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Abstract

Ribonuclease Dicer initiates gene-silencing prodsssleaving exogenously long
RNA duplexes into small interfering RNA (siRNA) ogndogenous precursor
microRNAs (pre-miRNASs) into mature miRNAs. It holdgeat promise in cancer
diagnosis and therapeutics due to its molecular mdle. However, the intracellular
Dicer detection remains a key challenge and Dietated gene therapy has never
been explored. In this study, we design a fluoneistabeling Dicer substrate and
effectively deliver it into cell by exosomes deav&om the target parent cells for
intracellular Dicer expression level monitor andngetherapy. Using pre-miRNA
let-7a as a model, the Dicer substrates with twaiteals labeled with fluorescent and
guencher group respectively was obtained by T4 RiMiated ligase reaction from
two short RNA sequences. Then, the substrate wakaped into exosomes by
electroporation and delivered to target cells faracellular dicer imaging detection.
After packaging substrates into exosomes witkelitthmunogenicity and good innate
biocompatibility by electroporation and deliveredtarget cells, the Dicer mediated
substrate cleavage was effectively monitored byflt@escence recovery, providing
a powerful tool for Dicer analysis. Importantly, ethcleaved product exhibited
significant suppression toward tumor cell growthd aegulated cancer cells cycle.
This work might open a new avenue for Dicer analymind Dicer-related clinical

application.
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1. Introduction

Dicer is an endoribonuclease in the RNase Ill fgnmainly exists in cytoplasm,
and highly conserved in evolution (Lee et al., 20P4drk et al., 2011). It cleaves the
precursor microRNAs (pre-miRNAS) to mature miRNA=l&xogenously long RNA
duplexes into small interfering RNA (siRNA) to mat# gene silence (Hoehener et al.,
2018; Hyun et al., 2014; Macrae et al., 2006). Tliuslays key regulatory roles in a
variety of biological processes and pathologicakpsses. Especially, impaired Dicer
has been confirmed in many kinds of tumors anadutict act as an important tumor
inhibitor (Kumar et al., 2009; Pampalakis et aQ1@; Prodromaki et al., 2015). As a
cleaved product of Dicer enzyme, miRNAs are smatidogenous and noncoding
regulatory RNAs that regulate gene expression atpbst-transcriptional level to
induce either translational repression or mRNA ddgtion or sequestration of
MRNA from translational machinery (Ambros, 20048k 2004; Dong et al., 2013).
Recent studies have shown that impaired Dicer fonéhduced a decline in mature
MiRNAs expressional level, and indirectly influeddbe process of tumor occurrence,
development and metastasis (lliou et al., 2013; &uet al., 2007). Traditionally, the
Dicer detection is involved of complex cell lysisdadetection by western blot, real
time PCR, ELISA or electrochemistry, and they sw@ffe from limited sensitivity,
complicated operation process and quantitativectiete (Perron et al., 2011; Passon
et al., 2011; Zhao et al., 2017; Prodromaki et2015). The expression levels of the
Dicer related miRNAs remains unexplored. Therefef¢ient intracellular real-time
monitor probe of Dicer is urgently needed for canearly clinical diagnosis or
prognosis, and the Dicer substrates of pre-miRNAk lgreat promise for probe
design.

Besides detection probe, the other significantdgal barrier for intracellular
Dicer detection is the natural cell membrane, whexuired efficient gene vector due
to the low transfection efficiency of the free gggrebe. Commercial liposomes are
artificial lipoid bodies prepared by arrayed phasigid biomolecules and widely

used as carriers in the gene transfection (FelgndrRingold, 1989; Malone et al.,



1989). However, their potential cytotoxicity wowdriously influence the cell status
and induce false information, which has attractadrise attention (Lv et al., 2006).
Recently, exosomes derived from the membranousleesif late endocytosis in
living cells cytoplasm have emerged as promisinggcind gene delivery vectors for
diagnostic and therapeutic (Alvarez-Erviti et &011; Oh et al., 2019; Xitong and
Xiaorong, 2016). It is nano-sized membrane vesislaseted by virtually all cells
with a mean diameter of about 40-100 nm for intéutse communication (An et al.,
2019; Mathieu et al., 2019; Milane et al., 2015nYeet al., 2019) . In comparison
with traditional commercial liposomes, it exhibitaultiple advantages such as little
immunogenicity, good cell fusion ability, high aldamce in biological fluids and
especially innate biocompatibility (Heusermannlet2016; Tian et al., 2013). Thus,
the natural exosomes are promising tools for gehigaty across membrane barriers
(Alvarez-Erviti et al., 2011; Pitt et al., 2016; dan et al., 2018; Wang et al., 2017).
Herein, we design a Dicer substrate of pre-miRNA’k a hairpin sequence with
two terminals labeled with fluorescent dye and qhen respectively, and package it
into exosomes for intracellular Dicer detection gede therapy. As shown in Scheme
1 and Fig. S1, the synthetic Dicer substrate wagnaily in native hairpin formation,
and the 5’ terminal fluorophore was in close prakymnto the 3’ terminal quencher,
leading to fluorescence quenching. The Dicer satestivas packaged into exosomes
through electroporation, and it promoted the gekiinalization of the Dicer substrate
due to the good cell fusing capability. After thec& substrate was recognized and
cleaved by intracellular Dicer, the fluorophore aegped from the quencher to
produce strong fluorescence for Dicer detectiontaNly, the cleavage products
maintain the intrinsic gene silence ability to rizge the cell proliferation and cycle.
To our best of knowledge, this is the first repdyout the intracellular Dicer detection
and biomedical applications, and it may open a agenue for Dicer analysis and

Dicer-based clinical diagnosis and therapeutics.



Scheme 1. Schematic presentation of exosomes-mediated syntheicer substrate for
intercellular Dicer detection and gene therapy.

2. Materials and methods

2.1. Materials

Tris(hydroxymethyl)aminomethane (Tris), DL-Dithiogtol (DTT) and
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tealium bromide (MTT) were
obtained from Sigma-Aldrich (China). Hydrochloricid (HCI), Sodium chloride
(NaCl), magnesium chloride (Mggl and dimethyl sulphoxide (DMSO) were
purchased from Sinopharm Chemical Reagent Co.,(B&ljing, China). Hoechst
33342 was obtained from Yeasen Biotech. Co., L8haQghai, China). One-stop
MIiRNA urea-PAGE pack, column polyaerylamide (PAGE)IRNAgack and
Recombinant Dicer 1 were obtained from Kalang RibteCo., Ltd. (Shanghali,
China). T4 RNA ligase, M-PER Reagent, phosphatéebstline (PBS, pH 7.4), fetal
bovine serum (FBS), Dulbecco’s modified Eagle’s med(DMEM), trypsin-EDTA
and penicillin-streptomycin (PS) were all purchasenmnm Gibco Life Technologies

(AG, Switzerland). Exosomes Isolation Kit was p@aséd from Umibio Co., Ltd.



(Shanghai, China) to extract exosomes from diffecstl lines culture media. The
RNA sequences purified using high-performance ¢quhromatography were
obtained from Sangon Biological Engineering Tecbgygl & Services Co., Ltd.
(Shanghai, China).

RNA sequence-1:

5" FAM-UGG GAU GAG GUA GUA GGU UGU AUA GUU UUA GGQJCA CAC
CCACCA ¥

RNA sequence-2:

5 Phosphate-CUG GGA GAU AAC UAU ACA AUC UAC UGU Qb uccC

UA-BHQ1 3’

2.2. | nstruments

The gel electrophoresis images were captured withAliance Ld2 (Uvitec,
Cambridge, U.K.) with a UV lamp at 365 nm. All fiescence measurements were
performed on a Hitachi F-7000 fluorescence spdowodmeter (Tokyo, Japan). The
morphology of exosomes was examined with transomssiectron microscopy (TEM)
(using a JEM 2100 TEM microscope) at an acceleratioltage of 200 kV. The
concentration and size were measured by nanomartielcking analysis (NTA)
(ZetaView, Germany). The size distribution and zetatential analysis were
performed using a Zetasizer Nano ZS system (Majugk), and a 633 nm laser was
used for the dynamic Light Scattering (DLS). The&daoellular Dicer imaging was

conducted by a laser confocal microscope. (CLS,2001Olympus, Japan).



2.3. Fabrication of Dicer substrate

The sequence of pre-miRNA let-7a is queried fronRNA database miRBase.
According to the manufacturer’s protocol of T4 RNgase, the RNA sequence-1
with 5-labled FAM was added to RNA sequence-2 witHabled phosphate group
and 3-modified BHQL1 in Tris-HCI (50 mM pH 7.5) caming 10 mM MgC4, 10
mM DTT, 1 mM ATP, 0.1 mg/mL BSA, and 200 U T4 ligaand reacted for 18 h at
37 °C (Davies and Arenz, 2008). The target Dicer sabs$r were purified by
denaturing 15% PAGE gel electrophoresis accordiritpe protocol of column PAGE
MiRNAgack.

7 M urea denaturing 15 % PAGE gel was prepared@nrtemperature according
to the protocol of One-stop mMIRNA urea-PAGE packctnfirm the successful
formation of the Dicer substrate. Before sampldyamg the prepared gel should be
pre-run in order to remove the adverse effect ahamum persulfate and reached the
desired temperature. The analytical samples wepednwith loading buffer and
added to the corresponding cleared hole, and nu foat a constant voltage of 200

V and then analyzed with a gel-imaging system @hltie Ld2).

2.4.  Fluorescence spectrometry assays

To investigate the cleavage performance of Dicevatd Dicer substrate, the
synthetic Dicer substrate (50 nM) was incubateetiogr with recombinant Dicer (0.5
U) or Dicer from cell lysate (0.hL) for different times to monitor the fluorescence

intensity.



2.5. Exosomes extract

One human cancer cell line of A549 and two nornedllimes of human embryonic
lung fibroblast (MRC-5) and normal human dermatdtidasts (NHDF) were cultured
with DMEM media. When the cell fusion reached apprately 60%-70%, the
DMEM media were replaced by fresh opti-MEM, and tomned cultured for 36 h.
Finally, the media were collected and processe@éxtivact the exosomes through
polymer-based precipitation according to the protad Exosomes isolation kit. The

exosomes were stored in EP tubes af€30

2.6.  The cytotoxicity of exosomes

The cytotoxicity of exosomes was evaluated by Mg&&ll apoptosis and cycle
experiments, and the commercial cationic liposonas aiso employed as a control.
The MTT assay was carried out following our pregigeport (Dong et al., 2015).
Cell apoptosis and cell cycle were operated acogrdd the protocols of cell

apoptosis detection kit, and analyzed by BD ArfloNv cytometry.

2.7.  Packaging of Dicer substrate into exosomes by electroporation

The packaging of Dicer substrate into exosomesldwtreporation was performed
according to the typical procedure with brief magifion (EI-Andaloussi et al., 2012).
The Dicer substrate (1&M) with fluorescence labeling was mixed with exossn{l
x10' particles/mL) in electroporation buffer (PBS buffend 21% OptiPrep (v/v))

at 200 V using EBXP-HL1 electroporation system (Bi@lech). Then, the resulting
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solution was centrifuged through polymer-based ipi@tion, and the precipitate was
collected and re-suspended by PBS buffer for funtise.

To quantify the Dicer substrate, the Dicer substtaaded exosomes (1 ml) were
placed into a quartz cuvette and fluorescence vedscted using a Hitachi F-7000
fluorescence spectrofluorometer (Tokyo, Japan) veititation/emission at 488

nm/523 nm.

2.8. Intercdlular Dicer detection

Three different cell lines were cultivated in catdibdish containing DMEM (1 mL)
for 12 h. Then, the medium was replaced with OpEN containing exosomes (50
nM loaded Dicer substrate), which was extractechfparent cells, and cultivated for
4 h. After washing with PBS, the fresh DMEM was ediénd cultured for another 36

h before detecting by a laser scanning microscope.

29. Genetherapy

The exosome (5xE@articles/mL) loaded with different concentrationis Dicer
substrate (10, 25, 50, 75, 100 nM) were preparedidoe therapy by MTT. Briefly,
the A549 and MCF-7 cells (5.0 x 9)Owere cultured for 12 h in a 96-well plate
containing DMEM (10QuL) in each well. Then the medium was replaced \iriish
serum-free  medium (Opti-MEM) alone or medium camtay the Dicer
substrate-loaded exosomes. 4 h later, the mediusmre@aced with fresh DMEM

(100pL) and incubated for another 12 h. Next, MTT (2Q 5 mg/mL) was added to



each well. The media was removed 4 h later, and ONI®0uL) was added to each
wells to solubilize the formazan dye. After shock{37 °C, 120 rpm) for 15 min, the
absorbance of each well was measured using a T8oanse at 492 nm. The
anti-tumor rate of the Dicer substrate was estithditg the percentage of growth
inhibition calculated with the formula.

Anti-tumor rate % = (1 - Ax/Acontro) 100%

The exosome (5xfOparticles/mL) loaded with 100 nM Dicer substrat@asw

measured by cell apoptosis and cycle accordingeagtotocols of cell apoptosis and

cycle detection kit, and analyzed by BD Ariall flaytometry.

3. Rssults and discussion

3.1. Feasihility of the Dicer substrate for Dicer detection in vitro

MiRNA let-7a is one of the most significant canceated miRNAs that
down-regulatedn various cancers and validated as a key anti-gg@e for tumor
metastasis and cell cycle regulation (Han et ab192 Li et al.,, 2018). Using
pre-miRNA let-7a in A549 cells as a model, a Dibairpin detection probe with two
terminals labeled with 6-carboxy-fluorescein and@Hquencher respectively was
obtained by T4 RNA mediated ligase reaction frono short RNA sequences (Fig.
S1). Denaturing polyacrylamide gel electrophore$iBAGE) experiment was
performed to evaluate the formation of the Dicdys$tate. As shown in Fig. 1A, both
of RNA sequence-1 (45 nt, lane 2) and RNA sequén(®s nt, lane 3) exhibited a
single obvious electrophoresis band, the relatoxgel electrophoretic mobility of
both two RNA sequences than miRNA marker were ofesedue to fluorescein or
guencher group modification. A new strong band s@seared in the linked product

(lane 4), suggesting Dicer substrate was succég$tuimed. We further investigated



the Dicer cleaved ability toward the resulting Diseibstrate by electrophoresis and
fluorescence experiments. As shown in Fig. 1B, Dgubstrate (pre-miRNA let-7a)
could be efficiently recognized and cleaved by mneismant Dicer (lane 3) and cell
lysate (lane 4) to produce 22 nucleotides miRNA atiter nucleotides fragments.
The resulting Dicer substrate was first purifiedRAGE to decrease the background
signal and operated Dicer cleavage fluorescenceerempnt. The fluorescence
intensity increased as a function of time, andragHold enhancement in fluorescent
intensity was observed after 3 h, indicating effitticleavage of Dicer substrate by the
recombinant Dicer (Fig. 1C). Furthermore, the dgdate also showed a fast
fluorescence intensity recovery dynamic model tathe Dicer substrate (Fig. 1D).

These results suggested the synthetic Dicer swbstras reliable and efficient for

Dicer enzyme detection.

S
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Fig. 1. (A) Verification of the formation of Dicer substeaby denaturing PAGE: lane 1: miRNA
marker; lane 2: RNA sequence-1([®); lane 3. RNA sequence-2 (BV); lane 4: linked product

(5 uM). (B) PAGE analysis of Dicer substrate cleavedbger: lane 1: miRNA marker; lane 2:
Dicer substrate (uM); lane 3: Dicer substrate (®M) and recombinant Dicer; lane 4: Dicer
substrate (uM) and cell lysate. The fluorescent intensity ofktaie containing Dicer substrate
with recombinant Dicer (C) and cell lysate (D) dtedtent time.

3.2.  Characterization of exosomes

The resulting Dicer substrates were packaged ixdgsamnes extracted and purified



from human A549 cells through polymer-based préatijpn for cellular delivery to
avoid degradation during transfection process amatave internalization efficiency.
TEM and NTA were first used to characterize theaoted exosomes from A549 cells.
Negative staining of exosomes showed classical d@l/aped double membrane
morphology of exosomes with an anticipated sizé&itigion of 50-100 nm (Fig. 2A
and Fig. S2). According to the NTA measurementsffag. 2B, the exosomes profile
exhibited an average aqueous diameter of 110 nnchwhas slight larger than the
result of TEM due to the existence of hydrationelayn consistent with previously
reports (Li et al.,, 2017; Liang et al., 2019). Tdessults confirmed the successful

generation of exosomes.
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Fig. 2. (A) TEM image of exosomes extracted from A549 ceksialized by negative staining. (B)
NTA profiles of exosomes extracted from A549 celisset A: high-resolution TEM image of
exosomes. Inset B: the corresponding exosomessadttered light.

3.3.  The Cytotoxicity of exosomes

The cytotoxicity of exosomes to target cells washier investigated by MTT assay
and flow cytometry analysis, and the cytotoxicifycommercial cationic liposome
2000 was also measured as a control. As showngin3A, the exosomes exhibited
almost no toxicity to parent A549 cells even at hhigoncentrations (7.5x10
particles/mL), while liposome has obvious toxicitpward A549 cellswith
approximately 25-30% suppression at the same ctnatiem, indicating the good
biocompatibility of the exosomes. Similar resulteres observed for the exosomes
derived from MRC-5 and NHDF cells (Fig. S3). As tbile apoptotic analysis, the

exosomes-transfected A549 cells exhibited an agaptate of 7.59% and a death rate



of 1.82% (Fig. 3C), being similar to the controbgp (Fig. 3B). The apoptotic and
necrotic rate for liposome-transfected A549 cellasw2-folds higher than that of
exosomes-transfected A549 cells. The influencexokemes to cell cycle was also
investigated. As shown in Fig. 3E-G, neither exosemor liposomes would cause
significant influence on cell cycle compared to tbentrol group. These results
suggested the liposome might induce cell apoptosisnecrosis by influencing on the
integrity and function of cell membrane and suhdall membrane structure (Xu and
Szoka, 1996), and the biodegradation product obstmnes may also produce
cytotoxicity (Lv et al.,, 2006). The natural exosamelelivery was excellent

biocompatible and showed negligible influence oa biological processes of target

cells, which could be vital for intracellular molde analysis with little false signal.
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Fig. 3. (A) Cell viability after incubation of A549 cellsith exosomes and liposome at different
concentration; Flow cytometric analysis of Ab49<ealpoptosis transfected with (B) cell medium,
(C) A549 exosomes and (D) liposome; Flow cytomeamalysis of A549 cell cycle transfected
with (E) cell medium, (F) A549 exosomes and (Gpéipme.

3.4. Intracellular Dicer imaging detection

It was reported that the impaired Dicer enzyme waotluced low expression of
MIiRNA let-7a in A549 cells and cause carcinogenéBiampalakis et al., 2010).
Therefore, it is imperative for real-time monitagginthe expression level of

intracellular Dicer in the early clinical diagnost§ cancer. The synthetic Dicer



substrates were packaged into exosomes by elecatopg and the zeta potential
measurements showed little change of the exosoefeseband after electroporation
(Fig. Sb), indicating the internalization of thecBr substrates rather than membrane
absorption (Lunavat et al., 2016). As shown in Bigthe green fluorescence related
to the Dicer cleavage indicated that exosomes veat#aved from the parent cells
could be efficiently internalized and released Eheer substrate in the corresponding
target cell line. Compared to the strong fluoreseesignals observed in MRC-5 and
NHDF cells, weak fluorescence signal was presemte#l549 cells, suggesting the
expression of Dicer in Ab49 cells was lower thae tivo other normal cells, in
agreement with previous report (Pampalakis eRall0; Prodromaki et al., 2015). As
shown in Fig. S7 and Fig. S8, the Ab49 cells werandfected with Dicer
substrate-loaded liposomes and exosomes, and &&n dluorescence assigned to
intracellular Dicer was similar to each other, whiés further verified that
biocompatible exosomes are better delivery toas fiposomes. It provides a facile
and powerful tool to monitor the intracellular Diexpression level, which could be

used to distinguish the cancer cells and normafaetancer diagnosis.
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Fig. 4. Confocal images of intracellular Dicer of diffetecell lines transfected exosomes with
Dicer substrates. Scale bar: o).

3.5. Genetherapy



As we known, miRNA let-7a could act as tumor suppoe MiRNAs to target
various proto-oncogenes or oncogenes at both niptienal and post-transcriptional
levels (Chen et al., 2017; Roush and Slack, 2008¢. down-regulation of miRNA
let-7a leads to the occurrence of oncogenesis,la@went and metastasis, which
could be used as a significant gene therapy tékd@tques et al., 2018; Shekari et al.,
2019). In principle, the synthetic Dicer substratgs cleaved by intracellular Dicer
and produced mature miRNA let-7a, which could iefloe target cell proliferation
and progression, and inhibit tumor cell growth. $hwe further studied the gene
therapy performance of the proposed system. It dessonstrated that the synthetic
Dicer substrates enabled significantly influence tell viability of the tumor cell
after transfected with exosomes loaded with Dicabstrates (Fig. 5A). The
anti-tumor rate was high to 44% when the Dicer sabs at the concentration of 100
nM (Fig. 5A), indicating efficient tumor suppressiefficiency. The cell transfected
with exosomes loaded with Dicer substrates exhdbée apoptosis rate of 17.73%
and a death rate of 6.42%, being higher than thebmirol group (Fig. 5B-D). As for
the cell cycle regulation, the A549 cells transéecivith the proposed exosomes
increased by 10.82% in stage G1, whereas theioel® stage was slight decreased
and the cells in S stage decreased by 8.09%, tnjcaignificant G1/S block (Fig.
5E-G). The significant cancer cells growth suppoessand G1/S block performance
of the proposed system provides a promising geeeply strategy. Another tumor
cell line MCF-7 was also carried out for verify tledfect of the developed gene
therapy strategy, which demonstrated that thetanbr rate was high to 46% when
the Dicer substrate at the concentration of 100(Rld. S6). These results confirmed

the proposed strategy provided a powerful tootdionor Dicer-related gene therapy.
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Fig. 5. (A) Cell viability of A549 cells transfected wittixosomes loaded with Dicer substrates at
different concentration; Apoptosis analysis of A&Is incubated with (B) exosomes only and
(C) exosomes loading with Dicer substrates; (DWytometric analysis of apoptosis and dead
cells; Cell cycle analysis of A549 cells incubatedh (E) exosomes only and (F) exosomes
loading with Dicer substrates; (G) Flow cytomesialysis of cell cycle.

4. Conclusion

This work develops an intracellular ribonucleaseddidetection strategy using a
synthetic Dicer substrate combined with an exosemediated delivery system.
Using pre-miRNA let-7a as a model, the syntheticeDisubstrate hairpin probe with
two terminals labeled with dye and quencher groogict be effectively recognized
and cleaved by commercial recombinant Dicer antl lgsate in vitro, which was
confirmed by denaturing PAGE and fluorescence spect After packaging the
reliable probe into biocompatible exosomes by ebpatration and delivering into
cancer cell, the recognition and cleavage of treeDsubstrate by Ribonuclease Dicer
induced the separation of the dye from the quengireducing strong fluorescence
signal for Dicer detection. The good biocompatipibf the exosomes facilitated the
intracellular Dicer analysis with little false sajnImportantly, the significant tumor
suppression effect of Dicer cleavage product wae demonstrated. To our best of
knowledge, it is the first exploration of Diceriatellular detection and gene therapy

using Dicer substrate gene probe, which is promism promote Dicer bioanalysis



and clinical application research.
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Exosomes-mediated synthetic Dicer substrates delivery for intracellular Dicer
imaging detection
Wenhao Dai, Lei Su, Huiting Lu, Haifeng Dong,* Xughang
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A simple strategy is designed for intracellular &i@xpression level monitor and gene therapy.
The synthetic Dicer substrates can cleave in cgiplresult in fluorescent recovery for Dicer
analysis by RNase Dicer through exosome mediatdigdedg Another cleaved product with

intrinsic gene silence ability trigger significasgncer cells growth suppression and G1/S block.
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Highlights

1. A fluorescent labeling probe was designed with high selectivity for intracellular
Dicer detection.

2. Exosomes with little immunogenicity and good innate biocompatibility were used
as nanocarriers for gene probe delivery.

3. After packaging the reliable probe into exosomes by electroporation, the

assembled nanosystem could detect intracellular Dicer.
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