco, Russia), 10 %
fetal bovine serum (Gibco), 1 % penicillin and streptomycin (Gibco) and
cultured under the standard cell culture conditions (37 °C, saturated
humidity, 5 % CO5).

Stable overexpression of hsa-miR-93-5p isoforms was achieved by an
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shRNA-mediated approach [1,2,19]. In particular, each of the three
double-stranded DNA fragments (in length 65 bp, 68 bp, and 67 bp)
containing the hsa-miR-93-5p sequence of 23 bp in length (5-
CAAAGTGCTGTTCGTGCAGGTAG) was cloned into the BsmBI restric-
tion sites of the LentiGuide-Hygro lentiviral vector (Addgene #139462,
UK) with deleted sgRNA scaffold. The sh-miR93#1-3 coding by these
DNA oligomers differed in the loop sequence only (5-CTCGAG, 5-
TTCAAGAGA, and 5-TTCTAGAA). The full DNA oligonucleotide se-
quences used for cloning are provided in Table 1 of Supplementary
materials. The same vector containing a short sequence of sgRNA (5-
TTCTCTTGCTGAAAGCTCGA) was used to generate a transduced control
cell line (“Control”). The shRNA transcription starts were located at
precisely 23 nucleotides away from the TATA box in all vectors used in
the experiment. Nucleotide compositions of the obtained lentiviral
vectors were confirmed by Sanger sequencing. Lentiviral particles were
obtained as cell-free supernatants by transient transfection of HEK-293 T
as described in [20,21] and using GenJect-39 transfection reagent
(Molecta, Russia). Briefly, lentiviral vectors based on pLentiGuide-
Hygro were packaged using the second-generation packaging plasmid
pCMV-dR8.2 dvpr (Addgene #8455, UK) and pCMV-VSV-G (Addgene
#8454, UK) expressing the envelope protein of vesicular stomatitis virus
[22]. The supernatant was harvested 24 h and 48 h after transfection,
0.45 pm filtered and was immediately used for transduction or stored at
—80 °C. Both, target PC-3 and DU-145 cells were plated at 1 x 10° cells
in 2 ml medium in each well of a 6-well plate 24 h before transduction.
After viral particles containing supernatant were added to the cells, the
medium was replaced in 3 days, cells were seeded into a 25 cm? flask,
and hygromycin was added at a concentration of 150 pg/ml. The
hygromycin selection was carried out for at least two weeks.

2.2. RNA sequencing

According to the manufacturer’s instructions, libraries for mRNA
sequencing were prepared from total RNA samples using the MGIEasy
RNA Library Prep Set (MGI, China). Each sample was sequenced on the
DNBSEQ-G50 to generate single-end reads. Libraries for miRNA
sequencing were prepared from total RNA samples using NEBNext
Multiplex Small RNA Library Prep Kit (Illumina, USA). Each sample was
sequenced on the Illumina NextSeq 550 to generate single-end 50 nt
reads. The resulting Tables 2, 3 and 4 of Supplementary materials
contain information on sample sizes for both mRNA- and miRNA-Seq.
The quality of RNA-Seq FASTQ files was assessed with FastQC v0.11.9
[23]. Adapter sequences were removed with the use of cutadapt v2.10
[24]: AGATCGGAAGAGCACACGTCT - miRNA-Seq 3-adapter. —
miRNA-Seq 3-adapter; AGTCGGAGGCCAAGCGGTCTTAGGAAGACAA —
mRNA-Seq 3-adapter.

Adapter-free mRNA-Seq reads were mapped to the reference human
genome (GENCODE GRCh38) with STAR v2.7.5b [25]. GENCODE
genome annotation (release 34) was used to generate the gene-level read
counts matrices. Similarly, isomiR read count matrices were obtained
using IsomiRMap [26] with miRBase v22 [27] annotation.

2.3. RNA expression processing

The mRNA-Seq read count matrices were processed as follows.
Firstly, they were normalized for the sample size factors using standard

Table 1

The magnitude of miRNA overexpression in the cell lines PC-3#1, PC-3#2, and
PC-3#3 compared to the control line according to the qPCR data (times of the
expression change compared to the control cell line).

Primer type for PC-3#1 PC-3#2 PC-3#3
hsa-miR-93-5p|0|0 5.4 3.1 2.2
hsa-miR-93-5p|0|+1(+1U) 8.7 9.7 5.2
hsa-miR-93-5p|0|+1(+2U) 227 312 179
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DESeq2 [28] pipeline. As a result, the median of ratios (MR) scale was
obtained. Secondly, after gene length normalization, fragments per
kilobase of transcript per million mapped reads (MR-FPKM) tables were
generated and transformed to loga(1 + MR-FPKM) scale. Finally, lowly
expressed genes were removed by the following procedure: genes were
sorted by their median expression in descending order; a cumulative
sum of the median expression was computed; genes not included in 99 %
of the cumulative expression were excluded from the consideration
(Fig. 1 of Supplementary materials).

The first step of the miRNA-Seq data processing was 5'/3-isomiR
annotation. The standard isomiR notation was utilized [26]. A number
after the first “|” character denotes the shift from the canonical 5' end in
5'-3' direction (5'-isomiR notation). An additional “|” symbol followed by
a number denoted 3’ end shifts (3-isomiR notation). Finally, symbols
inside “(-)” denoted other nucleotides added to the shifted 3’ end. For
example, hsa-miR-93-5p|+1|+2(+3U) differed from the canonical hsa-
miR-93-5p miRNA by the absence of the first nucleotide on its 5' end
and the presence of five additional nucleotides on 3’ end: the first two
were added from the corresponding pri-miRNA. At the same time, the
other three were not coded in the pri-miRNA. Since miRNA seed region
played a crucial role in our study, 5 end variations were considered
mainly. In this case, miRNA read count tables were grouped and sum-
med up according to the 5-isomiR annotation. Similarly to the mRNA-
Seq data processing pipeline, reads per million mapped reads (MR-
RPM) tables were generated for the resulting miRNA read count data
and transformed to loga(1 + MR-RPM) scale.

Finally, both mRNA and miRNA expression tables were split ac-
cording to the samples of a given sh-miR93 construction (Figs. 2 and 3 of
Supplementary materials). Differential expression analysis between
“Control” and “Overexpression” groups (PC-3#1-8 or DU-145#1-3) was
performed using DESeq2 [28].

2.4. miRNA and mRNA expression analysis by gPCR

According to the manufacturer’s instructions, the total RNA was
isolated from about 1 x 10 cells using miRNeasy Mini Kit (Qiagen,
Germany). All RNA samples were treated with DNase I during the
isolation procedure. The RNA yield was determined by UV absorbance
using a NanoDrop 1000 spectrophotometer (Peqlab, Germany). The
RNA quality was assessed by analyzing the ribosomal RNA integrity
number (RIN) on an Agilent 2000 Bioanalyzer using the RNA 6000 Nano
kit (Agilent Technologies, USA). The RIN values of the isolated RNA
samples were 9.5 and higher. To assess hsa-miR-95-5p overexpression,
primers for its 3’ canonical form (hsa-miR-95-5p|0|0) as well as for its
isoforms containing two (hsa-miR-95-5p|0|+1(+1U)) and three uracils
(hsa-miR-95-5p|0|+1(+2U)) at the 3' end were used. miRNAs hsa-miR-
191-5p and hsa-miR-182-5p demonstrated a stable expression in studied
cell lines and were used as reference ones. Primer sequences generated
using the miRprimer2 software [29] are presented in Table 5 of Sup-
plementary materials. Reverse transcription of total RNA was performed

CUACCUGCACGAACAGCACUUUGCU

#1 T T A O B O g
UUGAUGGACGUGCUUGUCGUGAAACGA
CUACCUGCACGAACAGCACUUUGUUCH

#2 e I O B A
UUGAUGGACGUGCUUGUCGUGAAACAgAC®
CUACCUGCACGAACAGCACUUUGUUC

#3 O B O O tzi
UUGAUGGACGUGCUUGUCGUGAAACAAA

Fig. 1. The sequences of shRNAs used for the hsa-miR-93-5p overexpression
(sh-miR93s). The sequence of the canonical hsa-miR-93-5p isoform is in green,
loop — in purple, uracils added by RNA Pol III during transcription at 3’ end of
shRNA are marked in lilac. These sh-miR93s were overexpressed in PC-3 and
DU-145 cells.
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according to [29]. In brief, 750 ng of total RNA were poly(A) tailed by
poly(A) polymerase (New England Biolabs, USA) and reverse tran-
scribed by SuperScrip VILO c¢DNA Synthesis Kit (Invitrogen, USA) in a
single tube reaction using RT-primer (5'-CAGGTC-
CAGTTTTTTTTTTTTTTTVN, V = A, C, and G; N = A, C, G, and T). The
c¢DNA was 5 times diluted before the qPCR reaction. Quantitative PCR
analysis was carried out using the SYBR Green 5x qPCRmix-HS SYBR
reaction mix (Evrogen, Russia): 2.5 pl of diluted cDNA, 1.2 pl of 5 pM
specific primer mix, and 5 pl of SYBR Green qPCRmix were mixed in a
final volume of 25 pl. The same procedures were performed to detect
canonical siELOVL5 and siLUC and their 3’ uridylated isoforms, as well
as miR-22-3p and miR-182-5p. The last two miRNAs were used as
reference ones. For mRNA expression analysis, 500 ng of total RNA was
reverse transcribed to cDNA using MMLV RT kit (Evrogen, Moscow,
Russia) according to the manufacturer’s recommendations. qPCR anal-
ysis was carried out using the SYBR Green 5x qPCRmix-HS SYBR re-
action mix (Evrogen, Moscow, Russia) as described in [30]. Primer pairs
were designed and characterized as described in [31]. Primer sequences
and PCR efficiencies of all primer pairs were higher than 1.87 and lower
than 2.16 (Table 6 of Supplementary materials). ACTB and EEF1A1 were
selected as reference genes based on the validation procedure described
in [32].

All RNA samples were analyzed in triplicate and averaged. Target
miRNA/mRNA expressions were normalized to the reference ones, and
data were processed based on the AACt method [33].

2.5. Analysis of prostate adenocarcinoma data

mRNA-Seq and miRNA-Seq read count tables of prostate cancer
(TCGA-PRAD project) were downloaded from https://xenabrowser.
net/. All read count tables were processed using the pipeline described
in the “RNA expression processing” section. The Spearman rank-order
correlation coefficients [34] and their corresponding p-values (from
zero correlation hypothesis testing) were calculated using TCGA-PRAD
data to analyze the relationship between HMGA1 gene expression and
both hsa-miR-93-5p|0 and hsa-miR-93-5p|+3 isomiRs’ expressions
among patients (“Primary Tumor” samples, n = 490). The p-values were
subsequently adjusted using the Benjamini-Hochberg method.

2.6. IsomiRs’ targets statistical analysis

Targets of hsa-miR-93-5p isomiRs were defined in several ways. The
first was separately based on reverse-complementarity of at least one
“émer” or “7mer-m8” [4] seed region of isomiR. In our analysis, by
referring to “3'-UTR” targets, we meant genes with at least one transcript
whose corresponding 3-UTR region contained at least one reverse
complement of the seed region. A gene was considered a “full sequence”
target if at least one of the corresponding transcripts contained at least
one reverse complement of the seed region in any of its regions (5-UTR,
CDS, or 3-UTR). The second one was based on the list of RNA22 [35]
default target predictions. Targets of the third type were predicted using
miRDB database [36] with a standard threshold of 80 on “Target Score”
[371.

These approaches differ from each other in the following way. Pre-
viously, it was shown that miRNA targets could be predicted by
searching for the reverse-complement seed region in 3-UTR [4]. How-
ever, the efficiency of this approach depends on the definition of the
seed region. Following the common classification [4,38], the presence of
the “6mer” seed region site (nucleotides from 2 to 7 of mature miRNA
from 5’end) in 3-UTR predicts targets less specifically than that of the
“7mer-m8” (nucleotides from 2 to 8) (Fig. 12 of Supplementary mate-
rials, Fig. 4). We, therefore, decided to look for the latter because
specificity was more important for our target analysis. While miRDB
prediction features are based on at least “6mer” presence in 3-UTR,
RNA22 looks for possible miRNA binding motifs throughout the full
mRNA sequence (not just the 3-UTR) and does not require perfect
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Fig. 2. (A) Mean expression levels and (B) distributions of hsa-miR-93-5p 5-isomiRs in “Control”, PC-3#1, 2 and 3. Percentages of hsa-miR-93-5p isomiRs ex-
pressions among all isomiRs are provided in Table 7 of Supplementary materials. (C) Differential expression of the intersection of the 1000 most expressed and 1000
most variable isomiRs. The green font is used to highlight hsa-miR-93-5p isomiRs. Here, because of the hsa-miR-93-5p sequence, 3'-isomiR notation is a little bit
deceptive: +1 refers to additional uracil rather than to 3' end shift (our sh-miR93 sequences were constructed in such a way that there is no chance for uracil to be
added by shifting). Thus, for example, hsa-miR-93-5p|+4|+1(+2U) should be treated as hsa-miR-93-5p|+4|0(+3U). (D) Differential expression of the most expressed

and most variable hsa-miR-93-5p isomiRs grouped by their sequence length.

reverse-complementarity of the “6mer”.

Downregulated genes after isomiR overexpression were selected
using DE-Seq2 [28] with the following conditions: negative loga(fold
change), p-adjusted <0.05.

A Fisher’s exact test [39] was employed to analyze the association

between the sets of isomiRs’ targets and downregulated genes. A
nonparametric permutation t-test [40] was utilized to compare the
downregulated genes from the overlap with the rest of the down-
regulated gene sets from the Venn diagram. All statistical hypotheses
were tested on a 0.05 significance level. For multiple hypothesis testing,
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Benjamini-Hochberg p-value correction procedure [41] was applied.
3. Results

3.1. The shRNA constructs overexpress isomiRs that are not endogenously
abundant

The parental PC-3 and DU-145 cells were transduced by lentiviral
particles coding sh-miR93 to achieve stable overexpression of hsa-miR-
93-5p. Since the optimal design of shRNA has yet to be determined and
the scientific community is still establishing key points affecting the
accuracy and efficiency of shRNA processing, three types of sh-miR93
were used in our study. These sh-miR93s differed in their loop se-
quences only (#1 (PC-3#1/DU-145#1), #2 (PC-3#2/DU-145#2), and
#3 (PC-3#3/DU-145#3)) (Fig. 1). The sequences of shRNA loops were
chosen according to the recommendations presented in [19] and based
on our previous successful shRNA-mediated gene knockdown experi-
ments [42-44]. All used shRNA constructs contained the sequence of the
canonical hsa-miR-93-5p in the 3’ arm of shRNA despite the natural
miRNA is located in the 5" arm of pre-miR-93. The key reason behind our
design decision is that shRNAs transcribed by Pol III contain a 5
triphosphate group. This non-optimal terminal structure may interfere
with incorporating 5p-siRNA from the siRNA duplex, forming after
shRNA processing by Dicer, into a complex with Ago2 (RISC complex),
making the mature siRNA unfunctional [1]. Besides the three shRNAs
presented in Fig. 1, we tested three other constructs (see below), but
they did not show any overexpression.

To comprehensively understand the overexpressed isoforms of hsa-
miR-93-5p and their impact on the cellular transcriptome profile, we
conducted sequencing of both miRNAs and mRNAs. It can be seen for
PC-3 cell lines that the expression level of hsa-miR-93-5p|0, which is the
canonical variant, turned out to be almost the same across all samples,
and instead there was a clear rise of other 5-isomiRs’ expressions, spe-
cifically hsa-miR-93-5p|+4, hsa-miR-93-5p|+3 and hsa-miR-93-5p|+5
(Fig. 2, A, B).

At the same time, other miRNAs and their isomiRs were not over-
expressed. All isomiRs were sorted by standard deviation and mean
expression (MR-RPM scale) across all samples. According to the orders,
the 1000 most variable and 1000 most expressed on average isomiRs
were obtained from the miRNA-Seq. The intersection of these two lists
showed that the isomiRs related to hsa-miR-93-5p were the most
differentially expressed, especially those whose sequences ended in
additional uracils (Fig. 2, C).

Comparing lengths of the selected hsa-miR-93-5p isomiRs (Fig. 2, D),
we concluded that sequences of 22 nt in length had a significantly higher
expression level. Indeed, logs(fold changes) were significantly greater
among the group of isomiRs with a sequence of 22 nt compared to the
rest in PC-3#1 and PC-3#3 groups (Mann-Whithey U test, p-value
<0.03 for both experiments).

One can see that the overexpression repertoire of miRNA was
significantly shifted from the canonical form of hsa-miR-93-5p to its
isomiRs of 22 nt lengths ending in uracils on 3" end. This observation is
consistent with the hypothesis that Dicer may act as a “molecular ruler”
that measures 22 nt from the ends of a ShRNA [8-10].

It is well described that human Pol III efficiently produces small
RNAs with a precise +1 transcription start site when G is at the +1
position [45,46]. In our shRNAs C (not G) is provided at +1 position due
to the natural sequence of hsa-miR-93-5p. However, according to [45]
the nucleotides around the +1 position also affect both the transcrip-
tional efficiency and start site selection. In particular, the nucleotide
combination (+1C)(+2T), as in our vectors, also results in transcription
start predominantly at +1 position. To check this and to exclude the
possibility of the isomiRs’ formation by the reason of wrong or multiple
transcription start sites, we next assessed the accuracy of start site. For
this, we compared the number of transcripts generated from the 5’ arms
of sh-miR93#1-3, the sequence of which corresponds to the
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transcription start at positions —3 to +3. We found that 95 % (or more)
of all 5 arm transcripts were started at +1 position in all cell types
(Table 8 of Supplementary materials). Thus, we can conclude that the
absence of G at +1 position does not cause the isoform formation.

Importantly, the repertoires of hsa-miR-93-5p isoforms overex-
pressed in DU-145#1, DU-145#2, and DU-145#3 cells were extremely
similar to those described above for PC-3#1, PC-3#2, and PC-3#3 cells
(Fig. 7 of Supplementary materials). This similarity of results for two
different parental cell lines indicates that the formation of isoforms is
not a cell-type specific process and is determined by some common
fundamental mechanism.

We should also note that besides the three sh-miR93s presented in
Fig. 1, we tested two other shRNA types (Fig. 8, A of Supplementary
materials). Since the natural hsa-miR-93-5p is located in the 5" arm of
the natural pre- miR-93-5p, one of the additionally tested shRNA was
like a sh-miR93#1 but swapped the 5" and 3’ arms so that the sequence of
hsa-miR-93-5p was in 5" arm. The second one was like the natural pre-
miR-93. However, neither of them showed any overexpression
(Table 11 of Supplementary materials). Also, we tested an utterly
alternative strategy for expression of mature miRNAs described in the
study [47]. The expression system does not use the shRNAs and is
composed of the convergent U6 and H1 promoter-driven expression of
mature hsa-miR-93-5p and hsa-miR-93-3p in opposing directions,
respectively, with the transcriptional termination signal ((T)s-track)
separating the U6 and H1 expression units (Fig. 8, B of Supplementary
materials). Unfortunately, this strategy also did not result in hsa-miR-93-
5p overexpression (Table 11 of Supplementary materials).

3.2. Information about overexpressed isomiRs could not be accurately
detected by conventional gPCR

Based on the fact that RNA Polymerase III inserts additional uracils at
a 3’ end of shRNA, we created primers not only for the canonical hsa-
miR-93-5p| - |0 isoform but also for isomiRs containing two (hsa-miR-
93-5p| - |[+1(+1U)) and three (hsa-miR-93-5p|0|+1(+2U)) additional
uracils. Thus, to confirm the hsa-miR-93-5p overexpression in trans-
duced cell lines, we used all three primer pairs.

The obtained results indicated a significant overexpression of hsa-
miR-93-5p, hsa-miR-93-5p|0|+1(+1U), and hsa-miR-93-5p|0|+1
(+2U) in all transduced lines PC-3#1, PC-3#2, and PC-3#3 (Table 1), as
well as DU-145#1, DU-145#2, and DU-145#3 (Table 10 of Supple-
mentary materials). It is worth noting that despite the forms with two
and three additional U not being expressed in the control cell line
(“Control”), the primers specific to these forms gave qPCR detectable
signals in the control. It can be explained by these primer pairs’ ability to
detect hsa-miR-93-5p (endogenously presented in cells) but with
significantly lower efficiency compared to the primer pair specific to the
canonical form. As a result, the magnitude of the overexpression differs
significantly between hsa-miR-93-5p and hsa-miR-93-5p|0|+1(+1/
+20).

We also performed the model experiment using MDA-MB-231 cell
lines with stable overexpression of shRNA against ELOVLS5 or firefly
luciferase (LUC) genes, which were generated in our previous study [7].
Importantly, MDA- MB-231 cells do not endogenously express any iso-
forms of the used siELOVL5 and siLUC (neither “canonical” nor 3’ uri-
dylated) based on the miRNA-Seq data. However, the primer pairs
created for the “canonical” siELOVL5 or siLUC detected the isoforms of
them containing additional U residues, which prevailed by several or-
ders of magnitude compared to the “canonical” isoforms according to
the miRNA-Seq data (Tables 12 and 13 of Supplementary materials). Of
course, the efficiency of qPCR detection was lower compared to the
primer pairs created specifically for siELOVL5|0|0(+2/+3U) and siLUC]|
0]0(+2/+3U) isoforms respectively. Thus, it cannot be ruled out that the
primer pair for the canonical hsa-miR-93-5p also captures 3’ uridylated
isoforms of this miRNA.

Overall, the results of the qPCR analysis revealed overexpression of
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the canonical hsa-miR-93-5p predominantly in its 3' uridylated forms in
all transduced PC-3#1-3 and DU-145#1-3 cell lines. However, this is
different from the miRNA-Seq data and allows us to conclude that the
gPCR technique used in our study, which is one of the most commonly
used, does not capture the formation of 5-isoforms of miRNAs/siRNA.
Also, primer pairs designed for canonical and 3’ uridylated miRNA/
siRNA isoforms only partially allow the qPCR signal to be distinguished
between these forms. It has previously been shown that two other
commercially available qPCR methods are also unable to reliably
distinguish between individual isomiRs [16,17,48].

3.3. The sh-miR93 constructs result in concordant downregulation of
mRNAs

To access a possible effect of the overexpressed hsa-miR-93-5p iso-
forms on the cellular transcriptome, downregulated genes in PC-3#1,
PC-3#2 and PC- 3#3 were examined. In particular, their intersection
was quite large, albeit not perfect. As can be seen from the diagram
(Fig. 3, A), the set of downregulated genes in PC-3#1 fits well into the
intersection of the other two, although the power of this set was slightly
lower.

Interestingly, the genes’ clustering based on expression (Fig. 3, B)
was found to be well-matched with the diagram. To gain further insight
into why the intersection was not ideal, the downregulated gene sets
from the Venn diagram (Fig. 3, A) were compared to the genes from the
overlap set in terms of control expression level and logy(fold change).

The permutation t-tests were performed and rejected (Fig. 3, C, p-
value <0.03) the hypotheses of equal means of expression levels in the
control cell line for genes downregulated exclusively in PC-3#2 and PC-
3#3 in favour of the alternative, which suggests that the average
expression of genes from the intersection was higher compared to the
genes exclusive to each of these two cell lines. In other words, on
average, a gene downregulated in all three experiments exhibits higher
expression in the control samples than genes downregulated exclusively
in PC-3#2 and PC-3#3.

The same test was utilized to compare the averages of loga(fold
change), where the alternative stated that the average log,(fold change)
of the intersection genes was more negative, indicating a more signifi-
cant decrease in expression. Almost all of the obtained p-values were
<0.001 (Fig. 3, D), which led to the rejection of the hypotheses of equal
means in favour of the alternatives. Thus, the genes simultaneously
downregulated in all three cell lines were more prominently represented
in the control samples in terms of expression while also exhibiting a
more significant decrease in expression compared to the genes down-
regulated in only one of the cell lines.

3.4. Predicted targets of non-canonical overexpressed isomiRs are
overrepresented among downregulated genes

It was mentioned earlier that hsa-miR-93-5p|+3, hsa-miR-93-5p|+4,
and hsa-miR-93-5p|+5 had been overexpressed instead of the canonical
variant, so downregulated genes were expected to be among targets of
those three particular isomiRs. We first confirmed the overall functional
capacity of the overexpressed hsa-miR-93-5p isoforms. For this, we
performed an Ago2-immunoprecipitation analysis, which showed that
the overexpressed isoforms are indeed included in the complex with
Ago2, indicating the functional competence of these isoforms to regulate
an expression of their mRNA targets (Tables 20 and 21 of Supplementary
materials). Based on these results, we further hypothesized that one
could perform specific analysis on downregulated genes using only
mRNA-Seq data to check for the overexpressed isomiRs.

Said analysis includes the use of Fisher’s exact test for two partitions
of the enclosing set of genes: the first based on genes being down-
regulated and the second based on genes being a miRNA target. This task
is complicated by the fact that there is no catch-all concept of miRNA
target, so the efficiency of three different notions in predicting which
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isomiRs had been overexpressed was tested: the perfect base pairing of
“7mer-m8” across both full mRNA sequence and 3'-UTR region, targets
identified by RNA22, and miRDB predicted ones. The first notion was
crucial for the analysis because of the existing hypothesis that CDS re-
gion may be almost as important as 3-UTR region in gene expression
regulation [49-52]. It is important to note here that although the effi-
ciency of “6mer” was also tested (Tables 14 and 15, Fig. 12 of Supple-
mentary materials), we decided to go with “7mer-m8” in our further
analysis as its specificity was higher.

First of all, Fisher’s test (Tables 14 and 15 of Supplementary mate-
rials) for each notion of miRNA target indicated that there was no sig-
nificant association (p-value >0.05) between downregulated genes and
targets of the canonical variant, hsa-miR-93-5p|0. This result is consis-
tent with the miRNA-Seq analysis as hsa-miR-93-5p|0 was not overex-
pressed during the experiments. We further performed qPCR analysis of
expression of the most relevant mRNA targets of hsa-miR-93-5p|0 in
prostate cancer tumors according to the isomiRTar portal data [37],
which were expressed at sufficiently high levels in PC-3 cells (8 mRNA
targets) or in DU-145 cells (11 mRNA targets) as well. As expected, no
significant changes in the expression of targets were found (Table 18 and
Table 19 of Supplementary materials). Secondly, hsa-miR-93-5p|+4
targets were confidently associated (p-value <0.05) with down-
regulated genes across all experiments for every notion, except for
miRDB in PC-3#1, which was also in agreement with the miRNA-Seq
data. Thirdly, only the “full sequence” notion was able to detect the
link between hsa-miR-93-5p|+3 targets and downregulated genes across
all experiments. It is important to note that Fisher’s exact test could not
detect any relationship between targets and downregulated genes for
PC-3#2 for “3-UTR” and both RNA22 and miRDB predicted targets. The
latter also failed to find the same relationship in PC-3#1. Lastly, RNA22
was the best predictor for hsa-miR-93-5p|+5, while both “perfect base
pairing” notions failed to predict overexpression of said isomiR for some
of the experiments. MiRDB predicted targets performed even worse —
there was no significant association between them and downregulated
genes across all cell lines. Note that this particular isomiR had the lowest
expression level of the three examined.

In addition, sensitivity and specificity were used to evaluate the ef-
ficiency of all three miRNA target definitions in predicting which iso-
miRs were actually overexpressed during the experiments. In the context
of our analysis, sensitivity denotes the proportion of correctly predicted
targets among all downregulated mRNAs, while specificity is the pro-
portion of predicted non-targets among non- downregulated mRNAs.
The “full sequence” method has been shown to have the highest sensi-
tivity for the two most overexpressed isomiRs while having slightly less
specificity than RNA22 targets and significantly less than that of “3'-
UTR” targets (Fig. 4, B).

RNA22 was again better in predicting overexpression of the least
overexpressed isomiR of the three, hsa-miR-93-5p|+5, both in sensi-
tivity and specificity. MiRDB was the worst in terms of sensitivity but the
best in terms of specificity. As for the canonical variant, it is expected not
to find any significant association between its targets and down-
regulated genes because its expression level remained virtually the same
across all samples. It means that the proportions of hsa-miR-93-5p|
0 targets must be almost identical among downregulated and enclosing
gene sets. Therefore, sensitivity should ideally be equal to said propor-
tion, and specificity should be close to the ratio of non-targets inside the
enclosing set or, as it is the same, equal to 1 — sensitivity. In other words,
for non-overexpressed isomiRs perfect prediction tool should act as a
random classifier with a probability of marking any gene a target equal
to the proportion of the same type targets among all genes. All three
target notions are comparably good in showing that the canonical
variant was not overexpressed (Fig. 4, A).
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3.5. Possible reason of the 5-isomiRs’ formation is a variable number of
U residues at the 3’ ends of shRNA transcripts adding during Pol III
termination

According to the very recent study [53] a special sequence-structure
near the shRNA loop called “GYM motif” have crucial effect on the ac-
curacy of shRNA processing by Dicer. In particular, the presence of the
high-scoring GYM motif strongly promotes processing at a particular site
(up to 90 % or more). Taking this into account we decided to introduce a
GYM-motif-like sequence-structure in our shRNA constructs. Due to the
fact that the sequence of natural hsa-miR-93-5p is pre-defined, we could
not change the sequence of the 3’ arm of the sh-miR93. Thus, we could
only change the sequence of the 5 arm of the sh-miR93. According to
[53], the main impact of the GYM motif on cleavage site selection is
exerted by the mismatched nucleotide (C or A) at its +1 position.
Therefore, we introduced a mismatch at +1 position of the GYM motif
sequence-structure into our sh-miR93#2 to get sh-miR93#7 (Fig. 5A).
Then PC-3 parental cells were transduced by lentiviral particles encod-
ing sh-miR93#7. However, subsequent miRNA-Seq analysis again
showed the 5-isomiRs’ production (Fig. 5A). This may indicate that the
mismatch A/A does not correspond to a high score GYM-motif and the
nucleotide at the mismatch position not only in the 3’ arm but in the 5
arm of the shRNA may be also important.

In consistence with the results for sh-miR93#1-3, the lengths of the
produced hsa-miR-93-5p isomiRs were 21-23 nts in length, with prev-
alence of 22 nt length transcripts. Thus, another possible reason of 5
isoform formation could be that Dicer works as a “molecular ruler”
counting ~22 nts from 5  and 3 ends of shRNA. In this case the presence
of additional U residues at 3' ends of shRNA originating from Pol III
termination could shift the Dicer cleavage position. To test this, we have
obtained lentiviral particles encoding sh-miR93#8, which was identical
to sh-miR93#7 but contained the sequence of canonical hsa-miR-93-5p
shortened by 4 nts from the 3’ end (Fig. 5B). So the length of the encoded
miRNA was 19 nt instead of canonical 23 nt. Indeed, the results of
miRNA-Seq of PC-3 cells transduced by these lentiviral particles showed
an overexpression of isomiRs with canonical seed region of hsa-miR-93-
5p. In accordance with the results for other sh-miR93s described in our
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Fig. 5. The additional sequences of sh-miR93s used for the hsa-miR-93-5p
overexpression and their dicing by Dicer. (A) sh-miR93#7: A mismatch at +1
position of the GYM motif sequence-structure (about GYM-motif see [53]) was
introduced into construct encoding sh-miR93#2 sequence. (B) sh-miR93#8:
The sequence of canonical hsa-miR-93-5p within sh-miR93#7 containing
GYM-motif like sequence-structure was shortened by 4 nts from the 3’ end. The
sequence of the canonical hsa-miR-93-5p isoform is in green, loop — in purple, U
residues added by RNA Pol III during transcription termination at 3" end of
shRNA are marked in lilac. GYM motif-like sequence is in a blue frame. The five
most abundant sequences (based on miRNA-Seq analysis of PC-3#7 and PC-3#8
cells) originated from the 3’ arm (guide strand) were labeled in the figure along
with their lengths and percent abundance relative to all sh-miR93-derived reads
from 3' arm.
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study, the produced hsa-miR-93-5p isomiRs also contained 2-4 addi-
tional U residues at the 3’ end and were 21-23 nts in length (Fig. 5B).
This result indicates that in the absence of a high score GYM-motif the
adding extra U residues at the 3' end of shRNA transcript during Pol III
termination may indeed cause an aberrant dicing of the formed shRNA
by Dicer.

4. Discussion

miRNAs are ubiquitously expressed and involved in almost every
process in normal cells [5]. Besides that, miRNAs have been attributed to
various human diseases, particularly to cancers, where miRNAs can
function as both oncogenes and tumor suppressors [5].

Experimental strategies enabling miRNA overexpression or sup-
pression are commonly used for functional analyses of specific miRNAs.
The most widely used strategy for miRNA overexpression is the use of
synthetic double-stranded miRNA-like RNAs (miRNA mimics). Howev-
er, the efficacy of miRNA mimics is transient in nature and limited by
transfection efficiency. Other popular tools are lentiviral vector-based
technologies allowing the stable and long-term overexpression of miR-
NAs in a large variety of cell types. miRNA expression cassettes in such
vectors can be designed as shRNAs or pri-miRNAs. Expressing a miRNA
as a pri-miRNA includes all endogenous processing steps (except
expression from its endogenous promoter) and may better mimic natural
miRNA biogenesis [1]. Despite benefits, it requires the PCR amplifica-
tion of a genomic fragment and thus more labour-intensive cloning and
does not allow the expression of individual miRNAs located in clusters.
Of note, the processing of Pol II-driven pri-miRNA is still not well
characterized, in particular, different cell lines present different pro-
cessing efficiencies of individual pri-miRNA [54-58].

Pre-miRNA-like shRNA expression system has its cons (e.g., possible
cytotoxicity due to oversaturation of the cellular miRNA processing
machinery [59,60]), but is better proven than others and widely used
[1]. Among the main advantages of the shRNA approach is the ease of its
cloning strategy. In such a system, commercially synthesized dsDNA
sequence coding particular shRNA is cloned into RNA Polymerase III
(Pol III) cassette. Pol III initiates transcription at quite a precise position
[45] and uses a track of thymidines on the non-template DNA strand as a
termination signal without the need for other cis-elements or trans-
factors [61]. However, the particular termination position of Pol III
varies, leading to a heterogeneous set of transcripts with a variable
number of U residues at the 3' ends [13]. It is reported that the presence
of more than two uracils at the 3’ ends can interfere with the shRNA
processing by Dicer [53]. In our study, we have shown that transcripts
with three, four or five U residues at the 3’ ends are also processed.
However, it was associated with a shift of the Dicer cleavage position
and lead to 5-isomiRs production, mainly hsa-miR-93-5p|+3, hsa-miR-
93-5p|+4. The similar shift in the cleavage position was previously
shown for chemically synthesized pre-miRNA-324 containing one or two
extra U residues at the 3’ end yielding 3-nt or 4-nt 3' overhang respec-
tively [62]. Thus, we can conclude that pre-miRNAs/shRNAs with 3'
overhangs longer than 2-nt are indeed processed by Dicer. However, we
can’t say anything about the processing efficiency of such pre-miRNAs/
shRNAs compared to optimal substrates with 2-nt 3’ overhangs. Impor-
tantly, we detected a highly similar repertoire of hsa-miR-93-5p isomiRs
after transducing two different parental cell lines, PC-3 and DU-145.
This similarity indicates that the formation of isoforms is not a cell-
type-specific process and, apparently, is determined by some common
fundamental mechanism. Our analysis of lengths of the produced hsa-
miR-93-5p isomiRs revealed that 22 nt long products are preferen-
tially formed (Fig. 2, D). This agrees with the previous data that Dicer
determines the cleavage position by measuring a distance of 22 nt from
the 3’ end of shRNA [8,9]. Since the original length of canonical hsa-
miR-93-5p is 23 nt, the incorporation of additional two or more U res-
idues at the 3’ end of transcript during Pol III termination further in-
creases the length of the shRNA. Thus, the observed shift of Dicer
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cleavage position in our study may be attributed to Dicer’s “molecular
ruler” properties (Fig. 6). Our results for sh-miR93#8 shortened by 4 nts
from the 3’ end confirmed this assumption (Fig. 5). We should note that
in general Dicer can count 22 nucleotides not only from the 3’ end but
also from the 5' end [53,63]. The strong dependence of Dicer cleavage
position on 3’ counting rule for our shRNAs could be due to perfect
complementary stem termini (C-G pair). It has been shown that less
stable structures at the terminal base pair (mismatch, G-U, or A-U pair)
support 5' counting rule [63]. Thus, an introduction of mismatch at the
stem termini may make our shRNAs less dependent on the 3-counting
rule and reduces the generation of 5-isomiRs.

The results of very recent studies [7,53] allow to suggest that the
Dicer’s “molecular ruler” properties can be overcome by the presence of
a special sequence near the shRNA loop called the high score GYM motif,
and this should be tested. However, this strategy has limitations due to
the fact that natural miRNA sequences do not always allow the con-
struction of a high-scoring GYM motif. According to our estimates, only
about 28 % of them do. In the case of gene knockdown experiments, the
problem could also be partially decided by using shRNA coding shorter
siRNA 18-19 nucleotides in length. Unfortunately, it is often impossible
to use shorter sequences in miRNA overexpression studies since their
natural length is >18-19 nucleotides. An introduction of internal bulges
into stem of shRNA (e.g. like presented in natural pre-miRNAs or used in
[11]) may help to accommodate some extra nucleotides into the final
miRNA/siRNA product generated from shRNA. Potentially it could be
another possible strategy to rescue undesired isomiRs’ generation,
which should be tested.

Le and co-authors reported in their article [64], published in January
2024, about two other motifs important for accuracy of Dicer cleavage
which authors designated as mWCU and YCR. Thus, information about
the mechanism of shRNA/pre-miRNA processing by Dicer grows rapidly.
So, it is absolutely necessary to continue research in this direction.

Interestingly, it is well described that pre-let-7 oligouridylated by
terminal uridyltransferases (TUTases) TUT4/7 undergoes degradation
via Dis3L2 [65]. Taking this into account, the stable expression of iso-
miRs with extra 3-5 U residues at 3' ends in our study (Fig. 2) suggests
that degradation of 3" oligouridylated pre-miRNAs/shRNAs in cells
should either be TUTases dependent or require >5 extra U residues at

the 3" end.

Given all of the above, miRNA sequencing should ideally be per-
formed to validate a miRNA overexpression experiment. Otherwise,
further analysis of mRNA sequencing data may be erroneous due to the
off-target effect since possible emerging isoforms will most likely have a
different set of targets. For example, among the downregulated genes
which were common for all three cell lines with isomiRs expression,
there was HMGA1, which is known to be oncogenic in prostate cancer
through mediating chromosomal instability and structural aberrations
[66]. It was relatively highly expressed in the control PC-3 cell line:
mean expression 10.35 + 0.12 (loga(1 + MR-FPKM) scale) with the
logy(fold change) of —0.29 + 0.02. Using TCGA-PRAD data, we calcu-
lated its Spearman’s correlation (r = 0.087, p-value = 0.053 > 0.05)
with the canonical variant of hsa-miR-93-5p in “Primary tumor” sam-
ples, which showed that HMGA1 is not targeted by hsa-miR-93-5p|0. It
was also not indicated by both “7mer-m8” reverse-complementarity
(“full sequence” and “3-UTR”) and RNA22 as a target of the same ca-
nonical variant. However, the same analysis showed that HMGAI is
probably targeted by hsa-miR-93-5p|+3 (r = —0.108, p-value = 0.033
< 0.05), although RNA22 didn’t associate them while “7mer-m8”
reverse-complementarity method did.

We also showed here that if not miRNA-Seq, then at least the analysis
of downregulated genes should be performed to ensure they are indeed
associated with targets of the original miRNA (or isomiR) predicted by
the presence of its seed region. As demonstrated in the results section, it
is preferable to look for the “7mer-m8” rather than for “6mer” as targets
of the latter lack specificity, so it may not be possible to attribute given
downregulated genes to actual overexpressed isomiRs. It is important to
note that searching for the seed region in the entire mRNA sequences
may be more beneficial than searching only in the 3'-UTR regions, as in
our analysis. The difference between the two approaches is that “3'-
UTR” targets are slightly more specific and less sensitive, while “full
sequence” targets are the opposite. So, essentially, there is a trade-off
between sensitivity and specificity regarding the choice of one or the
other. RNA22 is also a great tool to obtain targets for said analysis,
though our method does not rely on any proprietary software and is
pretty easy and straightforward to use.

Overall, our study has demonstrated that miRNA overexpression as a
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part of shRNA using Pol III cassette may result in isomiR generation and,
thus, significant off-target effects (Fig. 6). As it has been shown the
isomiR problem is especially relevant for miRNAs/siRNAs longer than
19 nt (Fig. 5). In this regard, careful design of shRNAs and analysis of
which particular isoforms are expressed is necessary for similar studies.
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