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LinQURE: A novel AAV
gene silencing platform that supports
multi-transcript targeting for complex disorders
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Given that numerous genetic disorders, driven by diverse path-
ogenic mechanisms, may be amenable to recombinant adeno-
associated virus (rAAV)-delivered gene therapies, the sustained
innovation of rAAV-based therapeutic modalities is crucial.
The progression and severity of genetic diseases can be reduced
by targeting the toxic transcripts of a defective gene using mi-
croRNA (miRNA)-based miQURE technology delivered within
an AAV vector. By adapting the delivered cassette, it may be
possible to simultaneously regulate the expression profile of
multiple genes involved in the pathogenesis of complex genetic
diseases. The established miQURE gene silencing strategy was
expanded by concatenating several miQUREmolecules in a sin-
gle construct, resulting in the novel linQURE platform. Here, a
proof of mechanism is established by demonstrating that lin-
QURE technology enables the concomitant expression of two
synthetic miRNAs in vitro and in vivo, allowing more efficient
downregulation of their disease-causing mRNA targets. This
approach supports the development of multi-targeting thera-
peutic strategies, enabling gene therapy products to adapt to
more complex multigenic indications, thus expanding the
toolbox of readily available gene therapies.
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INTRODUCTION
Developing novel therapeutic approaches for common or rare genetic
disorders is a pivotal goal for the biomedical community. The Orpha-
net database estimates that 72% of identified rare disorders have a
cause that should be addressed at the genetic level.1 This represents
hundreds of millions of individuals worldwide who could benefit
from newly developed gene therapies. Current therapies are largely
palliative, require lifelong treatment, and leave patients with high un-
met needs; conversely, gene therapy offers the possibility of a one-
time transformative treatment. However, only a limited number of
gene therapies have gained US Food and Drug Administration
(FDA) or European Medicines Agency (EMA) approvals; seven of
these are adeno-associated virus (AAV)-vector-based gene therapies:
Glybera (uniQure), Luxturna (Spark Therapeutics), Hemgenix (uni-
Qure/CSL Behring), Roctavian (BioMarin), Zolgensma (Novartis
Gene Therapies), Elevidys (Sarepta Therapeutics), and Upstaza
(PTC Therapeutics). To date, the AAV-based treatments in clinical
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practice are gene replacement therapies for monogenic diseases,
including inherited retinal disorders (IRDs). IRDs are ideal targets
for AAV gene therapy based on ease of access, the immune privilege
of the eye, and the existence of novel retina-tropic capsids
(ClinicalTrials.gov: NCT02599922, NCT02935517, NCT03316560,
and NCT02416622).2,3 Other approaches, such as targeting the toxic
transcripts of a defective gene using a microRNA (miRNA)-based
technology, for example, mutant huntingtin in Huntington’s disease
(HD), have demonstrated safety and efficacy in rodent and minipig
models and non-human primates.4–6 In 2019, the FDA granted
fast-track designation, followed by regenerative medicine advanced
therapy designation in 2024, to AMT-130, the first one-time-admin-
istered gene therapy to enter clinical testing for the treatment of HD.
The interim analyses of the ongoing phase 1/2 clinical study for AMT-
130 (ClinicalTrials.gov: NCT04120493) show evidence of prospective
preserved neurological function with potential dose-dependent clin-
ical benefits for the patients treated with AMT-130, paving the way
for a promising future of AAV gene silencing therapies. Most genetic
disorders are monogenic; however, the molecular pathogenic mecha-
nisms are often complex, with multiple genes and factors driving the
disease phenotype. Evidently, there is a need for highly effective and
versatile systems that can target multiple transcripts, expand the
toolbox of readily available gene therapies, and offer a cure for
more complex genetic disorders. miRNAs constitute a family of
�22-nucleotide (nt)-long RNAs that direct the post-transcriptional
repression of target messenger RNAs (mRNAs).7,8 They are generated
from pre-processed forms that enter miRNA maturation pathways
for conversion into the final, mature 22 nt miRNA species. The initial
form, the primary-miRNA (pri-miRNA), is the direct transcript of
the miRNA genomic locus and a substrate of the highly selective
microprocessor complex that monitors the presence of specific struc-
tural features and nucleotide motifs on all hairpin structures. The
microprocessor acts as a gatekeeper, letting only optimal hairpins
with miRNA features enter the miRNA biogenesis pathway. It
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comprises three subunits (Drosha, DGCR8, and SRSF3), each with a
defined function and specific hairpin binding motifs.9 Drosha is the
cleaving unit and sits at the hairpin’s lower stem. A dimer form of
DGCR8 guarantees that Drosha cleaves accurately at the basal
junction.10,11 Finally, SRSF3 promotes microprocessor activity by
recruiting Drosha to the basal junction (Figure 1Ai).10,12 The micro-
processor is also sensitive to structural features like internal loops,
wobbles, mismatches, apical loop size, and single-stranded RNA seg-
ments flanking the hairpin that modulate its propensity to cleave pri-
miRNAs.13–16 Most pri-miRNAs are good microprocessor substrates;
however, pri-miR451 is suboptimal (Figure 1B). The miR-451 hairpin
possesses poor structural features with a short stem and a loop size of
only 4 nt. This affects microprocessor binding and, therefore, miR-
451 processing efficiency and expression.7 pri-miR451 is found in a
genomic hairpin cluster close to pri-miR144.17 pri-miR144 functions
as a helper hairpin engaging in cluster assistance and enabling Drosha
to process pri-miR451.7 In short, once pri-miR144 is cleaved by the
microprocessor, the microprocessor complex is transferred onto its
neighboring pri-miR451, which enables its processing (Figure 1Ai).18

Once cleaved, both precursor miRNAs (pre-miRNAs) are released in
the nucleus and exported to the cytoplasm for processing into mature
miRNAs, which ultimately silence their specific transcript targets
(Figures 1Aii and 1Aiii). The majority of pre-miRNAs (e.g., pre-
miR144) are subjected to a Dicer-dependent canonical miRNA
pathway, which leads to guide strand selection and passenger strand
degradation within the RNA-induced silencing complex (RISC)
before guide-dependent mRNA interference (Figure 1Aii).19,20 How-
ever, pre-miR451 is a notable exception, as it is a poor Dicer
substrate.17 Unlike pri-miR144, pre-miR451 enters a non-canonical
Dicer-independent-Ago2-dependent processing pathway, which,
following Ago2 slicing, will generate a 30 nt structure that will be pro-
gressively 30 trimmed by the poly(A)-specific ribonuclease (PARN),
ultimately generating mature miRNA species of various lengths
with no passenger strand (Figure 1Aiii).21 Thus, the divergent
processing pathways utilized bymiR144 andmiR451 alleviate compe-
tition for downstream factors such as Dicer and Ago proteins.7 Addi-
tionally, the absence of a passenger strand from miR451 makes
miR144-miR451 the miRNA cluster of choice to efficiently deliver
multiple synthetic therapeutic miRNAs while limiting cellular
toxicity. This specific feature of the miR144-miR451 cluster was the
basis of (1) the modulation of our miQURE 144-451-based proprie-
tary gene silencing platform to enhance single therapeutic miRNA
expression from miR451 and (2) the generation of a novel platform,
linQURE, to optimally express two therapeutic miRNAs from the
cluster. Here, we show the successful modulation of our AAV gene
therapy platform and adaptation of the cargo to a multi-expression
system and demonstrate its efficacy in vitro and in vivo.

RESULTS
Optimization of the miR144-miR451 cluster for synthetic miRNA

expression

A series of alterations were made to the miR451 and miR144-miR451
scaffolds to further optimize the platform for single-gene targeting
and enable multi-gene targeting. As previously described, suboptimal
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miR451 employs the helper function (represented by the black arrow
in Figure 1Ai) of miR144 to enhance its processing and, therefore, the
expression of miR451.7 To demonstrate this, HEK293T cells were
transfected with either miR451 alone or miR451 clustered with
miR144 (Figure 1C), and RNA was isolated 48 h post-transfection.
Small RNA sequencing revealed the augmented expression of a syn-
thetic miRNA from miR451 when it was in a cluster with miR144
(Figure 1Ci); however, another endogenous miRNA, let7a, remained
largely unchanged (Figure 1Ciii), suggesting that miR144 andmiR451
interact in cis (e.g., when miR144 and miR451 are expressed as a clus-
ter on a unique pri-miRNA). Given that the exogenous expression of
miR144 may cause unwanted side effects (e.g., the engagement of
miR144 targets),22–24 a novel scaffold modification strategy was im-
plemented to abrogate miR144 expression. Different mutant versions
of the miR144 hairpin were engineered, wherein base pairs at posi-
tions 5 (miR144M5), 5 and 6 (miR144M56), and 5, 6, and 7
(miR144M567) from the Drosha cleavage site (represented by the
black arrowheads in Figure 1D) were mismatched using nucleotide
substitutions. The mismatches created a bulge near the Drosha cleav-
age site, which abrogated processing in precursor forms.13,14 Each
mutant miR144 was clustered with miR451, expressing a synthetic
miR-A sequence (Figure 1D, right). As expected, the introduced
bulges lowered miR144 expression to varying degrees. The triple
mismatch (miR144M567mutant) reduced expression to undetectable
levels (Figure 1Ei). Interestingly, disruption of the Drosha cleavage
site in miR144M5 improved miR-A expression from miR451 (Fig-
ure 1Eii) as well as miR-A target reporter lowering (Figure 1F), sug-
gesting a mechanism where more Drosha is liberated to process
miR451. Notably, disrupting the miR144 hairpin to a greater extent
with a double or triple mismatch (miR144M56 and miR144M567
mutants, respectively) did not improve miR-A expression (for
miR144M567) or lower reporter expression (for miR144M56 and
miR144M567) (Figures 1Eii and 1F). None of the mutants seemed
to substantially affect the expression of an endogenous miRNA
such as miR16 (Figure 1Eiii).

Therefore, the use of mutant helper miR144 levers miR144-miR451
helper activity without the expression of unwanted miRNAs and, in
the case of miR144M5, allows for improved synthetic miRNA expres-
sion levels from miR451 and reporter lowering (Figures 1Ei, 1Eii, and
1F). The miR144M5-miR451 cluster was therefore selected and sub-
sequently exploited to develop next-generation linQURE scaffolds.

In vitro validation of a new generation of double-expressing

scaffolds, linQURE v.1

Next-generation scaffolds were designed to express multiple synthetic
miRNA sequences from one multi-hairpin structure. To this end,
various multiplexed versions of miR144M5-miR451 were created
and tested for synthetic miRNA expression (Figure 2).

To benefit from optimal miR144M5-451 cluster assistance, the 15 bp
miR451 50 and 30 flanking regions were conserved, creating a 30 bp
spacer sequence between both miR451 hairpins. The human endoge-
nous 92 bp region separating miR144 from miR451 was conserved
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Figure 1. Validation of the miR144-miR451 cluster for synthetic miRNA expression

(Ai) Schematic representation of the processing pathways involved in the maturation of the pri-miR144/451 cluster. The microprocessor is composed of Drosha (blue), a

DGCR8 dimer (yellow), and an SRSF3 unit (green). Microprocessor cleavage sites on both hairpins are depicted as black arrowheads. (Aii) While pre-miR144 follows a

canonical maturation pathway involving Dicer and the formation of a miRNA duplex, (Aiii) pre-miR451 enters a Dicer-independent pathway involving the slicing and trimming

functions of Ago2 and PARN, respectively. This bypasses miRNA duplex formation and leads to a single active guide strand. (B) Depicted hairpins are, from top to bottom, an

ideal miRNA hairpin, human miR144, and human miR451. Hairpins are depicted with nucleotide motifs and structural features (in red) that are determinants of micropro-

cessor recognition and cleavage site. Dark gray letters indicate predicted guide strands; light gray letters indicate predicted passenger strands. (C) Comparison of mature

miRNA expression from miR451 (Ci) and expression of mature miR144 (Cii) across pri-miR451 and pri-miR144 wild-type/451 scaffolds. miR16 is an endogenous miRNA

used as an internal control (Ciii). Quantification was performed by small RNA sequencing on transfected HEK293T cells. Data are presented as mean values (SD) of three

technical replicates. Asterisks denote statistically significant differences (*p% 0.05, **p% 0.01, and ****p% 0.001). Student’s two-tailed t test was applied for (Ci) and (Cii)

and one-way ANOVA followed by Tukey’s multiple comparisons test for (Ciii). (D) Depicted hairpins are human pri-miR144 wild type and its mutant variants miR144M5,

miR144M56, and miR144M567, with motif modifications highlighted in red. Dark gray letters indicate predicted guide strands, and light gray letters indicate predicted

passenger strands. (E) Comparison of mature miR144 (Ei) and mature miR-A (Eii) expression from pri-miR144 wild type and its mutant variants miR144M5, miR144M56, and

miR144M567. Endogenous miR16 expression is used as an internal control (Eiii). Quantification was performed by small RNA sequencing on transfected HEK293T cells.

Data are presented as mean values (SD) of three technical replicates. Asterisks denote statistically significant differences (nsp > 0.05, *p% 0.05, ***p% 0.005, and ****p%

0.001); one-way ANOVA followed by �Sı́dák’s or Dunnett’s multiple comparisons test. (F) Assessment of knockdown efficiency of miR-A reporter by pri-miR144 wild type and

its mutant variants miR144M5, miR144M56, and miR144M567 described in (D). HEK293T cells were co-transfected with the scaffolds and a miR-A luciferase reporter. Data

are presented as mean values (SD) of three independent experiments. Asterisks denote statistically significant differences (*p% 0.05, **p% 0.01, and ***p% 0.005); one-

way ANOVA followed by Dunnett’s multiple comparisons test. FL, firefly luciferase; nt, nucleotides; PARN, poly(A)-specific ribonuclease; RL, Renilla luciferase; SD, standard

deviation; ns, not significant.
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Figure 2. Development of a new generation of double-expressing scaffolds, linQURE v.1

(Ai) Schematic representation of the multiplexing strategy used to create linQURE v.1 scaffolds. Red strand represents the 15 bp 50 miR451 flanking region; green strand

represents the 15 bp 30 miR451 flanking region conserved to create a 30 bp spacer between bothmiR451 hairpins. Purple strand represents the linker miR451-miR144 92 bp

sequence. (Aii) Schematic representation of the double-expressing miR144M5-miR451-miR451 scaffold expressing miR-A and miR-B (linQ-144-A-B) and (Aiii) schematic

representation of a modified double-expressing miR144M5-miR451-miR144M5-miR451 scaffold expressing miR-A and miR-B (linQ-144-A-144-B). Double arrows in (Ai)

and (Aii) represent the swapping of miR-A and miR-B positions. (B) Comparison of miR-A (Bi) and miR-B (Bii) expression values across the scaffolds by small RNA

sequencing. Data are presented asmean values (SD) of three technical replicates. Asterisks denote statistically significant differences (*p% 0.05); Student’s two-tailed t test.

(C) Comparison miR144M5 expression values across the scaffolds by small RNA sequencing. Data are presented asmean values (SD) of three technical replicates. Asterisks

denote statistically significant differences (*p% 0.05 and **p% 0.01); one-way ANOVA followed by Tukey’s multiple comparisons test. (D) Schematic representation of the

triple-expressing miR144M5-miR451-miR451-miR451 scaffold expressing miR-A, miR-B, and miR-C (linQ-144-A-B-C). (E) Comparison of miR-A, miR-B, and miR-C

expression values across the scaffolds by small RNA sequencing. Data are presented as mean values (SD) of three technical replicates. Asterisks denote statistically sig-

nificant differences (***p% 0.005 and ****p% 0.001); Student’s two-tailed t test. (F) Schematic representation of the double-expressingmiR451-miR144M5-miR451 scaffold

expressing miR-A and miR-B (linQ-A-144-B). (G) Comparison of miR-A (Gi) and miR-B (Gii) expression values across the scaffolds by small RNA sequencing. Data are

presented as mean values (SD) of three technical replicates. Asterisks denote statistically significant differences (***p% 0.005 and ****p% 0.001); one-way ANOVA followed

by Dunnett’s multiple comparisons test. (H) Functional validation of the newly developed bi-expressing scaffolds by the Dual-Luciferase assay. The scaffolds were tested for

their ability to lower the expression of a miR-A targeted reporter (Hi) and a miR-B targeted reporter (Hii). Data are presented as mean values (SD) of three independent

experiments. Asterisks denote statistically significant differences (**p% 0.01); one-way ANOVA followed by Dunnett’smultiple comparisons test. FL, firefly luciferase; miRNA,

microRNA; RL, Renilla luciferase; SD, standard deviation.
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(Figure 2Ai).25 To evaluate the impact on expression levels of the in-
tegrated miRNA position relative to miR144M5, scaffolds were de-
signed as two derivatives where miR-A and miR-B were placed at a
distal or proximal position to the miR144M5 helper (Figure 2Aii).
Rescue scaffolds were also designed to evaluate the potential rescue
of an additional helper hairpin (Figures 2Ai and 2Aiii), and synthetic
miRNA expression across the different scaffold designs was assessed.
HEK293T cells were transfected, total RNA was isolated, and small
RNA sequencing of total RNA was performed. miR-A and miR-B
expression was compared with a single-RNA-expressing counterpart
miR144M5-miR451. The quantification data showed a loss of expres-
sion for both miR-A (Figure 2Bi) and miR-B (Figure 2Bii) in linQ-
144-A-B and linQ-144-B-A, which was more pronounced when the
miRNA was integrated within the distal miR451 hairpin (Figure 2B).
This loss of expression could not be rescued by the addition of
another helper miR144M5 hairpin, which, unexpectedly, further
decreased the expression of the first miRNA (Figure 2B). Interest-
ingly, quantification of miR144M5 across scaffolds showed a syner-
gistic effect on expression in the rescue scaffold, suggesting that the
helper effect might have been redirected onto the miR144M5 hairpins
rather than the miR451 hairpins (Figure 2C). Moreover, the addition
of a third miR451 hairpin (miR-C) (Figure 2D) resulted in impaired
expression of the second (Figure 2Eii) and third (Figure 2Eiii) inte-
grated miRNAs when compared with single-expressing scaffolds
(Figure 2E).

To assess whether a particular localization of helper miR144M5
would improve the expression of both miR451 hairpins,
miR144M5 was relocated from its original position (92 bp prior to
two miR451 hairpins) to a middle position between twomiR451 hair-
pins at an equal distance (92 bp) from each hairpin. Two derivatives
were generated, placing either miR-A or miR-B prior to the
miR144M5 helper (Figure 2F), and miR-A (Figure 2Gi) and miR-B
(Figure 2Gii) expression was evaluated. Small RNA sequencing re-
sults showed a loss of expression of the miRNA located before the
miR144M5 helper regardless of the miRNA sequence (Figure 2G),
suggesting a role for the spacer sequence separating 144 and 451 in
directing the helper activity (e.g., microprocessor transfer) provided
by miR144.

To determine the efficiency of miRNA target lowering when ex-
pressed from different scaffolds compared with standard scaffolds,
plasmids expressing the different scaffolds depicted in Figures 2Aii
and 2Aiii were co-transfected along with Dual-Luciferase reporter
vectors containing either miR-A or miR-B binding sites in the Renilla
luciferase (RL) gene. RL activity was measured by the Dual-Luciferase
reporter assay 48 h post-transfection. Both synthetic miRNA se-
quences miR-A and miR-B within linQ-144-451-451 scaffolds
(linQURE v.1) exhibited similar reductions in luciferase reporter
expression to those observed when individually expressed within
miR144M5-451 standard scaffolds regardless of the more proximal
or distal localization from the miR144M5 helper hairpin
(Figures 2Hi and 2Hii). Nonetheless, marginally higher reporter
gene expression was observed within the rescue scaffolds for both ex-
pressed miRNA sequences, with a stronger trend toward the sequence
located between twomiR144M5 hairpins, in line with miRNA expres-
sion data (Figures 2Hi and 2Hii).

Altogether, these data support the use of miR144M5-451-451 to ex-
press two synthetic miRNAs and lower two separate targets.

To approximate the gene therapy context, the miR144M5-miR451
(miR144M5-A and miR144M5-B) and linQURE (linQ-144-A-B) scaf-
folds (Figure 3A) were subcloned within an inverted terminal repeat
(ITR) plasmid to enable the subsequent production of AAV9-
miR144M5-A, AAV9-miR144M5-B, and AAV9-linQ-144-A-B. Subse-
quently, HEK293T cells were transduced with a multiplicity of infec-
tion (MOI) of 1E+07 genome copies (gc)/cell of either a 1:1 mixture
of AAV9-miR144M5-A and AAV9-miR144M5-B or AAV9-linQ-
144-A-B alone. Comparable transduction efficiency in all conditions
was assessed by vector copy quantification in both test conditions
and controls (Figure 3B). For an identical MOI, AAV9-linQ-144-A-
B enabled the expression of 3.4 and 2.7 times more miR-A and
miR-B, respectively (Figures 3C and 3D), suggesting that linQURE
v.1 can be used to deliver multiple engineered miRNAs effectively.

Development of a new generation of double-expressing

scaffolds, linQURE v.2

To avoid the structural complexity of the previously described scaf-
folds and favor optimal miRNA expression, the aim was to employ
both the helper capacity of miR144 and its potential as an expressing
hairpin (Figure 4A). In contrast to miR451 (a non-canonical, Dicer-
independent miRNA), miR144 is processed through a canonical
Dicer-dependent pathway.26,27 Utilizing both miR144 and miR451
simultaneously as expressing scaffolds has the advantage of distrib-
uting the maturation of two synthetic miRNAs over two distinct
miRNA pathways, therefore optimizing the expression of both
mature miRNAs.28 As a canonical miRNA, miR144 processing gener-
ates a miRNA duplex following Drosha and Dicer activity; depending
on the relative thermostabilities of the duplex ends, one or the other
strand will be favored for RISC loading and mRNA transcript
targeting, while the other strand will be degraded (Figure 1Aii).29 In
the case of native miR144, deep sequencing data show that the 3p
arm is the guide strand, whereas the 5p arm is degraded (miRBase:
hsa-mir-144).

Because the passenger strand selection is sequence dependent, both 5p
and 3p regions of miR144 were designed as synthetic miRNA sequence
recipients formiR-D (scaffolds linQD5p-A and linQD3p-A; Figure 4A).
Nucleotide modifications were introduced to adapt miR-D 3p for
optimal guide expression (e.g., favor miR-D strand expression; scaf-
folds linQ D3pM1-A with miR-D 19N>C mutation) or miR-D 3p for
optimal passenger expression (e.g., favor miR-D* strand expression;
scaffolds linQ D3pM2-A with miR-D 1N>G mutation). The resulting
miR-D-expressing scaffolds are shown in Figure 4B.

The expression capacity of miR144 was validated, and the stoichiom-
etries between the guide and passenger strands were determined by
Molecular Therapy: Nucleic Acids Vol. 35 September 2024 5
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Figure 3. Validation of linQURE v.1 in an AAV9 in vitro

transduction model

(A) Schematic representation of single-expressing scaffolds

miR144M5-miR451 expressing miR-A (miR144M5-A,

top left) or miR-B (miR144M5-B, bottom left) vs. the

double-expressing miR144M5-miR451-miR451 scaffold

expressing miR-A and miR-B (linQ-144-A-B, right panel).

(B) Total vector copy expression per transduced sample.

(C) Absolute quantification of miR-A copies per mg total

RNA per transduced sample. (D) Absolute quantification

of miR-B copies per mg total RNA per transduced sample.

For (B, C, and D), data are presented as mean values

(SD) of three independent experiments; Asterisks denote

statistically significant differences (nsp > 0.05, *p % 0.05,

and **p % 0.01); one-way ANOVA followed by Dunnett’s

multiple comparisons test (A) and unpaired t test (B and

C). ND, not detectable; LLOQ, lower limit of quantification;

SD, standard deviation; ns, non-significant.
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small RNA sequencing and represented as the guide/passenger ratio
(G/P ratio) of miR-D over miR-D* (as shown in Figure 4Ci). Scaffold
linQ D5p-A had the most favorable G/P ratio (12.4). The nucleotide
modification in the scaffold linQ D3pM1-A design increased guide
strand expression over the passenger strand, as shown by an increased
G/P ratio of 17-fold when compared with the non-modified linQD3p-
A scaffold (5.1 vs. 0.3, respectively). In contrast, the linQ D3pM2-A
design had a 7.5-fold lower G/P ratio when compared with linQ
D3p-A (0.04 vs. 0.3 respectively), as anticipated, suggesting a predom-
inance of passenger strand expression. Importantly, the guide strand
selection modifications in the miR144 hairpin seemed to negatively
affect miR-A expression from miR-451 in scaffold linQ D3pM2-A.
The most favorable scaffold with respect to miR-A expression was
linQ D5p-A (Figure 4Cii).

FollowingmiRNAquantification by small RNA sequencing, the isomiR
population (i.e. pool ofmiRNAvariants that differ in lengthor sequence
from the annotated miRNA) for each of the synthetic miRNAs ex-
pressed was determined (Figure 4D). Notably, miR-A processing
from miR451 was more heterogeneous when compared with miR144-
expressed miR-D. The predominantly expressed form was a 25 nt
trimmed sequence, which represented over 60% of all miR-A isomiRs
6 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
with a distribution ranging from 17 to 30 nt
trimmed species. The isomiR distribution of
miR-A among linQ D5p-A, linQ D3p-A, linQ
D3pM1-A, and linQD3pM2-Awas similar, suggest-
ing that the nature of miR144 does not affect the
trimming of miR451. In contrast, the processing
ofmiR-Dvaried greatly among the scaffolds.While
scaffold linQ D5p-A produced up to 90% of 23 nt
miR-D, scaffold linQ D3p-A produced overall 1-,
2-, or 3-nt-shorter forms of miR-D (22.5%, 55%,
and 15.6%, respectively). Interestingly, modifying
the G/P ratios also modified the isomiR distribu-
tion of miR-D with an increase in the 20 nt isomiR
in linQ D3pM1-A and an increase in the 22 nt iso-
miR in linQ D3pM2-A, suggesting a possible drift of Drosha or Dicer
cleavage sites.

Finally, to validate the function of the expressed miRNAs, Dual-
Luciferase reporter assays were performed. In brief, plasmids were
co-transfected with a Dual-Luciferase reporter vector containing
miR-D or miR-A binding sites in the RL gene with a measurement
48 h post-transfection. All scaffolds showed reduced miR-A targeting
reporter expression; however, linQ D3pM2-A lowered reporter
expression less than other scaffolds (Figure 4Eii), which aligns with
the lower miR-A/miR16 ratio observed in Figure 4Cii. The reduced
miR-D targeting reporter expression correlated with the G/P ratio,
showing a more potent effect from linQ D5p-A (Figure 4Ei).

To validate the use of the double-expressing linQURE v.2 scaffold
in vivo as a therapeutic modality, a novel scaffold was designed incor-
porating a set of new synthetic miRNAs: miR-E inserted inmiR144 5p
and miR-F inserted within miR451 (scaffold linQ E-F) (Figure 5A).
In vitro, transfection validated the function of linQ E-F, with expres-
sion of both synthetic miRNAs (Figure 5Bi) and a G/P ratio of 1.7
(Figure 5Bii). Analysis of the isomiR profiles for both synthetic
miRNAs showed a predominance of 23 and 28 nt isomiRs for
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Figure 4. Development of a new generation of double-expressing scaffolds, linQURE v.2

(A) Schematic representation of the double-expressing miR144-5p-miR451 and miR144-3p-miR451 scaffolds expressing miR-D and miR-A (linQ D5p-A and linQD3p-A,

respectively). miR144 hairpin expresses a miRNA duplex composed of a guide (miR-D; dark blue) and passenger (miR-D*; light blue) strands. miR451 hairpin expresses a

guide strand (miR-A; orange). (B) Depicted hairpins represent human pri-miR144 engineered to express miR-D from 5p arm (D5p) or 3p arm (D3p; D3pM1 and D3pM2) within

scaffolds linQ D5p-A, linQD3p-A, linQD3pM1-A, and linQD3pM2-A, respectively. Nucleotide modifications inserted to influence G/P ratios are depicted in red. Dark blue

nucleotides indicate inserted synthetic guide strands, light blue nucleotides indicate passenger strands, and black nucleotides indicate the miR144 scaffold sequence. (Ci)

Graph compares G/P ratios among linQ D5p-A, linQD3p-A, linQD3pM1-A, and linQD3pM2-A scaffolds. (Cii) Graph represents the expression of miR-A over miR-16

(endogenous control) among linQ D5p-A, linQD3p-A, linQD3pM1-A, and linQD3pM2-A scaffolds. miRNA expression was assessed by small RNA sequencing. Data are

presented asmean values (SD) of three technical replicates. Asterisks denote statistically significant differences (*p% 0.05, **p% 0.005, and ***p% 0.005); one-way ANOVA

followed by Dunnett’s (Ci) or Tukey’s (Cii) multiple comparisons test. (D) Analysis of isomiR population for miR-D and miR-A among different scaffolds linQ D5p-A, linQD3p-A,

linQD3pM1-A, and linQD3pM2-A. Synthetic miRNA processing was analyzed by small RNA sequencing. Data are presented as mean values (SD) of three technical replicates.

(E) Functional validation of the newly developed bi-expressing scaffolds by Dual-Luciferase assay. The scaffolds linQ D5p-A, linQD3p-A, linQD3pM1-A, and linQD3pM2-A were

tested for their ability to lower the expression of a miR-D targeted reporter (Ei) and miR-A targeted reporter (Eii). Data are presented as mean values (SD) of three independent

experiments. Asterisks denote statistically significant differences (*p% 0.05, **p% 0.01, and ****p% 0.001); one-way ANOVA followed by Dunnett’s multiple comparisons

test. FL, firefly luciferase; G/P, guide passenger strand ratio; miRNA, microRNA; nt, nucleotides; RL, Renilla luciferase; SD, standard deviation.
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Figure 5. Validation of the miR144-miR451 cluster scaffold linQURE v.2 in vitro and in vivo

(A) Schematic representation of the double-expressing miR144-5p-miR451 scaffold expressing miR-E and miR-F (linQ E-F). miR144 hairpin expresses a miRNA duplex

composed of guide (miR-E; light brown) and passenger (miR-E*; black) strands. miR451 hairpin expresses a guide strand (miR-F; dark brown). (Bi) Graph shows the

expression of miR-E guide and passenger strands andmiR-F guide strand in transfected HEK293T cells as assessed by small RNA sequencing. Data are presented asmean

values (SD) of three technical replicates. (Bii) Graph represents guide (miR-E)/passenger (miR-E*) ratio. Data are presented as mean values (SD) of three technical replicates.

(C) Analysis of the isomiR expression of miR-E and miR-F in samples transfected with linQ E-F scaffold. Data are presented as mean values (SD) of three technical replicates.

(D) Functional validation of linQ E-F by Dual-Luciferase assay. The scaffold was tested for its ability to lower the expression of amiR-E targeted reporter (Di) andmiR-F targeted

reporter (Dii). Data are presented as mean values (SD) of three independent experiments. Asterisks denote statistically significant differences (**p% 0.01, and ****p% 0.001);

one-way ANOVA followed by Dunnett’s multiple comparisons test. (E) linQ E-F scaffold was packaged into an AAV5 vector and injected into the striatum of mice. (F)

Assessment of transduction efficiency (vector DNA copies) in the striatum of AAV (linQ E-F)-treated mice. Each datapoint represents one animal. Data are represented as

mean values (SD); N = 5. (G) Absolute quantification of miR-E and miR-F in treated mice by RT-qPCR. Each datapoint represents one animal. Data are represented as mean

values (SD); N = 5. (H) Assessment of the G/P ratio by small RNA sequencing of the striatum of AAV (linQ E-F)-treated mice. Each datapoint represents one animal. Data are

represented as mean values (SD); N = 3. (I) Assessment of miR-E and miR-F processing by small RNA sequencing of the striatum of AAV (linQ E-F)-treated mice. Data are

represented as mean values (SD);N = 3. (J) Quantification of 50 exact seed processing for miR-E andmiR-F guide strands of the striatum of AAV (linQ E-F)-treated mice. Each

datapoint represents one animal. Data are represented as mean values (SD); N = 3. (K) Quantification of (Ki) miR-E targeted mRNA (normalized to vehicle) and (Kii) miR-F

targeted mRNA (normalized to vehicle) of AAV- (linQ E-F) (N = 4) and vehicle (N = 5)-treated mice. Each datapoint represents one animal. Data are presented as mean values

(SD). Asterisks denote statistically significant differences (nsp > 0.05 and *p% 0.05); Student’s two-tailed t test. FL, firefly luciferase; miRNA, microRNA; mRNA, messenger

RNA; nt, nucleotides; RL, Renilla luciferase; ns, non-significant; SD, standard deviation.
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miR-E and miR-F, respectively (Figure 5C). The Dual-Luciferase re-
porter assay demonstrated the impact of linQ E-F on reporter gene
expression in vitro, showing 90% and 96% lowering of miR-E and
8 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
miR-F reporter expression, respectively, when compared with mock
control (Figure 5D). To demonstrate in vivo validation, linQ E-F
was packaged within an AAV5 capsid and delivered to mouse brains
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by direct intrastriatal injection (Figure 5E). Mice were sacrificed
12 weeks post-injection, and striatal tissue was collected to evaluate
the transduction efficacy and synthetic miRNA expression profiles.
For an average of 9.8E+6 vector AAV5 copies/mg striatal deoxyribo-
nucleic acid (DNA) (Figure 5F), miR-E and miR-F expression of
5.2E+8 and 6.6E+9 miRNA copies/mg total RNA, respectively, was
achieved (Figure 5G). The miR-E G/P ratio in this context showed
a remarkable improvement of 15-fold over the in vitro context (26
vs. 1.7, respectively), suggesting a discrepancy in the strand’s stability
over time in vivo (Figure 5H). Importantly, the in vivo miRNA pro-
cessing analysis recapitulated the in vitro isomiR profiles of both syn-
thetic miRNAs (Figure 5I) with more than 95% of exact 50 seed
sequence expression (Figure 5J), suggesting an extreme Drosha fidel-
ity to generate active miRNA species. Finally, quantification of the
miR-E (Figure 5Ki) and miR-F (Figure 5Kii) target transcripts
showed reduced expression of 43% and 49%, respectively, when
compared with vehicle-treated mice. Taken together, the miRNA
expression data and functional assays demonstrate that (1) two
distinct synthetic miRNAs can be expressed from one scaffold
in vitro and in vivo; (2) modifying the miR144 sequence does not
affect its helper function toward miR451; (3) synthetic miRNA
expression of both 3p and 5p from miR144 can lead to optimal target
lowering; (4) modulation of the G/P ratio can be achieved, which en-
riches the desired strand; and (5) requisite expression of both syn-
thetic miRNAs expressed from miR144 and miR451 can be achieved
in vivo following local AAV injection.

DISCUSSION
It was nearly 50 years ago that gene therapy was initially proposed as
a means of treating inherited monogenic disorders. Since then, signif-
icant progress has been made in the field, with more than 20 gene
therapies approved for clinical application.30 These approvals offer
life-changing treatment options for diseases previously deemed un-
treatable or unresponsive to traditional therapies. Gene supplementa-
tion is becoming an established strategy to treat monogenic disorders
that benefit from the exogenous delivery of a functional protein-cod-
ing gene, such as the AAV-based gene therapies Zolgensma for treat-
ing spinal muscular atrophy and Hemgenix for hemophilia B.31–33

Following successful clinical trials, there has been a resurgence of
interest in using RNA interference (RNAi)—encompassing small
interfering RNA (siRNA) and short hairpin RNA (shRNA)/miRNA
strategies—to tackle complex multi-factorial disorders using gene
silencing products for diseases such as hepatitis C, liver and kidney
dysfunction, neurologic disorders, and various cancers.34 However,
optimally treating diseases driven by multiple dysregulated pathways
cannot be achieved with amono-target therapy. The concept of multi-
targeting is established in pharmacology, notably for oncology indica-
tions where combinations of small-molecule inhibitors are expected
to become the standard of care.35 In order to expand the clinical
outreach of miRNA gene therapies, combined silencing of multiple
genes must be explored. Furthermore, given that a single mismatch
between an miRNA and its target sequence will affect the silencing
potency of the therapy,36 the genetic variation caused by single-nucle-
otide polymorphisms (SNPs) may limit the population-wide applica-
tion of miRNA therapies. Thus, expressing multiple miRNAs with
distinct binding sites toward the same target could overcome the
inherent barrier caused by SNPs.36,37

The current study builds upon the well-established AAV-miQURE
platform4,6,38–43 by optimizing its single therapeutic miRNA
expression and enabling the expression of two therapeutic
miRNAs from one cassette. Different silencing approaches were
evaluated using the synchronized expression of artificial miRNAs.
The miRNA cluster was successfully modulated and adapted to a
multi-expression system, which demonstrated efficacy in vitro
and in vivo.

The miQURE platform utilizes the non-canonical miRNA hairpin
miR451 to mitigate the risk of passenger-dependent off targeting.
miR451 is an Ago2-dependent Dicer-independent miRNA, which
makes it a scaffold of choice for therapeutic tools. However,
miR451 is structurally suboptimal, which limits its conversion into
therapeutic miRNA. We and others have shown that combining
miR451 with its endogenously occurring miRNA partner miR144
substantially potentiates miR451 processing and, ultimately, benefits
therapeutic translation.18,44 Here, we used informed engineering to
enable miRNA processing to be turned on and off. miR144 Drosha
processing was transferred toward miR451 by introducing a single
point mutation translated to a bulge in the lower stem of miR144.
This likely precluded miR144 from being processed by Drosha while
maintaining its recruitment capacity.13 However, it increased miR451
processing and its functional effect. A pivotal location was identified
within the structure of miR144, where Drosha recruitment was grad-
ually lost when the bulge was doubled and tripled, modulating the
helper function of the canonical hairpin.45,46

To harness this unique feature of miR451, a multi-expression system
was engineered by adding a second miR451 hairpin (linQURE v.1).
Although the system enabled proper miRNA expression, the levels
of the second miR451 were lower regardless of the inserted synthetic
sequence. Furthermore, the system did not allow successful clus-
tering of a third miR451, suggesting that cluster assistance requires
the presence of more than one canonical hairpin to function effec-
tively. Indeed, we observed preferential cluster assistance between
canonical and canonical, rather than canonical and non-canonical,
hairpin pairings.18 These data are corroborated by others who have
shown that expression is limited if the cluster is expanded even in
the sole presence of a canonical hairpin, which may be due to the
limited availability of Drosha to pursue the processing of all
hairpins.45,46

Overall, our findings and those of others suggest that a canonical
hairpin benefits the optimal expression of multiple miRNAs. There-
fore, linQURE v.2 was developed, wherein miR144 was converted
to an expressor, which enabled the required G/P ratio control.
RNAi toxicity can be mediated by elevated passenger strand produc-
tion and saturation of the RNAi machinery.47,48 An advantage of the
linQURE v.2 system is that an alternate processing pathway is used,
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which avoids saturation of the Dicer/Ago pathways and alleviates the
possibility of competitive processing.49 Additionally, the miRNA
backbone was optimized for guide expression, which, importantly,
was conserved in vivo.

Ultimately, the construct design strategy will be informed by its in-
tended use. For example, a particular disease indication may favor se-
lecting multiple targets over the magnitude of transcript repression,
or vice versa. In some cases, it may be desirable to direct maximal ef-
ficacy toward one target (e.g., a target with no deleterious effects when
silenced) and less in another (where safety concerns arise if excessive
suppression occurs). These data suggest that using informed design
would allow miRNA expression to be optimally modulated for spe-
cific disease indications.

Product improvements can be made to develop a gene therapy prod-
uct that maximizes miRNA expression while preserving patient safety
(e.g., minimal off-target activity and avoiding high AAV doses), such
as optimizing the processing and, therefore, the expression of thera-
peutic miRNAs. The future lies in the de novo design of semi-artificial
miRNAs that incorporate all essential optimal processing motifs, thus
ensuring more efficient and accurate processing than any other natu-
ral pri-miRNA, in conjunction with combined off-target assessments
of the multiple miRNAs.11,13,15,16,50–52 Another barrier to multi-tar-
geting technologies lies upstream with the selection of several stra-
tegic targets that broadly aim to perturb pathobiological mechanisms
rather than focusing on single targets.53–55 Despite the evaluation of
multi-targeting with siRNA/shRNA technologies, these therapies
have not achieved successful clinical translation.56,57 Associating a
multi-expression platform such as linQURE with the properties of
an AAV vector enables the controlled delivery of multiple transgenes,
which may solve potential regulatory concerns on the path to the
clinic.

In conclusion, the linQURE platform is well adapted to address the
current need for multi-targeting options required to expand the
gene therapy toolbox.

MATERIALS AND METHODS
Expression cassettes: Design and cloning

In total, six miRs (designated miR-A to -F) and the miR-control (non-
targeting miRNA) guide and complementary strands were embedded
into thehumanpri-miR451orpri-miR144 sequences.ThemiR451 scaf-
fold and the pri-miR144/451 scaffold were flanked by 157 and 28 nt 50

flanking regions, respectively. All scaffolds were flanked by a 205 nt 30

flanking region followed by a BamHI restriction site and a poly(A)
signal. Each association of hairpins comprised a spacer sequence that
separated the first and second hairpins. miR144 andmiR451were sepa-
rated by a 92 bp spacer sequence, miR451 and miR144 were separated
by the reversed 92 bp spacer sequence, and miR451 and miR451 were
separated by a synthetic 30 bp spacer sequence.

NheI and NotI restriction sites were added at the 50 and 30 ends,
respectively, and the complete sequence was synthesized and subcl-
10 Molecular Therapy: Nucleic Acids Vol. 35 September 2024
oned into a pUC vector (GeneWiz, Azenta Life Sciences, Guangzhou,
China). Expression from all cassettes was driven by a strong synthetic
ubiquitous promoter. The cassettes comprising miR144-miR451 scaf-
folds (and variants) (Figure 1), linQURE scaffolds linQ-A-144-B,
linQ-144-A-B, linQ-144-A-B-C, and linQ-144-A-144-B (Figure 2),
and linQ-D-A and its variants (Figure 4) were terminated by the
bovine growth hormone poly(A) signal. Cassettes comprising the lin-
QURE scaffold linQ E-F (Figure 5) were terminated by the simian vi-
rus-40 poly(A) signal. For AAV plasmid generation, the previously
synthesized expression cassettes miR144M5-A, miR144M5-B,
miR144M5-control, linQ-144-A-B, linQ control, and linQ E-F,
including the promoter and poly(A) signal, were incorporated in
a plasmid encoding the AAV ITR. ITR plasmid subcloning
and sequence verification were performed by GeneWiz (Azenta Life
Sciences, Leipzig, Germany).

AAV vectors

AAV5 vectors

Recombinant AAV5 constructs were produced by polyethylenimine
transfection of HEK293T cells with two plasmids encoding for Rep-
Cap and the ITR-containing transgene plasmid (Sirion Biotech,
PerkinElmer, Gräfelfing, Germany). Following a two-step purifica-
tion using POROS CaptureSelect AAV-X resin (Thermo Fisher Scien-
tific, Waltham, MA) for primary capture and an iodixanol gradient
(Sirion Biotech, PerkinElmer, Gräfelfing, Germany) for empty capsid
removal. The titer of the purified AAV was determined using quan-
titative polymerase chain reaction (qPCR).

AAV9 vectors

AAV9 vectors harboring the expression cassettes were produced by in-
fecting expressSF+ insect cells (Protein Sciences,Meriden, CT)with two
baculoviruses, one encoding Rep and Cap and the other encoding the
transgene.AAVpreparationswere purifiedby a fast protein liquid chro-
matography AKTA Pure system (Cytiva Life Sciences, Marlborough,
MA) that employed anAAV-X affinity resin (ThermoFisher Scientific),
with an ultrafiltration step using a 100 kDa filter to exchange buffer to
vehicle buffer. AAV titers were determined using qPCR.

Animal studies

The mouse study was approved by the central governmental commit-
tee for animal experimentation and the animal welfare body of the
Netherlands Organization for Applied Scientific Research in compli-
ance with European Community specifications regarding the use of
laboratory animals. The study was conducted by Charles River Labo-
ratories (Charles River Laboratories, Kuopio, Finland), which are
accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care.

To determine the in vivo expression of linQ E-F, AAV5 vectors were
generated encoding scaffold linQ E-F as previously described. A
cohort of 5 (female and male) mice were injected intrastriatally
with 1.5E+11 gc/hemisphere. Weekly body weight measurements
and cage-side observations were made until 20 weeks of age (12 weeks
post-infusion)when the mice were euthanized. Striatal samples were
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collected, snap frozen, and used to extract DNA for vector genome
quantification and RNA for miR-E and miR-F quantification by
RT-qPCR and processing analysis by small RNA sequencing. DNA
and RNAwere isolated using the AllPrep DNA/RNA 96-well kit (Qia-
gen, Venlo, the Netherlands) as per the manufacturer’s instructions.

Culture, transfection, and transduction of HEK293T cells

HEK293T cells were maintained in Dulbecco’s modified Eagle’s me-
dium (Thermo Fisher Scientific) containing heat-inactivated fetal
bovine serum (Thermo Fisher Scientific) at 37�C and 5% CO2. For
transfection and transduction assays, cells were seeded in 96- or
24-well plates at a density of 2E+04 or 1E+05 cells/well, respectively,
1 day prior to transfection or transduction. Cells were either trans-
fected with 0.05, 0.5, or 1 pg/cell in triplicate or transduced with
AAV9 vectors at an MOI of 1E+07 total gc/cell in duplicate. Two
days post-transfection/transduction, the cells were harvested, and
genomic DNA and total RNA were isolated according to the manu-
facturer’s instructions (AllPrep DNA/RNA Micro Kit, Qiagen) for
subsequent molecular analysis.

Molecular analysis of in vitro and in vivo samples

Quantification of vector copies

Vector genome copies from isolated genomic DNA were quantified
by TaqMan qPCR assay (Thermo Fisher Scientific) and qualified
standard lines. qPCR was performed on 7500 Fast Real-Time PCR
System (Thermo Fisher Scientific) and analyzed on 7500 Software
(v.2.3) (Thermo Fisher Scientific).

Quantification of miRNA copies

To quantify the expression of synthetic miR-A, miR-B, miR-E, and
miR-F from total RNA, miRNA-specific assays were developed. In
brief, to detect synthetic miRNA expression levels, isolated RNA was
reverse transcribed into cDNA by using either a TaqMan MicroRNA
Reverse Transcription Kit (Cat. #4366597, Applied Biosystems, Wal-
tham, MA) or Maxima First Strand cDNA Synthesis Kit with a
dsDNAse step (Cat. #K1672, Thermo Fisher Scientific) and a gene-spe-
cific reverse transcriptase primer to target the synthetic miRNA. cDNA
was quantified by using TaqMan qPCR assays (Custom TaqMan Small
RNA Assay miR-A assay ID CSYPDRM and Custom TaqMan Small
RNA Assay miR-B assay ID CT2W72H) and SYBR Green qPCR
assays (miR-F_23 nt-FW: 50-AGACAGACTTGCTTAAAGGAAG-30,
miR-F_23 nt-RV: 50-GGTCCAGTTTTTTTTTTTTTTTACAC-30;
miR-E_23 nt-FW: 50-CAGTCAGGTCTTTTCTTGTTCA-30, miR-
E_23 nt-RV: 50-CCAGTTTTTTTTTTTTTTTCGGGT-30, Thermo
Fisher Scientific) and qualified standard lines. The qPCR was per-
formed on 7500 Fast Real-Time PCR System (Thermo Fisher Scienti-
fic) and analyzed on 7500 Software (v.2.3) (Thermo Fisher Scientific).

Quantification of target mRNA copies

To quantify mRNA expression from total RNA, mRNA-specific assays
were developed. In brief, isolated RNA was reverse transcribed
into cDNA by using either Maxima First Strand cDNA Synthesis Kit
with a dsDNAse step (Cat. #K1672, Thermo Fisher Scientific) or
SuperScript III First-Strand Synthesis System (Cat. #18080051, Thermo
Fisher Scientific). cDNA was quantified using TaqMan qPCR assays
(E-targeted mRNA assay: Pr-FW: 50-AGGGTGAACAAGAAAAGA
CCTG-30, Pr-RV: 50-CGGTTGTTTCCCTCCTTGTTTT-30, probe:
[FAM] 50-TAAAGATTAACCAGAAG-30 [NFQ-MGB] [Eurofins Sci-
entific, Luxemburg, Luxemburg]; F-targeted mRNA Assay: Pr-FW: 50-
CGACTGGAGCACGAGGACACTGA-30, Pr-RV: 50-CACCCAGCT
TCGGTCAGAG-30, Probe: [FAM] 50-CGGGTAGAA/ZEN/GCGGG
GGCTCT/3IABkFQ-30) and qualified standard lines. The qPCR was
performed on 7500 Fast Real-Time PCR System (Thermo Fisher Scien-
tific) and analyzed on 7500 Software (v.2.3) (Thermo Fisher Scientific).

Dual-Luciferase reporter assay

To assess reporter gene lowering by Dual-Luciferase reporter assay
(Promega, Madison, Wisconsin), HEK293T cells were plated into
96- or 24-well tissue-culture-treated plates at a density of 2E+04 or
1E+05 cells/well, respectively. Plasmid DNA (pDNA) (0.05, 0.5, or
1 pg/cell) was co-transfected with Dual-Luciferase target-specific re-
porters using Lipofectamine 2000 (Thermo Fisher Scientific). The
co-transfection was performed at a 1:2, 5:1, or 6:1 pDNA:reporter ra-
tio. The reporters contain relevant miRNA binding in the 30 UTR of
the RL gene and a herpes simplex virus type 1 thymidine kinase-
driven firefly luciferase (FL). The RL and FL activity was measured
by Dual-Luciferase reporter assay 48 h post-transfection. Reporter
lowering was measured as a decrease in the RL/FL activity ratio. All
transfections were performed as technical triplicates. The assay read-
outs were acquired in a GloMax Microplate Reader (Promega). The
experiments were performed two or three times.

Small RNA sequencing using next-generation sequencing and

data analysis

Total RNA was isolated from transfected HEK293T cells as described
above. Small RNA sequencing was performed by GenomeScan BV
(Leiden, the Netherlands) using the NebNext small RNA library
prep method (in vitro samples) or the NextFlex small RNA library
preparation method (in vivo samples), including BluePippin size se-
lection of the final library combined with Illumina NovaSeq6000
PE150 sequencing. The data were delivered and analyzed in-house us-
ing CLC Genomics Workbench Suite v.20 (Qiagen). The trimmed
small RNA reads were aligned against the human or mouse database
of miRNAs (miRbase v.22) and a custom database containing the syn-
thetic (pre-)miRNA sequences. The quantification of miR-A to -F,
miR144 and variants, and endogenous miR16 (guide and passenger
strands where relevant) were expressed as a percentage of the number
of counts vs. the total number of small RNA counts.
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