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Abstract

:

Plants have evolved defense mechanisms to suppress viral transcription and replication by transcriptional and post-transcriptional gene silencing mediated by virus-derived small interfering RNAs (vsiRNAs). Based on this response, virus-induced gene silencing (VIGS)-based technology has been developed to silence target genes on either host plants or insect pests. This mechanism could also be used for the silencing of genes of interest in the medical field. We used the VIGS vector pEuMV-YP:Krt18, which was obtained by inserting the Mus musculus (M. musculus) Krt18 sequence into pEuMV-YP:ΔAV1. The objective was to evaluate the capacity of pEuMV-YP:Krt18 to induce Nicotiana benthamiana (N. benthamiana) production of vsiRNAs of a specific sequence that belongs to neither the plant genome nor the wild virus genome, which were used to induce cross-kingdom gene silencing between plants and mammals. The percentage of vsiRNA for each viral gene was calculated from an sRNA library of N. benthamiana plants infected by pEuMV-YP: Krt18. When the vsiRNAs were characterized, it was found that they corresponded to all the genes of the pEuMV-YP:Krt18 vector. These vsiRNAs induced the silencing of the Krt18 gene in M. musculus macrophages, supporting the ability to use VIGS vectors in plants as biofactories for the production of sRNAs that induce gene silencing in mammals.
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1. Introduction


RNA interference (RNAi) is a sequence-specific gene silencing process mediated by small RNAs (sRNAs) of 18 to 24 nucleotides (nt). Depending on their biogenesis, small RNAs can be classified into small interfering RNAs (siRNAs), microRNAs (miRNAs), or virus-derived interfering RNAs (vsiRNAs) [1,2,3]. RNAi regulates endogenous and exogenous gene expression at the transcriptional and post-transcriptional levels [1,4]. Briefly, the gene silencing mechanism consists of (i) the formation of double-stranded RNA (dsRNA), (ii) cutting of dsRNA into sRNA of 18–25 nt by the DICER enzyme family, (iii) methylation of sRNA (in plants), (iv) sRNA incorporation into the RNA-induced silencing complex (RISC), (v) recognition of target sequence, and (vi) mRNA degradation or inhibition of transcription or translation [5]. This mechanism occurs in most eukaryotic cells, as has been shown in pioneering studies in animals [6], plants [7], and fungi [8]. This process has an impact on cell differentiation and division and defense against the stress of biotic and abiotic origin [9,10].



The ability of sRNAs to mediate gene silencing is not limited to the cell that produces it but can be transported to other cells and even among organisms from different kingdoms. miRNA168a present in rice has been reported to be found in the blood serum of people who consume rice daily. On the other hand, it has been shown that when miRNA168a is included in the mouse diet, silencing of the gene that codes for the low-density lipoprotein receptor is induced [11]. Other plant miRNAs have therapeutic potential; for example, the honeysuckle plant (Lonicera japonica) is used in traditional Chinese medicine, whose active substance is miRNA2911, which can inhibit the replication of influenza A and SARS-CoV-2 viruses [12,13]. Other therapeutic properties attributed to plant miRNAs are anticarcinogenic [14,15,16], anti-inflammatory, and immunomodulatory properties of the immune system [17].



Therefore, the use of plant miRNAs is a promising alternative to combat diseases in mammals. However, these applications are limited to only some plant miRNAs, which naturally have a target with therapeutic potential; alternatively, transgenic plants can be used to generate artificial miRNA (amiRNA) with therapeutic use. Another possibility, which does not require the use of transgenic plants and is technically less complex, is based on the use of the plants’ antiviral system, which is the approach addressed in the present investigation.



The vsiRNAs are chemically similar to miRNAs. It has been shown that in some viral infections in plants, vsiRNAs are produced to trigger gene-silencing mechanisms against viral genomes [4,18,19,20]. From this defense mechanism of plants, virus-induced gene silencing (VIGS) vectors have been designed to induce the silencing of host genes, substituting part of the viral genome for the sequence of the host gene that is intended to be silenced [21].



Unlike the use of the VIGS vector previously described, we explored the possibility of inducing specific vsiRNAs in Nicotiana benthamiana (N. benthamiana) for a mammalian gene and using them to silence the gene in Mus musculus (M. musculus). For this, we used the VIGS vector pEuMV-YP:ΔAV1 based on the Euphorbia Mosaic Virus (Euphorbia Mosaic Virus Yucatan Peninsula; EuMV-YP) [22], to which, as a study model, we included a fragment of the Cytokeratin-18 (Krt18) gene from M. musculus, which is expressed in macrophages and is not present in N. benthamiana. The resulting vsiRNA profile showed that these are distributed throughout the pEuMV-YP:Krt18 genome with greater accumulations for derivatives of the BC1, AC3, AC2, and AC1 genes. The production of Krt18 gene-derived vsiRNA was detected in new tissues, including leaves that develop after pruning the plant. We demonstrated the ability of VIGS using pEuMV-YP:Krt18 to yield vsiRNA, which enables the induction of Krt18 gene silencing in cultures of M. musculus macrophages (cross-kingdom silencing).




2. Materials and Methods


2.1. VIGS Vectors


The pEuMV-YP:Krt18 vector was constructed with a fragment of the M. musculus Krt18 gene (GenBank: NM_010664) that was amplified using the primers forward 5′ACTCGCTCCACCACCTTCTC3′ and reverse 5′AGACAGAAATCGAGGCACTCAAGG3′, generating a 589 bp amplicon. This amplicon was digested with Pst I and EcoR V enzymes, generating a 432 pb fragment. This allows the Krt18 fragment to be ligated to pEuMV-YP:ΔAV1, which contains these two enzyme cutting sites (Pst I and EcoR V) in its multiple cloning site (MCS) [22], which had been digested previously with the same pair of enzymes (Figure 1). To verify that similar sequences of Krt18 are not present in the N. benthamiana genome, BLAST was used as a search engine in GenBank. pEuMV-YP:ΔAV1:chlI, which contains a 403 bp DNA fragment from the Nicotiana tabacum (N. tabacum) Magnesium-chelatase subunit I (ChlI) gene [22], was used as a negative control for the silencing assay.




2.2. Nicotiana Benthamiana Culture and VIGS Inoculation


N. benthamiana plants were grown in pots (120 cm3) containing an Agrolite/Peat moss mixture, cultured at 25 °C under a 16/8 light/dark photoperiod, and fertilized (Ultra Fol™; 1 mL/L) every two weeks. N. benthamiana is a widely used experimental host in VIGS vectors studies, and the vector pEuMV-YP:ΔAV1 works efficiently. Furthermore, the production of leaf area generated under culture conditions is adequate for this type of study [22,23].



Plants with four true leaves were inoculated by bombardment with 10 µL of a prepared mixture (1 µm gold; 50 µL 2.5 M CaCl2; 20 µL 0.1 M spermidine; 10 µg DNA from pEuMV-YP:Krt18, or pEuMV-YP:ΔAV1:chlI) [24]. Using a custom-built device, the bombardment was applied at 30 psi at 2 cm from the plant surface using pressurized He as a propellant.




2.3. cDNA Synthesis from sRNAs and Amplification of Krt18 vsiRNA by PCR


The sRNA cDNA (including the vsiRNAs) were synthesized using the microScript microRNA cDNA Synthesis Kit (Norgen Biotek Corp, Thorold, ON, Canada) following the manufacturer’s instructions, starting with 1 µg of total RNA from plants with 28 days postinoculation (dpi) with pEuMV-YP:Krt18 (Figure 1). When plants defend themselves against viruses through the gene silencing system, they produce vsiRNAs that can cover the entire viral genome [25], so it is expected that vsiRNAs covering the entire 432 bp sequence of Krt18 will be generated. Therefore, to quantify the concentration of generated vsiRNAs, a region of the Krt18 sequence with a Tm of 60 °C was randomly chosen. Starting with 25 ng of cDNA, the amplification of the Krt18 vsiRNA was performed using the primer Forward 5′-CCAGACCGAGAAGGAGACCATG-3′ and Universal PCR Reverse Primer through Maxima SYBR Green qPCR Master Mix (Thermo Scientific, Wilmington, NC, USA). The amplification protocol consisted of 1 cycle at 94 °C for 3 min and 40 cycles at 94 °C for 15 s, 60 °C for 30 s, and 72 °C for 45 s, using a thermal cycler CFX96 Real-Time System (BioRad Laboratories Inc., Singapore).



For quantification, the PCR product of the Krt18 vsiRNA cDNA was used as the DNA standard. Dilutions of 1.5 × 107, 1.5 × 106, 1.5 × 105, 1.5 × 104, and 1.5 × 103 fM were performed. PCR was performed as described in the previous section. The logarithmic values of vsiRNA concentrations (x-axis) were plotted against the CT values (y-axis). From the fitted linear equation, the vsiRNA concentrations were estimated.




2.4. RNA Extraction and sRNA Enrichment


Total RNA was extracted from the N. benthamiana plants at 28 dpi with pEuMV-YP:Krt18. Briefly, leaf tissues (100 mg) were macerated with 1 mL TRIzol (Invitrogen, Waltham, MA, USA) and purified with a Direct-zol™ RNA MiniPrep Plus kit (Zymo Research Corp., Irvine, CA, USA) according to the manufacturer’s instructions. The sRNA enrichment was performed using the protocol of Fulneček et al. (2007) [26] as follows: total RNA, previously dissolved in 250 µL of TE buffer (10 mM Tris-Cl pH 7.5, 1 mM EDTA), was heated at 65 °C for 5 min and mixed with 10% polyethylene glycol 8000 (PEG 8000) and 1 M NaCl, followed by incubation for 30 min at 4 °C and centrifuged at 15,000× g for 15 min. This step allows the precipitation of high-molecular-weight RNA, leaving low-molecular-weight RNA in the supernatant. Finally, the supernatant (transferred to a new tube) was precipitated with two volumes of 100% ethanol and one-tenth volume of 3 M sodium acetate pH 5.2 and centrifuged at 15,000× g for 15 min at 4 °C. The sRNA was dissolved in 25 µL of RNase-free water.




2.5. sRNA Sequencing


Total RNAs from five plants were pooled. The pooled samples were quantified by spectrophotometry (Nanodrop, Thermo Scientific), and the quality was verified by agarose gel electrophoresis. After purification and verification, the samples were sent to the Genomic Services Laboratory (Labsergen, Irapuato, Guanajuato, Mexico) for library construction (TruSeq Small RNA) and sequencing (Illumina NextSeq-500 platform; SE, 1 × 36, 10 Mb). The read quality control was performed in the Galaxy platform (usegalaxy.org) with the “FastQC” program, and sequencing adapters (small RNA) were removed with “Trim Galore”. The resulting sequences were filtered by “Manipulate Fastq” based on an 18–24 nt size using regular expressions. The resulting files were used for the abundance estimation by single ends in “Salmon” with the coding sequences of the EuMV-YP viral components (Component A, No. DQ318937; component B, No. DQ318938) in sense and antisense.



The siRNAs were mapped by HISAT2 on the Galaxy platform using components A and B of EuMV-YP as the reference genome. The alignment was carried out with the default parameters of the platform, and the resulting file was converted to SAM format for further processing and visualization. The number of reads of each sequence was arranged in a Microsoft Excel® sheet to generate the graphs and the heatmap.



Clusters containing more than 700 vsiRNAs were deemed vsiRNA hotspots. The guanine and cytosine contents of each sequence were calculated with ApE software. A two-tailed t-test was performed to compare the percentage of guanine and cytosine between the vsiRNAs.




2.6. Extraction of Peritoneal Macrophages from BALB/c Mice


Male mice of the BALB/c strain were anesthetized with chloroform in a closed container for 5 min and sacrificed by cervical dislocation according to the Mexican Official Standard NOM-062-ZOO-1999 (technical specifications for production, care, and use of laboratory animals). Cold PBS was introduced into the peritoneal area. After a few seconds, the peritoneal fluid was removed, two washes were performed with PBS, and the obtained pellet was resuspended in DMEM supplemented with 10% FBS. Finally, the number of viable cells was counted by trypan blue exclusion in a Neubauer chamber, and they were seeded in plates, as required for each experiment. For assays, 48 h cultured macrophages at 37 °C and 5% CO2 were used.




2.7. Transfection of sRNAs into Macrophages of BALB/c Mice


Following the instructions of the Xfect™ siRNA Transfection Reagent kit (Clontech, Takara Bio. Co., Ltd., Dalian, China), 10 µg of sRNAs were transfected with 4 µL of the Xfect transfection polymer into 2 × 105 macrophages in 24-well plates to assess the level of Krt18 gene silencing. The plates were incubated for 24 h at 37 °C and 5% CO2 (Figure 1).




2.8. Determination of the Relative Expression of Krt18 in Macrophages


Twenty-four hours after transfection, the relative expression level of the Krt18 gene in macrophages from BALB/c mice was determined. Three mouse macrophage cultures were used: the first one was only treated with the transfecting agent. A mouse macrophage culture was transfected with 10 µg of sRNA from plants infected with pEuMV-YP:Krt18 and, as a negative control, 10 µg of sRNA from plants infected with pEuMV-YP:ΔAV1:chlI were used. Total RNA was extracted in the presence of TRIzol reagent™ (Invitrogen), followed by RNA purification using the Direct-zol™ miniprep Plus kit (Zymo Research). After treatment with DNase (Ambion Inc., Austin, TX, USA), reverse transcription of total RNA was performed using a RevertAid™ H Minus First Strand cDNA Synthesis Kit (Thermo Scientific), following the manufacturer’s instructions. Real-time PCR was performed using 5 ng of cDNA and the primers Krt18-F 5′-TTGCCGCCGATGACTTTAGAG-3′ and Krt18-R 5′-GATTCCACCCATTCCCGCCA-3′. All quantifications were normalized to the housekeeping gene glyceraldehyde 3 phosphate dehydrogenase (GAPDH), whose primers are gapdh-R 5′-GGCATGGACTGTGGTCATGA-3′ and gapdh-F 5′-TTCACCACCATGGAGAAGGC-3′, using the Maxima SYBR Green qPCR Master Mix (Thermo Scientific). The relative expression was determined by the    2  −  Δ Δ Ct      method. Data are expressed as the mean of three biological replicates with three technical replicates, and the significance was analyzed with a two-tailed Student’s t-test.





3. Results


3.1. vsiRNA Production


A fragment of the Krt18 gene of M. musculus was isolated via PCR. This fragment was cloned into pEuMVYP:ΔAV1 [22] to produce the VIGS vector pEuMV-YP:Krt18. N. benthamiana plants were inoculated with pEuMV-YP:Krt18, and symptoms of infection were visible after the first week and remained throughout the plants’ life cycle. The symptoms consisted of deformed leaves in the first week; after that, chlorotic mosaic leaves appeared (Figure 2a–c), and vsiRNAs derived from the Krt18 fragment were detected with an accumulation of 0.386 pmol/g by leaf (28 days postinoculation), quantified by RT–PCR.




3.2. vsiRNA Sequencing Analysis


A library of sRNA from plants 28 dpi was constructed and sequenced on the Illumina NextSeq-500 platform. Of 16 million reads, 7,499,184 corresponded to 18–24 nt sequences. From this total, 68% belonged to the N. benthamiana genome, and 32% belonged to the VIGS vector genome (Figure 2d). The VIGS vector genome vsiRNAs were distributed equally between DNA-A (including Krt18) and DNA-B. The distribution of the vsiRNAs in the DNA-A genes was as follows: AV1 gene remainder (0.275%); Krt18 (6.165%); AC3 (8.11%); AC2 (17.40%); AC1 (18.03%); and in the DNA-B genes: BV1 (6.11%); and BC1 (43.44%) (Figure 2e).



Sequencing analysis showed that 21, 22, and 24 nt RNAs were the most abundant (83%) in the VIGS vector genome (Figure 2f). The vsiRNA sequences were differentially accumulated throughout the VIGS vector genome, as shown in the heatmap in Figure 2g. The red color indicates that in that region of the VIGS vector, there was a high accumulation of vsiRNA (hotspot), the gold color, an intermediate accumulation, and the green color, a low accumulation (nonhotspot). When analyzing hotspots, we found that the average GC content is higher than nonhotspots, as shown in Figure 2h.




3.3. Induction of Gene Silencing in Macrophages of Mus musculus


To evaluate whether the sRNAs of plants infected with pEuMV-YP:Krt18 can induce gene silencing in mammalian cells, three mouse macrophage cultures were used: the first one was only treated with the transfecting agent; a mouse macrophage culture was transfected with 10 µg of sRNA from plants infected with pEuMV-YP:Krt18 and, as a negative control, 10 µg of sRNA from plants infected with pEuMV-YP:ΔAV1:chlI were used. After 24 h of incubation, the relative expression of the krt18 gene was more than eightfold lower than when transfected with the sRNAs derived from pEuMV-YP:ΔAV1:chlI (p-value < 0.0001) (Figure 2i).





4. Discussion


The VIGS vector remained infective in N. benthamiana after adding the Krt18 fragment, observing that plant symptoms were similar to those previously reported [22]. It has been reported that the VIGS method can induce gene silencing in host and insect pests using vsiRNA. This is achieved by replacing part of the viral genome with the sequence of interest while preventing any loss of the infective capacity [22]. Gene silencing level is due to the nature of the host and the virus, the stem-like structures that form their mRNA, and the sequence length. For instance, in Begomoviruses, this needs to be between 90 and 800 bp for optimal results [27]. In this study, the vsiRNAs of interest were those derived from a 432 bp fragment of the M. musculus Krt18 gene. The dsRNA generated during viral infection [19,28] is subsequently processed by RNAse III, called Dicer (DCL 1–4), to generate siRNAs mainly from 18–24 nt in size. The siRNA derived from pEuMV-YP:Krt18 were mostly 21, 22, and 24 nt, which is consistent with reports for Begomovirus and other viral infections, in which DCL4, DCL2, and DCL3 activity produce 21, 22, and 24 nt siRNA, respectively [29,30].



Begomovirus-derived vsiRNAs can be distributed evenly between the two components (DNA-A and DNA-B) of the viral genome, although, on occasion, the accumulation of one component can be greater [19]. In the present results, the vsiRNA derived from pEuMV-YP:Krt18 accumulated equally between the two components. This is potentially useful in increasing the production of vsiRNA since the B component can be used for VIGS vector modification [27].



Generally, vsiRNAs are derived from all viral genes [25]. In infections with a Begomovirus such as the African Cassava Mosaic Virus, the greatest vsiRNA accumulation corresponds to gene overlap regions [31]. We found that the vsiRNA distribution in the viral genome was similar to what was previously reported [25,31]. Our results agree that the vsiRNAs had greater accumulation in the overlapping genes (Figure 2g), and the expression level of viral genes can influence the greater accumulation of derived vsiRNAs. Additionally, another factor that influenced the greater accumulation of vsiRNA (hotspots) was the % GC (Figure 2h), which coincides with what was reported [3].



In order to estimate the concentration of vsiRNA generated, a region of the Krt18 sequence with a Tm of 60 °C was randomly chosen. The accumulation of vsiRNA derived from the Krt18 sequence at 28 dpi was 0.386 pmol/g from fresh tissue. This quantification corresponded to vsiRNA 5′-CCAGACCGAGAAGGAGACCAUG-3′. However, other vsiRNAs derived from the Krt18 sequence were also found (Figure 2g), so the total concentration of vsiRNA was higher. In addition, a diverse group of vsiRNA sequences can be produced for the same gene, which is more effective for gene silencing than a single sequence [32]. pEuMV-YP:Krt18-derived vsiRNAs efficiently induced Krt18 gene silencing in Mus musculus macrophages. This suggests that plants infected with a VIGS vector could be used for the production of vsiRNA for some therapeutic purposes, similar to how some medicinal plants are used, whose active substance is miRNA [12,13,16]. VIGS vectors can be applied to edible plants so that decoctions or consumption of these plants through the diet can be used for therapeutic purposes since mammals can absorb plant miRNA through the gastrointestinal tract and, at the same time, maintain their ability to induce gene silencing in the different organs of the animal [16,33]. However, in vivo studies are still needed. Because of the diversity and quantity of vsiRNAs that are produced by this strategy, it would be interesting to investigate if there is a silencing of additional genes. This could be performed by mRNA sequence analysis of vsiRNA-treated and untreated cells.




5. Conclusions


pEuMV-YP:Krt18 induces Nicotiana benthamiana to produce vsiRNAs, which are distributed differentially for all vector genes, including the Mus musculus gene sequence. The antiviral capacity of plants can be used to produce vsiRNAs with a specific sequence, which can induce cross-kingdom gene silencing. Therefore, the plant–VIGS system has the potential to be used as a vsiRNA biofactory for a diversity of applications, such as the health area.
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Figure 1. Scheme of the construction of pEuMV-YP:Krt18 vector and production of virus-derived small interfering RNAs (vsiRNAs) in plants with cross-kingdom gene silencing potential (created in biorender.com). 
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Figure 2. (a) Nicotiana benthamiana plant uninfected; (b) plant infected with pEuMV-YP: ΔAV1:chlI, the white regions are a consequence of the gene silencing of Magnesium-chelatase subunit I (ChlI); (c) plant infected with pEuMV-YP:Krt18 that shows deformations on the edges and slight yellow mosaics; (d) percentage of sRNA corresponding to VIGS vector (pEuMV-YP:Krt18) and the plant genes; (e) percentage of vsiRNAs derived from genes in pEuMV-YP:Krt18; (f) distribution by size of the vsiRNAs of plant infected with pEuMV-YP:Krt18; (g) heatmap of the pEuMV-YP:Krt18 genome, the red color represents a greater accumulation of vsiRNA, the gold color represents those of medium accumulation, while the green color represents less accumulation; (h) average GC content in VIGS vector regions with highest and lowest of vsiRNA accumulation (hotspots and nonhotspots, respectively); t-test * p-value < 0.01; (i) vsiRNA-induced silencing of the Krt18 gene in macrophages of Mus musculus, being Nc sRNA from plants 28 days postinoculation (dpi) with pEuMV-YP: ΔAV1:chlI, and Krt18 is sRNA from plants 28 dpi with pEuMV-YP: Krt18; t-test **** p-value < 0.00001. 
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