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Abstract

Genome-derived noncoding RNAs (ncRNAs), including microRNAs (miRNAS), small interfering
RNAs (siRNAs), and long noncoding RNAs (IncRNAS), play an essential role in the control of
target gene expression underlying various cellular processes, and dysregulation of ncRNAS is
involved in the pathogenesis and progression of various diseases in virtually all species including
humans. Understanding ncRNA biology has opened new avenues to develop novel RNA-based
therapeutics. Presently, ncRNA research and drug development is dominated by the use of ncRNA
mimics that are synthesized chemically in vitro and supplemented with extensive and various
types of artificial modifications and thus may not necessarily recapitulate the properties of natural
RNAs generated and folded in living cells in vivo. Therefore, there are growing interests in
developing novel technologies for in vivo production of RNA molecules. The two most recent
major breakthroughs in achieving an efficient, large-scale, and cost-effective fermentation
production of recombinant or bioengineered RNAs (e.g., tens of milligrams from 1 L of bacterial
culture) are (1) using stable RNA carriers and (2) direct overexpression in RNase I11-deficient
bacteria, while other approaches offer a low yield (e.g., nano- to microgram scales per liter). In
this article, we highlight these novel microbial fermentation-based technologies that have shifted
the paradigm to the production of true biological ncRNA molecules for research and development.
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Introduction

Noncoding DNA sequences account for approximately 98.5% of the genome in humans,
while they are less than 50% in prokaryotes and simple eukaryotes, and over 50% among
plants and animals (Mattick 2004). Indeed, around 75% of the whole human genome is

clearly transcribed into a diverse array of RNA molecules at variable levels and different
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localizations during development (Djebali et al. 2012). Besides the well-known protein-
coding mRNAs that are translated into functional proteins, a large percentage of the
transcripts has been annotated as noncoding RNAs (ncRNAs), including long noncoding
RNAs (IncRNAs), ribosomal RNAs (rRNAs), small nuclear RNAs (ShRNASs), small
nucleolar RNAs (snoRNAs), microRNAs (miRNAs or miRs), small interfering RNAs
(SiRNAS), transfer RNAs (tRNAs), enhancer RNAs (eRNASs), and other forms of short or
small RNAs (sRNAs) which may be directly involved in the pathogenesis and progression of
various diseases among virtually all species including humans (Ambros 2004; Cech and
Steitz 2014; Dahlberg 1989; Dupuis-Sandoval et al. 2015; Kopp and Mendell 2018; Rak et
al. 2018). The recognition of the importance of functional ncRNAs in physiology and
diseases, especially the discovery of miRNA- and siRNA-mediated posttranscriptional gene
regulation and RNA interference (RNAIi) mechanisms, has changed the traditional definition
of a gene and revolutionized life sciences and biomedical research. This has also propelled
the development of novel RNA-based therapeutics for the treatment of human diseases
(Burnett and Rossi 2012; Yu et al. 2019).

While ncRNAs are important for basic research and drug development, nonviral or viral-
based ncRNA expression systems have been commonly used for related in vitro and in vivo
studies (Liu and Berkhout 2011). Since these expression systems are DNA-based, the actual
doses or expression levels of target ncRNA products are widely variable and even unknown
or undetermined at all. Furthermore, expression of ncRNA products does not necessarily
correlate with the amount of DNA plasmid administered since the generation of target
ncRNAs is dependent upon the transfection and infection efficiencies, as well as the RNA
biogenesis machineries within the hosts. Meanwhile, chemically engineered ncRNA
“mimics” made in vitro (Bramsen and Kjems 2012; Khvorova and Watts 2017; Lundin et al.
2013) are frequently used at quantifiable doses or concentrations. These chemo-engineered
ncRNA mimics actually lack important posttranscriptional modifications occurring in
natural RNAs produced in cells (Ho and Yu 2016; Yu et al. 2019). Rather, they have an array
of artificial modifications at different locations that are expected to increase chemical
diversity and metabolic stability (‘Yu et al. 2019). Therefore, chemo-engineered ncRNA
mimics are basically different RNA molecules with their own structures, physicochemical
properties, and biological activities and thus may not represent the actions of natural ncRNA
molecules transcribed from the genome and folded in living cells. In addition, although
chemical synthesis of RNAs has been automated, chemo-engineered ncRNA mimics remain
costly, especially with increased length and the requirement for precise purification to
reagent, pharmaceutical or analytical grades of purity. The tradition of using chemo-
engineered RNA mimics for biological research is also in sharp contrast to standard highly
successful approaches for protein research and drug development (Burley et al. 2019;
Usmani et al. 2017) which employ bioengineered or recombinant proteins produced and
folded in living cells instead of polypeptides or proteins synthesized chemically in vitro.
Moreover, even small-molecule biochemical compounds with stereostructures, while being
readily prepared by stereosynthesis, may benefit from fermentation-based in vivo production
(Kim and Park 2019; Min et al. 2015; Willke 2014).

Besides in vitro enzymatic production, great efforts have been made to develop new
biotechnologies for the in vivo manufacture of true biological ncRNA molecules in living
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cells (see recent reviews (Ho and Yu 2016; Yu et al. 2019)). The use of stable RNA scaffolds
or carriers (e.g., hybrid tRNA/pre-miRNA) to assemble various types of target RNAs (e.g.,
aptamers, miRNAs, siRNAs, SRNAS) has proven to be the most efficient approach to achieve
a large-scale production of novel ncRNA molecules (e.g., tens of milligrams of pure
ncRNAs from 1 L of bacterial culture) for research and development (Chen et al. 2015; Ho
et al. 2018; Petrek et al. 2019). Direct heterogenous expression in particular bacterial strains
remains a challenge, yielding only nano- to micrograms of target RNAs per liter of
fermentation (Kikuchi and Umekage 2018), until the very recent demonstration of efficient
overexpression of two specific RNAs in RNase I11-deficient bacteria (Hashiro et al. 2019a;
Hashiro et al. 2019b). Therefore, following a brief introduction of in vitro enzymatic
production approaches, we focus on the review and discussion of novel fermentation-based
in vivo production of ncRNAs, including the use of particular RNAs as carriers and unique
bacterial strains to avoid degradation and achieve efficient overexpression and accumulation.
These recombinant or bioengineered ncRNA molecules should better represent natural
ncRNAs for research and development as both are produced and folded in living cells.

In vitro enzymatic reactions

In vitro transcription is a reliable enzymatic approach to produce target RNA molecules
(Milligan et al. 1987), including RNAI agents (Beckert and Masquida 2011). This approach
relies on the utilization of a DNA template (e.g., linearized plasmid, PCR product, or
synthetic oligonucleotides) to specifically biosynthesize target RNA molecules under a
particular promoter in vitro using the corresponding RNA polymerase. The greatest
advantage of in vitro transcription is the ease and versatility of this method in producing a
wide variety of RNA molecules covering both mRNAs and ncRNAs, and there are now
many commercial Kits available. Nevertheless, the challenge lies in the reliability of T7 RNA
polymerase that may relapse as the length of transcript increases, usually resulting in the
addition of untemplated nucleotides to the 3" end and/or heterogeneity at 3" or 5" ends
(Gardner et al. 1997; Pleiss et al. 1998). Previous studies have also revealed a significant
level of template-dependent transcriptional infidelity by using the enzyme T7 RNA
polymerase that is commonly used for in vitro transcription (Wons et al. 2015). Furthermore,
the RNAs made by in vitro transcription lack the necessary posttranscriptional modifications
due to the absence of posttranscriptional modification machineries. In addition, it remains
costly to produce larger quantities (e.g., milligrams) of target RNA molecules using this
method.

In vitro transcription has been successfully used alone or in combination with other
enzymatic reactions for the production of various types of RNAI agents. On the one hand,
complementary single-stranded RNAs (ssSRNASs) can be made by in vitro transcription and
then annealed to offer target double-stranded (dsRNAs) that can be directly utilized for
RNAI studies (Wianny and Zernicka-Goetz 2000; Yang et al. 2002). On the other hand,
recombinant RNase Dicer can be employed to process the in vitro transcribed dsRNAs into
target siRNAs in vitro, which are biologically active in knocking down target genes in
mammalian cells (Myers et al. 2003). The combination of in vitro transcription with Dicer-
mediated cleavage has also been established as a single-pot enzymatic reaction for the
production of functional siRNA agents (Guiley et al. 2012). Actually, chemically
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synthesized RNAs can be directly subjected to enzymatic reactions, e.g., cleavage by
recombinant bacterial RNase 111 (Yang et al. 2002), for the production of target siRNAs.
While enzymatic reactions were proven to be a robust means to produce functional RNAI
molecules in these studies, the yield and purity of RNA products were surprisingly not
reported or demonstrated.

Stable RNA carriers for fermentation production in vivo

Transfer RNA scaffold

The tRNA has been proven to be a simple and useful scaffold (Fig. 1a) for the production of
recombinant RNA molecules in bacteria in vivo (Nelissen et al. 2012; Ponchon et al. 2009;
Ponchon and Dardel 2007; Ponchon and Dardel 2011). This discovery shifted the paradigm
of RNA production to in vivo fermentation-based (Table 1). This method is grounded on the
rationale that tRNA scaffold would be recognized by cellular machinery as an endogenous
molecule, enabling overexpression and accumulation, and further supported by the evidence
that the bacterial tRNAMet and the tRNA-like domains of chimeric transfer-messenger RNA
(tmRNA) with tRNA and mRNA properties may be recombinantly expressed in bacteria and
accumulated to approximately 5% of total bacterial tRNAs (Gaudin et al. 2003; Meinnel et
al. 1988). The tRNA scaffold is specifically exploited to produce recombinant RNAs by
replacing the anticodon with RNAs of interest (Fig. 1a), while the other segments are
retained to maintain the cloverleaf structure and overall stability. Production of recombinant
RNA is driven by the Escherichia coli murein lipoprotein (Ipp) promoter (Ponchon et al.
2009; Ponchon and Dardel 2007) while the T7 promoter can be utilized as well (Nelissen et
al. 2012) (Table 1). When successfully overexpressed, the recombinant RNA may be isolated
by affinity, filtration, or ion exchange chromatography methods to offer up to tens of
milligrams of pure RNAs. In addition, the target RNA species could be released on demand
by corresponding RNases or ribozyme for further studies. As the tRNA scaffold has been
used for the successful production of various forms of target RNAs, e.g., viral RNAs and
aptamers (Ponchon et al. 2009; Ponchon and Dardel 2007), hammerhead riboswitch RNAs
(Nelissen et al. 2012), pre-miRNAs (Li et al. 2015; Li et al. 2014; Wang et al. 2015), and
snoRNAs (Peng et al. 2014), the efficiency in heterogenous expression truly depends upon
the structure of chimeric RNAs and resistance to bacterial RNase (Chen et al. 2015; Ho et al.
2018; Li et al. 2014).

Ribosomal RNA scaffold

The rRNAs are the most abundant RNA species in cells, among which the 5S rRNA (Fig.
1b) has been established as a reliable carrier to achieve microbial fermentation production of
target RNAs, including aptamers and sSRNAs (Table 1). Initially, the 5S rRNA was tagged
with various small RNAs as “identifiers” for the monitoring of microorganisms (D’Souza et
al. 2003; Pitulle et al. 1995), which were indeed stably expressed. As such, the 5S rRNA has
been employed to accommodate target RNAs within its stem 11 and stem 111 sites (Fig. 1b)
(Zhang et al. 2009), while other sites may yet be explored. Specifically, a 71 nt artificial
3xpen RNA was inserted into stem Il while the stem 111 loop B and C regions were
completely replaced. Expression of chimeric RNAs is driven by two rRNA gene promoters,
rrnB P1 and P2, followed by rrnB T1 and T2 transcription terminators (Table 1). Chimeric
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RNASs (160 nt) overexpressed in bacteria may be purified by practical preparative
polyacrylamide gel electrophoresis (Zhang et al. 2009). Furthermore, with the addition of
DNAzyme-specific sequences, a selective release of the target RNA from the purified
chimeric RNA has been demonstrated (Liu et al. 2010). This approach has been shown to
offer as much as 2.5-7.5 mg of purified RNA from 1 g of bacteria (Table 1). Although the
rRNA carrier is relatively less explored, its potential for the efficient production of
recombinant RNAs should not be underestimated.

Hybrid tRNA/pre-miRNA carrier

The hybrid tRNA/pre-miRNA molecules have recently been identified and established as
novel ncRNA carriers to achieve a consistent high-yield large-scale production of
bioengineered or biologic RNA agents (BERAS) through a cost-effective microbial culture
(Chen et al. 2015; Ho et al. 2018). With direct heterogenous expression in bacteria, human
pre-miRNAs did not accumulate to an adequate level for purification, and even when using
the tRNA scaffold, there were huge variations in RNA expression levels with a low overall
success rate of high-level accumulation of recombinant RNASs (e.g., 10% of total bacterial
RNA) (Chen et al. 2015; Li et al. 2015; Li et al. 2014; Wang et al. 2015). Therefore, a hybrid
tRNA/pre-miRNA molecule showing overexpression in bacteria was reasoned to serve as a
ncRNA carrier to assemble target RNAs (Fig. 1c). Indeed, the hybrid tRNAMéYpre-miR-34a
stably being overexpressed and accumulated up to 15% of total bacterial RNA (Chen et al.
2015) was proven to be a versatile carrier for the production of various types of biologic
RNAI molecules of interest, albeit offering an overall success rate of less than 30% (Ho et al.
2018). Optimization of human pre-miR-34a sequence revealed that the pre-miR-34a G138U/
139AG derivative fused to the tRNAMet was superior to the first-generation wild-type
tRNAMeYpre-miR-34a carriers by offering much higher levels of expression (e.g., >30% of
bacterial RNA) and success rate (e.g., 80%) for the production of target BERASs (Ho et al.
2018) (Table 1).

A wide variety of target RNAs may be accommodated to the hybrid tRNA/pre-miRNA
carrier in different ways (Fig. 1c). First, the miRNA (e.g., miR-34a-5p) duplexes within the
tRNA/pre-miRNA (e.g., tRNAMeYpre-miR-34a) carrier can be directly replaced by target
miRNA, siRNA, or sSRNA, along with its complementary sequence. Second, a target RNA
aptamer or SRNA may be directly inserted at the 5" or 3" of pre-miRNA. Third, the tRNA/
pre-miRNA carrier can accommodate another pre-miRNA (or shRNA) to carry multiple
warhead sRNAs. Following the design, the BERA coding sequence is cloned into a
derivative of pPBSTNAV vector with a Ipp promoter (Fig. 2). After transformation and
fermentation, expression of target BERA is readily verified by RNA gel electrophoresis
which indicates a remarkably high-level accumulation in bacteria (>30% of total bacterial
RNAS) (Ho et al. 2018; Jilek et al. 2019; Li et al. 2018). Spin column and fast protein liquid
chromatography (FPLC)-based methods have been respectively established for small- and
large-scale purification of target BERA from bacterial total RNA (Ho et al. 2018). The
purity of the final BERA product can be quantitatively determined by HPLC (Ho et al. 2018;
Wang et al. 2015), and the endotoxin level was examined with commercially available kits.
Most BERAs purified by a general anion exchange FPLC method in a single run exhibited a
high degree of homogeneity (e.g., >97%) and low endotoxin activity (e.g., <1 EU/ug RNA)
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while some might require re-purification (Ho et al. 2018; Petrek et al. 2019) as the FPLC
method was not optimized for each BERA. This platform allows consistent and efficient
production of tens of milligrams of target BERAs from 1 L of bacterial culture (Table 1).

BERAs carry no or minimal posttranscriptional modifications, are biologically active in
regulating target gene expression and cellular processes, and are well tolerated in animal
models (Alegre et al. 2018; Chen et al. 2015; Ho et al. 2018; Jian et al. 2017; Jilek et al.
2017; Jilek et al. 2019; Li et al. 2015; Li et al. 2018; Tu et al. 2019; Umeh-Garcia et al.
2019; Xu et al. 2019; Zhang et al. 2018; Zhao et al. 2016; Zhao et al. 2015), resembling
cellular RNAIi mechanisms (Fig. 3). While endogenous miRNA biogenesis starts with the
production of a pri-miRNA transcript within the nucleus, followed by the generation of pre-
miRNA by Drosha and transport into the cytoplasm by Exportin-5, recombinant BERAS
likely overlap with pre-miRNA during processing and action in the cytoplasm (Fig. 3) after
crossing the cellular barrier through the endocytosis pathway and endosome release
(Dominska and Dykxhoorn 2010; Johannes and Lucchino 2018). In contrast, chemo-
engineered miRNA mimics or siRNAs presumably enter into the processes in later steps
(Fig. 3), following endosome release and cytosolic translocation (Johannes and Lucchino
2018). These different agents converge at the posttranscriptional gene expression through
translation inhibition or mMRNA degradation mechanisms (Fig. 3). In addition, we cannot
exclude the possibility that exogenously introduced BERAS, siRNAs and miRNA mimics,
could be processed into the multivesicular body and incorporated into exosomes or
extracellular vesicles for intercellular signaling and communications (Abels and Breakefield
2016; Hessvik and Llorente 2018).

It is noteworthy that RNA sequencing studies have demonstrated a selective release of target
miRNA (and siRNA) molecules from recombinant BERA/miRNAS (or BERA/SIRNAS) in
human cells (Chen et al. 2015; Ho et al. 2018; Umeh-Garcia et al. 2019), which, rather
surprisingly, may (miR-34a-5p) or may not (miR-124-3p) depend on Dicer although the
same tRNA/pre-miRNA carrier was used (Ho et al. 2018). The release of target miRNA
from BERA/mMIRNA consequently altered the miRNome in human cells, as well as the
transcriptome (Ho et al. 2018). The selectivity of biologic or recombinant miRNAs in target
gene regulation was supported by the fact that miRNA enrichment analyses identified
corresponding miRNASs (e.g., miR-34a-5p) underlying those downregulated transcripts (Ho
et al. 2018). The tRNA/pre-miRNA-based RNA bioengineering technology has been proven
to be the most robust, versatile, and efficient means to achieve a consistent high-yield
production of a wide variety of RNA agents including miRNAs, siRNAs, aptamers, and
other types of SRNAs (Fig. 1c), and BERAs are a novel class of RNA molecules for research
and development (Duan and Yu 2016; Ho and Yu 2016; Yu et al. 2019).

Viroid-derived circular RNA cargo

A new viroid-derived system was reported very recently to produce large amounts of
recombinant RNAs (Fig. 1d) in £. coli (Daros et al. 2018). Viroids are a special class of
infectious agents of higher plants that specifically contain short, single-stranded, noncoding
circular RNA (circRNA) molecules without any proteins (Branch et al. 1988; Branch and
Robertson 1984). In the host cells, the viroid RNA is transcribed by the host RNA
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polymerase 11 or the chloroplastic nuclear-encoded RNA polymerase (Daros et al. 1994).
Viroid RNA depends on the host type-111 RNase for its processing. In some viroids with
embedded ribozymes, self-cleavage of RNA intermediates during replication results in a
viroid monomer that is subsequently circularized by either the host DNA ligase 1 or the
chloroplastic isoform of tRNA ligase (Nohales et al. 2012a; Nohales et al. 2012b) to offer
CircRNA.

The use of viroid-derived circRNA for the efficient production of recombinant RNAs has
been established through the co-expression of eggplant latent viroid (ELVd)-derived RNASs
in E. coli and the eggplant tRNA ligase essential for RNA circularization (Daros et al. 2018).
As such, this approach consists of two plasmids, pLELVd-BZB with the Ipp promoter to
express target RNA-bearing ELVd RNA and p15LtRnISm to produce eggplant tRNA ligase
(Table 1). The ELVd transcripts self-cleave efficiently in non-host £. coli cells through the
embedded hammerhead ribozymes. The resulting viroid monomers can be stably
circularized to generate target circular ELVd RNA chimera, which is indeed dependent on
the co-expression of eggplant tRNA ligase. The utility of this approach was demonstrated by
the successful production of an ELVd-spinach RNA chimera (Daros et al. 2018). The
monomeric circular and linear ELVd RNAs, with a circular-to-linear ratio of 3:1, were
estimated to accumulate up to 150 mg per liter of bacterial culture, and circRNAs could be
purified by gel electrophoresis or FPLC methods (Daros et al. 2018). However, the yield and
purity of isolated circRNAs were somehow not reported. Although it has not been explored
whether this ELVd circRNA-based cargo could assemble RNAI agents for functional studies,
this novel approach holds great promise for RNA bioengineering.

Co-expression with RNA-binding protein

Another approach for the production of fully processed siRNA molecules has been
established via co-expression of corresponding shRNAs with a RNA-binding protein, p19, in
bacteria (Huang et al. 2013). The plant RNA virus tombusvirus encodes a 19 kD protein,
namely p19, which selectively binds to SiRNAs of ~21 nt in length and suppresses siRNA
function. Since p19 is known to selectively bind to double-stranded siRNAs with high
affinity, p19 has been utilized for the isolation/detection or stabilization of SIRNAsS/miRNAs
(Qiu et al. 2002; Silhavy et al. 2002). Through co-expression of p19 with siRNA-embedded
shRNA (Huang et al. 2013), the target siRNA can be first generated from shRNA by
bacterial RNase and then form a stable complex with p19. Thus, when total protein was
extracted, the siRNA-p19 complex consisting of a histidine tag was readily purified by
nickel affinity chromatography. SDS treatment allowed for the separation of the siRNA from
the complex which was followed by isolation of target sSiRNA species by anion exchange
HPLC (Huang et al. 2013). While this method was utilized for the successful production of a
few functional siRNAs, the overall yield is very low (tens of micrograms per liter of
bacterial culture; Table 1), and it is unknown whether similarly sized bacterial SRNAs are
completely separated from target sSiRNAs.
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Direct expression using particular bacteria strains

Purple bacteria Rhodovulum sulfidophilum

R. sulfidophilum is a marine phototrophic bacterium that is able to generate extracellular
nucleic acids in nature (Kikuchi and Umekage 2018; Nagao et al. 2015; Pereira et al. 2017).
Since this bacterium does not produce any RNases in the culture medium, a target RNA
might be produced and retained in the bacterial culture medium, without requiring any
additional means to protect against degradation by nucleases. R. sulfidophilum has been
employed for direct production of various species of RNAs, including tRNAs, rRNAsS,
aptamers, (Ando et al. 2006; Nagao et al. 2014; Suzuki et al. 2010) as well as human pre-
miRNAs (Pereira et al. 2016a; Pereira et al. 2016b; Pereira et al. 2016c). However, the levels
of recombinant RNAs, occurring either at extracellular or intracellular locations, are
extremely low, from nanogram to microgram ranges per liter of culture (Kikuchi and
Umekage 2018; Pereira et al. 2017). This might be due to an intrinsic low transcription
efficiency of this bacterial strain, the presence of intracellular RNases to which the
recombinant RNAs are immediately susceptible, and ineffective diffusion or efflux of the
RNAs into the culture medium. Therefore, the potential of direct production of biologic
RNAs using R. sulfidophilum remains to be explored.

RNase lll-deficient Corynebacterium glutamicum strain

A most recent advance is the development and application of RNase Il11-deficient C.
glutamicum bacterium for in vivo production of target RNA molecules (Table 1) (Hashiro et
al. 2019a; Hashiro et al. 2019b). C. glutamicum has been widely used in industrial settings
for large-scale production of various biochemical compounds such as amino acids and lipids
(Kalinowski et al. 2003). To avoid degradation and achieve overexpression of target RNA
products, the RNase I11-encoding gene rnc was disrupted to offer a new bacterial strain,
namely C. glutamicum 2256LArnc. A strong F1 promoter was utilized to drive the
expression of recombinant RNA (Fig. 4). In one case, an RNA molecule, namely U1A*-
RNA, about 160 nt in length, was evaluated (Hashiro et al. 2019b), which consists of a stem/
loop Il (SLII, hairpin I1) structure from U1 small nuclear RNA (snRNA) (Fig. 4a), and binds
to UL1A protein to form a U1 sn-ribonucleoprotein critical for pre-mRNA splicing. A
prominent expression of RNA in the C. glutamicum 2256LArnc corresponding to the UZA*-
RNA transcript was evident, while a truncated form was also notable (Hashiro et al. 2019b).
In another case, a diapI*-dsRNA was designed as a pesticide through suppressing the
expression of the essential gene digp (encoding death-associated inhibitor of apoptosis
protein 1) in the pest Henosepilachna vigintioctopunctata. Overexpression of diapI*-dsRNA
was achieved in C. glutamicum 2256LArnc strain by convergent transcription under two
strong F1 promoters (Fig. 4b) (Hashiro et al. 2019a). The target digp1*-dsRNA and U1A*-
RNA was estimated to reach up to 75 and 300 mg per liter of bacterial fermentation,
respectively (Table 1), although the purification and overall yield were not reported. This
new system may serve as an efficient platform for in vivo preparation of biologic RNAs
while its applicability to other specific RNAs warrants further evaluation.
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Conclusions and perspectives

Given the presence of many more ncRNA-coding genes than protein-coding genes in the
human genome and the recognition of a variety of ncRNA-controlled gene regulation
mechanisms in essentially all species, it is crucial to understand the biological functions of
ncRNAs. Their roles in normal physiology and disease should be fully understood towards
the development of new therapeutic or agricultural strategies. While chemo-engineered
ncRNA mimics continue to dominate ncRNA research and development, recent efforts have
led to breakthroughs in novel biotechnologies for fermentation production of RNA
molecules (Chen et al. 2015; Hashiro et al. 2019a; Hashiro et al. 2019b; Ho et al. 2018;
Ponchon et al. 2009; Ponchon and Dardel 2007). Among them, the tRNA/pre-miRNA
carrier-based technology has proven to be a robust and versatile platform to achieve a
consistent, efficient, large-scale, and cost-effective production of a wide variety of biologic
RNA agents, including miRNAs, siRNAs, aptamers, and SRNAs, all of which are
biologically active in vitro and in vivo. Direct overexpression in RNase Il1-deficient
bacterial strains has been demonstrated very recently by the production of two specific
RNAs. Bioengineered or recombinant RNAs are a novel class of RNA molecules that should
better recapitulate the properties of natural RNAs as both are made and folded in living cells.
Future research shall help to challenge and refine these approaches, explore novel strategies,
and critically assess the utilities of bioengineered ncRNAs.
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Various carriers have been used to achieve efficient production of recombinant or biologic
RNA molecules through cost-effective microbial fermentation. a The tRNA scaffold where
the anticodon is substituted by a target RNA. b The 5S rRNA scaffold allows the insertion or
substitution of desired RNAs into stems Il and I11. ¢ Stable hybrid tRNA/pre-miRNA
molecules have been identified as novel carriers to accommodate various types of RNAs
including (1) substitution of the authentic miRNA with target miRNA, siRNA, or sSRNA, (2)
insertion of target RNA aptamers or SRNAs at the 5" or 3" of pre-miRNA, and (3) addition
of another pre-miRNA (or shRNA) to adopt multiple warhead SRNAs. d A stable circular
RNA carrying target RNA aptamer has been created by expressing the eggplant latent viroid
(ELVd)-derived RNAs in £. coli, along with the eggplant tRNA ligase to complete

circularization
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Streamlined workflow for fermentation production of biologic RNAi agent or BERA using
the tRNA/pre-miRNA carrier. After a BERA is designed to accommodate the miRNA/
SiRNA/sSRNA of interest, the coding sequence is cloned into a vector. Overexpression of the
target BERA is easily verified by gel electrophoresis of total bacterial RNA. After the BERA
is purified (e.g., with anion exchange FPLC method), its purity and endotoxin level are
verified by HPLC method and commercially available endotoxin assay kKits, respectively.
These BERASs should better recapitulate the properties of natural RNAs as both are produced
and folded in living cells. Therefore, BERAS are a novel class of biologic RNA molecules
for research and development
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Overview of the miRNA biogenesis pathway and the mechanistic actions of BERA/miRNAs
and BERA/siRNAs as well as chemo-engineered miRNA mimics and siRNAs. The
biogenesis of miRNA starts with the formation of a long primary miRNA (pri-miRNA)
transcript from the genome within the nucleus. The microprocessor complex, comprised of
Drosha, cleaves the pri-miRNA to offer the precursor miRNA (pre-miRNA). The pre-
miRNA is exported to the cytoplasm in an Exportin-5/RanGTP-dependent manner and thus
is processed to miRNA duplex in a Dicer-dependent or independent manner. Finally, either
the 5p or 3p dominant strand mature miRNA is loaded onto the Argonaute (AGO) family of
proteins to form a miRNA- or siRNA-induced silencing complex (RISC). This leads to a
functional RISC complex where it binds to corresponding target transcripts to induce either
translational inhibition or mMRNA degradation. After getting into human cells through the
endocytosis pathway and undergoing endosome release and cytosolic translocation, BERA/
miRNA or BERA/sIRNA is specifically processed by the intrinsic miRNA machinery to
target mMiRNA or siRNA molecule in a Dicer-dependent or independent manner, while
chemo-engineered miRNA mimic or sSiRNA may be involved in later steps, to exert
posttranscriptional gene expression
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Direct overexpression of digp1*-dsRNA and UZA*-RNA in C. glutamicum strains
2256LArnc deficient in RNase I11. a Schematic illustration of the expression unit of U7A4*-
RNA consisting of the F1 promoter and a transcription terminator (Ter). The predicted
secondary structure of recombinant UZA*-RNA product includes the hairpin Il domain that
is also named SLII. b A convergent transcription-based expression of digp1*-dsRNA, among
which the sense and antisense strands of the RNA are driven by two F1 promoters
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