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Abstract: Multi-subunit enzymes are protein biopolymers that are involved in many cellular processes.
The enzyme that carries out the process of transcription of mRNAs is RNA polymerase II (RNAPII),
which is a multi-subunit enzyme in eukaryotes. This protein biopolymer starts the transcription from
specific sites and is positioned by transcription factors, which form a preinitiation complex (PIC)
on gene promoters. To recognize and position the RNAPII and the transcription factors on the gene
promoters are needed specific DNA sequences in the gene promoters, which are named promoter
elements. Those gene promoter elements can vary and therefore several kinds of promoters exist,
however, it appears that all promoters can use a similar pathway for PIC formation. Those pathways
are discussed in this review. The in vitro transcribed mRNA can be used as vaccines to fight infectious
diseases, e.g., in immunotherapy against cancer and in nanotechnology to deliver mRNA for a
missing protein into the cell. We have outlined a procedure to produce an mRNA vaccine against
the SARS-CoV-2 virus, which is the causing agent of the big pandemic, COVID-19, affecting human
beings all over the world. The potential advantages of using eukaryotic RNAPII to synthetize large
transcripts are outlined and discussed. In addition, we suggest a method to cap the mRNA at the 5’
terminus by using enzymes, which might be more effective than cap analogs. Finally, we suggest the
construction of a future multi-talented RNAPII, which would be able to synthetize large mRNA and
cap them in the test tube.

Keywords: protein biopolymer; mRNA; transcription; vaccine; immunotherapy; nanotechnology

1. Introduction

Biopolymers are molecules produced by living organisms, which contain monomeric units that are
covalently linked to form larger structures. There are three classes of biopolymers, classified according
to the monomeric units used to form the structure of the biopolymer; first, the polynucleotides
(DNA and RNA), composed by nucleotides; second, the proteins formed by amino acid residues
covalently bound by peptide bonds; and third, the polysaccharides, which are often linear bonded
polymeric carbohydrate structures.

The DNA molecule is the most important biopolymer carrying all the genetic instructions for the
development, functioning, growth, and reproduction of all known organisms. In addition, all cellular
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organisms use messenger RNA (mRNA) to convey genetic information that direct synthesis of specific
proteins. Proteins are biopolymers, which are able to perform most of the cellular functions in
an organism.

Essentially, transcription of eukaryotic mRNA is the process of copying an RNA, using it as a
template of the DNA, which is carried out by the enzymatic protein biopolymer RNA polymerase II
(RNAPII). The template DNA is a double helix and the RNAPII transcription machinery must recognize
the promoter element on the coding strand (or the mRNA-like strand) and copies the mRNA on the
template strand (Figure 1). The transcription process is mainly carried out in three steps, which are
initiation, elongation, and termination [1].

Coding or mRNA-like
Promoter +1
5 3 strand
Template strand

Figure 1. Description of the DNA template. The top strand is the coding strand or RNA-like strand,
while the bottom strand is the template strand. +1 is the transcription start site.

In this review, we will focus on the function of the eukaryotic enzyme RNAPIIL, which is a complex
protein biopolymer able to synthetize the mRNA and the functions of additional protein factors
required by this enzyme in the process of transcription. We will also focus on the design and uses of
mRNA-based vaccines, nRNA nanomedicines and on the advantages of using eukaryotic RNAPII to
synthetize functional mRNA. We proposed an idea of how to make a poly-talented eukaryotic RNAPII
and a chimeric capping system.

2. Proteins and Core DNA Promoter Elements Involved in the Transcription Process

The core of the transcription machinery to synthetize the mRNA is the complex protein biopolymer
RNAPII, which is composed of about 12 to 14 polypeptides subunits (named Rpb) held together
mainly by strong hydrophobic interactions [2]. The X-ray crystallographic structure of budding yeast
RNAPII was solved and revealed four mobile elements termed Core, Clamp, Shelf, and Jaw Lobe [3].
Although all the four mobile elements are important for the transcription process, perhaps one of
the more important is a region in which Rpbl and Rpb2 form the active center of the enzyme [3].
In addition, we need to mention another domain contained in the Rpb1 subunit, which is named
the C-terminal domain (CTD) and which is a hallmark of eukaryotic RNAPII [4]. The CTD is able
to act as a platform for the assembly of factors involved in the different transcription steps, such as
initiation, activation, elongation, termination (including 3’ polyadenylation), and mRNA processing,
which includes 5 capping and splicing [5].

The transcription initiation process carried out by core RNAPII requires an additional set of protein
factors [1]. That set of protein factors, named General Transcription Factors (named TFIls and GTFs),
includes the TFIIA (Transcription Factor I1A), TFIIB (Transcription Factor 1IB), TBP (TATA binding
protein), TFIIE (Transcription Factor IIE), TFIIF (Transcription Factor IIF), and TFIIH (Transcription
Factor IIH) (Table 1) [1]. Although they do not form part of the core RNAPII itself, they do perform
essential functions during the transcription initiation process and during the transcription elongation
step. One of the first steps during the transcription initiation process of mRNA is the recognition
of a sequence element in the gene promoter by a TFII [6]. There are several sequence elements
found in core promoter elements including the TATA element (TBP binding site), BRE (B recognition
element), INR (initiator element), DPE (downstream promoter element), and the Homology D box
element (HomolD-box) found in all promoters of ribosomal proteins encoding genes (RPGs) in fission
yeast [6-8]. Afterwards, we will compare the promoter recognition of the TATA element and the
HomolD-box element of the RPGs. Once a TFIl is able to recognize a promoter element by using a low
affinity DN A-protein interaction, several other ordered protein-protein interactions are produced in
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between the TFIIs to bridge and position the core RNAPII to produce a preinitiation complex (PIC),
which is ready to initiate transcription when all four ribonucleotides triphosphate are added [1,8].
This PIC is a large protein biopolymer with a molecular weight of about 3 M Da [1]. During the
last decade, the X-ray crystallographic structures of several PICs containing different arrangement of
RNAPII, TFlIs (GTFs) and coactivators have been solved and they are reviewed in reference [9].

Table 1. RNAPII, TFIIs (GTFs) and mediators.

TFII Polypeptide Composition Function
TBP 1 Recognize TATA elements and INR
TFIIB 1 Bridges TBP and RNAPII-TFIIF
TFIIF 34 Helps to recruit RNAPII to the PIC
TFIIE 2 Stabilizes RNAPII-TFIIF to the PIC
TFIIH 10 Kinase and helicase activities
Core .
RNAPII 12-14 Synthesis of the mRNA
Mediator oab Target of regulatory factors

Bridge the PIC with activator factors

In S. pombe, this transcription factor recognizes the

Ren7 1 HomolD-box of RPG promoters

2 Budding yeast has an extra subunit, which is not essential. In most of the eukaryotic organisms studied, TFIIF has
only two subunits; ® The mediator from budding yeast has 24 subunits, however, the mediator from other organisms
might have more than 24 subunits.

The classical pathway described of PIC formation is on core promoters that contain a TATA
element and are described in Figure 2. Core promoters containing a TATA element are bound by TBP,
which follows the binding of TFIIB [1]. Once TFIIB is incorporated into the complex, it follows the
binding of core RNAPII-TFIIF, followed by TFIIE and TFIIH, respectively (Figure 2) [1]. For those
core promoters which do not contain a TATA element (almost 70%), for example those containing
an INR element, TBP in combination with another TFII could be able to recognize this element
(Figure 3) (Maldonado, Edio; unpublished results). Afterwards, the PIC formation is identical to
those containing a TATA element (Figure 3). The gene promoters of RPGs in fission yeast contain a
Homology D box element and this element is recognized by a protein factor named Rrn7, which is
related to TFIIB. Once that this protein factor recognizes the HomolD-box element, a dimer TPB-TFIIB
is able to recognize it. Afterwards, the pathway of PIC formation is exactly as the PIC formation on
TATA-containing promoters (Figure 4) [10].

The PIC formed on those promoters containing TATA, INR or HomolD-box elements in which
only TFlIIs and core RNAPII are involved can only specify basal or non-regulated transcription.
Transcriptional activation carried out by specific regulatory factors that bind specific sequences
upstream of the transcriptional start site often needs another multiprotein complex, besides the TFIIs
and core RNAPII This complex is named the mediator (Table 1) and was first identified in yeast and
soon after in higher eukaryotes [11,12]. In yeast, it is composed of about 24 subunits called Meds,
which can serve as regulatory factor targets [1,11,12]. In agreement with this notion, the Med subunits
can bridge the specific regulatory factors with the PIC composed by the TFIIs and core RNAPII [1,11,12].
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Figure 2. PIC formation on TATA-containing promoters. The first step of PIC formation on this kind of
promoters is the binding of TBP to the TATA element (I), which follows the binding of TFIIB through
interactions with TBP and the promoter near to the transcription start site (II). After the binding of
TFIIB, the complex RNAPII-TFIIF is assembled into the complex (III), which follows the binding of
TFIIE and TFIIH to form a PIC on the promoter (IV). Only the top strand of the promoter is shown in
the figure for didactic purposes, but the PIC is formed on the double stranded promoter. This is also
valid for Figures 3 and 4.

5 31
5 3 I
5 3 1T PIC

Figure 3. PIC formation on an INR-containing promoter. In those promoters that contain an INR, the
complex TBP-TFIIB binds to this element (I) and after the complex RNAPII-TFIIF enters the complex
(II), which follows the binding of TFIIE and TFIIH to complete the PIC formation (IIT). This model of
PIC formation has not been published yet, but we have determined this pathway using pure RNAPII
and recombinant factors from fission yeast and the nmt1 promoter in which the TATA box was deleted.
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Figure 4. PIC formation on HomolD-box-containing promoters. In the first step of PIC formation,
the transcription factor Rrn7 binds to the HomolD-box (I), which in turn is able to recruit the TBP-TFIIB
complex (II). After TBP-TFIIB are recruited to the complex, it follows the binding of RNAPII-TFIIF (III),
and then the TFIIE and TFIIH are recruited to the complex to form the complete PIC (IV).

3. mRNA as a Tool for RNA-Based Vaccines

The conventional vaccination is one of the major breakthrough in modern Medicine, which have
reduced the incidence of infectious diseases such as measles and completely eradicating others such
as smallpox. However, conventional vaccination has not been effective against another infectious
diseases such as influenza or other emerging diseases such as those caused by Zika and Ebola viruses.
Nowadays, we are facing a devasting pandemic all around the world caused by the SARS-CoV-2
virus which causes the COVID-19 disease. This pandemic has caused millions of infected people
and several thousands of deaths. Additionally, this pandemic is devasting the economies of most
of the countries. mRNA-based vaccines could have a great impact to fight this virus, since mRNA
vaccines are faster and cheaper to produce than conventional vaccines. In addition, this process can
be standardized and scaled to allow a quick response to this pandemic. Besides, an mRNA-based
vaccine is safer both for the personal that produces it and for the patient, since it does not use highly
infectious viruses. Taken altogether, we suggest a strategy (Figure 5) to develop an mRNA-based
vaccine against SARS-CoV-2 by targeting the spike S protein (S protein) which binds to membrane
ACE2 (angiotensin-converting enzyme 2) receptors. ACE2 receptors can be found in several organs
such as lungs, heart, kidneys and the gastrointestinal tract, which are the SARS-CoV-2 targets.
We could expect that once the mRNA encoding the S protein is delivered into the myocytes of the
muscle, it will be translated and secreted and taken up by macrophages, dendritic cells and other cells
of the immune system to be presented to T and B cells. Once a B cell response is mounted, the resulting
antibodies could block the binding of the virus to the ACE2 receptors and thus prevent the virus to
enter to the target cells. In addition, activated T cytotoxic cells can help to destroy the invading virus
(Figure 5).
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Figure 5. Schematic procedure to produce an mRNA vaccine against SARS-CoV-2. From the analysis
of the amino acid sequence of the S protein an antigenic region can be predicted. Whenever possible,
a region of the S protein which is less prone to mutations should be selected. The amino acid sequence
of the selected region can be back translated to DNA nucleotide sequence and it can be chemically
synthetized according to the codon usage. Afterwards, this DNA sequence can be cloned into a DNA
plasmid vector, as described in Figure 6, and used for in vitro transcription (IVT) by using a RNA
polymerase to produce an mRNA that can be 5’ capped to be fully functional. This mRNA can be
coated with lipid nanoparticles and delivered to the myocytes to be translated by the cell ribosomes.
The resulting antigens will be secreted and take up by macrophages and dendritic cells, which will
process and present the antigen to the immune system cells to activate both humoral (antibodies)

and cellular (cytotoxic) immune responses.
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Figure 6. Schematic representation of a plasmid DNA template used to produce an mRNA-based
vaccine. This template contains the basic elements to produce a functional mRNA. A promoter is
needed for the RNA polymerase to start transcription at the +1 site. The 5" UTR is added to enhance
the translation and the stability of the mRNA and the ORF contains the coding sequence of the antigen,
which could be synthetized according to the codon usage to enhance the translation process. Finally,
a poly T of at least 200 nucleotides is needed to produce a poly A tail on the mRNA. After, the template
is transcribed (in vitro transcription, IVT) using RNA polymerase and ribonucleotides to produce an
mRNA, which should be 5" capped to produce a functional mRNA to be used as vaccine.

Messenger RNA can be used in Biotechnology and Medicine as RNA vaccines against infectious
diseases and also in cancer immunotherapy to deliver multiple antigens with one immunization [13,14].
RNA vaccines might have several advantages over DNA-based vaccines, since they only need to reach
the cytoplasm, are more immunogenic and do not possesses oncogenic potential via integration into
the host genome [13,14].

Typically, RNA-based vaccine consists in a functional mRNA encoding an antigen, which is
delivered into the cellular cytoplasm of target cells where it can be translated via poly-some
formation [15]. There are different non-viral strategies for the delivery of mRNA-based vaccines,
including naked mRNA vaccines, gene gun delivery method, protamine condensation of the mRNA,
adjuvants and encapsulated mRNA-based vaccines. The strategy of using naked mRNA vaccines
uses only mRNA formulated in a buffer and injected directly into the individual [16]. The gene gun
delivery is an alternative method of mRNA delivery directly into the cell cytoplasm [17]. Specifically,
it is a nanotechnology method in which the mRNA is coated onto gold particles, which are then
accelerated toward a stopping plate by a helium pulse and penetrated into the cytoplasm of target
cells [17]. Another method to improve mRNA stability is incubating it with protamine and inject this
protamine-protected mRNA into the individual [18]. Additionally, the mRNA can be injected with
molecules such us poly I.C RNA and CpG- containing motif molecules [19]. Lastly, another method,
based on nanotechnology, has been used to deliver mRNA-based vaccines. Nanoparticles of cationic
liposomes have been used to protect and deliver mRNA vaccines into the individuals [20,21].

The mRNA-based vaccines can be used to immunize against infectious diseases and several types
of cancer [22]. Immunization against the Zika virus and against the rabies virus with mRNA-based
vaccines are only two cases where this immunization procedure shows promising results [22-24].
Both mRNA-based vaccines were delivered by using nanoparticles of cationic liposomes in mice. The
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vaccines provided protection against lethal doses of virus in those immunized mice [22-24]. On the
other hand, mRNA-based vaccines have been used to immunize against several types of cancer [13,14].
This strategy relies on the generation of a host immune response against specific tumor-associated
antigens by the cytotoxic T cells, which are able to recognize and kill tumor cells. Once the mRNA-based
vaccine is delivered into the cytoplasm of antigen presenting cells (mainly macrophages), the resulting
antigen is presented together with MHC class I molecules to CD4+ T cells, activating a cellular response
that leads to the destruction of the tumor cells. Additionally, the mRNA can act as an adjuvant
and provide costimulatory signals via toll-like receptors. To illustrate this strategy, we describe two
examples. An mRNA-based vaccine against malignant melanoma was developed using the injection of
naked mRNA encoding melanoma-associated antigen [25]. In addition, another mRNA-based vaccine
was developed against triple-negative breast cancer by delivering mRNAs encoding tumor-associated
antigens into cationic liposomes [26].

4. Other Uses of mRNA as Nanomedicines

The mRNA also has other applications in nanomedicine, including protein replacement, gene
editing, regenerative medicine and monoclonal antibody production. The application of mRNA for
protein replacement therapies is intended for the supplementation of proteins that are not expressed
or not functional and also for the expression of foreign proteins that are able to activate or inhibit
cellular pathways. These therapies have been mainly used to target diseases in organs such heart, lung,
and liver. For example, diseases such as hemophilia B, cystic fibrosis or Fabry disease are the subject of
clinical trials [27-29]. On the other hand, gene editing is a new therapeutic option to treat a variety of
genetic diseases and this technology uses programmable nucleases, which are able to perform a double
stranded break at specific target locations of the genome in the presence of a guide RNA that directs
the nuclease to the target sequences (CRISPR/Cas9). The gene editing nuclease can be delivered, as the
mRNA form together with the guide RNA, and it has achieved greater editing efficiency [30]. The goal
of regenerative medicine is to replace or repair cells which have been injured or lost and restore the
normal function of damaged organs. The regeneration process requires functional proteins including
cytokines, transcription and growth factors which control cell growth, cell differentiation, and cell
migration, which can be delivered in the mRNA form into cells. One example of this is the generation
of insulin secreting B-cells for type 1 diabetes [31]. In addition, passive immunization with mRNA
encoding monoclonal antibodies is gaining great biomedical interest. In small rodents, the injection of
mRNA encoding monoclonal antibodies have demonstrated the production of antibody titers [32].

5. Basic Elements to Design an mRNA-Based Vaccine

A keen awareness of mRNA biology is vital at the time of developing an mRNA-based vaccine.
Most, if not all, of eukaryotic mRNAs are composed of a coding region (ORF) flanked by a 5" and 3’
untranslated regions (UTR), a 5" 7-methylguanosine triphosphate (m7G) cap and also a 3’poly (A) tail
(Figure 6). It would also be important to back-translate the amino acid sequence of the ORF to DNA
sequence and use the optimal codon usage and chemically synthetize a DNA template to produce an
mRNA which could be more stable and a better template for translation. All of those elements are
critical for mRNA stability and translation. Although, the poly (A) tail and the UTR can be included
into the DNA template used for transcription, the m7G must be capped with cap analogues, which is
not 100% efficient, and thus a portion of the mRNA transcripts are not capped at all [21]. The resulting
uncapped mRNA cannot be efficiently translated and thus the mRNA serving as templates for protein
translation is much less. To circumvent this, we would suggest an enzymatic approach using the
human methyltransferase and capping enzymes (Figure 7), both of them first cloned and expressed
in our laboratories [33,34]. However, both enzymes have not been expressed in scale for commercial
purposes, thus hampering this approach.
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Figure 7. Outline of a procedure to produce a functional mRNA using eukaryotic RNAPIL
The plasmid DNA template contains a super core promoter (SCP) and an upstream GAL4 binding
site. Transcription starts at the +1 site, which is followed by an UTR (untranslated region) and an ORF
containing the coding region to produce the polypeptide chain. A poly T tail is included in the template
to produce a poly adenylated mRNA. The template is mixed with a highly active whole cell extract
(WCE) from fission yeast, plus GAL4-VP16 activator and subjected to ultracentrifugation through a
glycerol gradient (5-15%). Afterwards, those templates containing a fully assembled PIC are selected
and used for transcription by adding ribonucleotides, together with methyltransferase and capping
enzymes (capping system) plus the necessary precursors to form a m7G cap. The produced mRNA can
be used as an mRNA vaccine.

6. Advantages of Using Eukaryotic RNAPII to Synthetize mRNA

Usually, the mRNA is synthetized “in vitro” using bacteriophage RNA polymerases, which are
highly actives. However, these RNA polymerases can only synthetize an mRNA up to 5 Kb long.
Eukaryotic RNAPII is able to synthetize mRNAs over 50 Kb or longer. In addition, RNAPII is less error
prone than bacteriophage RNA polymerases, which is important to avoid mutations or the creation of
stop codons.

By the present, all TFIIs necessary for transcription are cloned and expressed and it is possible to
purify core RNAPII, thus allowing us synthesize mRNA in a test tube with all proteins of eukaryotic
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origin. Recently, Fujiwara and Murakami have reported a method to assemble large amounts of
PIC using purified TFIIs and RNAPII from budding yeast [35]. Those PICs were assembled and
purified further using glycerol gradient sedimentation [35]. We have also been attempting to assemble
PICs from fission yeast by using whole cell extracts, which contain a full set of TFIIs, RNAPII and
regulatory factors (Maldonado, E., unpublished results). For those experiments we used a DNA
template containing a super core promoter (SCP) based on the work of Gershon and collaborators [36]
and we added a GAL4 binding site upstream of the TATA box to allow strong in vitro transcription
activation by the powerful GAL4-VP16 chimeric transcription factor. Those PICs have been assembled
and further purified by the use of glycerol gradient sedimentation (Figure 7). The isolated PICs are
highly active in transcription initiation and elongation and RNAs of more than 2 Kb long can be
obtained. We think that by the use of similar methods it is possible to obtain large amounts of in vitro
transcribed mRNA using eukaryotic RNAPIL. Moreover, eukaryotic methyltransferase and capping
enzymes can be added to the in vitro reaction together with precursors for the m7G. This point is very
important since it has demonstrated that capping is a co-transcriptional process [33,34].

In the near future, we could image that a multitalented recombinant polypeptide of eukaryotic
origin would be able to recognize the promoter in the DNA template and perform the elongation of the
mRNA chain. To engineer this multitalented polypeptide, we must know all fundamental and necessary
domains in each of the individual subunits of core RNAPII and TFlIs involved in the recognition of the
promoter and in the function of transcription elongation. Moreover, another polypeptide containing
methyltransferase and capping activities could be engineered to add the m7G cap on all the mRNAs to
produce a template 100% efficient for translation. This would be an important advance on protein
biopolymers able to synthesize mRNA for uses in mRNA-based vaccines.

7. Conclusions

In this review, we have described the PIC formation process on eukaryotic TATA-containing
promoters and additionally the PIC complex formation on two eukaryotic non-TATA promoters,
such as HomolD box and INR-containing promoters, in which the mechanisms of PIC formation are
not fully understood yet.

A strategy is outlined to develop an mRNA-based vaccine to fight the SARS-CoV-2 virus, which is
causing the devasting COVID-19 disease at the present-days. In addition, we reviewed the main
applications of the mRNA-based nanomedicines and their potential therapeutic uses. Some of the
mRNA-based vaccines have moved forward to clinical trials. In the case any mRNA-based vaccines
were successful; these processes will be streamlined to establish a large scale-production platform and
in near future mRNA vaccines will be used in humans and animals as well.

The main problems facing in vitro transcription of mRNA is the 5’ capping of the transcribed
mRNA and the size of the transcript that can synthetize a viral RNAP. We have suggested an in vitro
system using eukaryotic RNAPII, which is able to synthetize longer transcripts of up to 50 Kb long.
The in vitro transcription setup is highly active and includes the capping system, which can synthetize
the m7G cap in a co-transcriptional manner and makes the whole process more effective. Since,
the in vitro transcription system used is rather simple, the functional mRNA product can be easily
purified and used as a vaccine.

Author Contributions: Both F.U. and S.M.-P. performed the bibliographical search and wrote the first draft for
the manuscript. E.M. wrote the final manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by CONICYT GRANT ID16110145.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.



Polymers 2020, 12, 1633 11 of 12

References

1. Hahn, S. Structure and mechanism of the RNA polymerase II transcription machinery. Nat. Struct. Mol. Boil.
2004, 11, 394-403. [CrossRef]

2. Cramer, P. Multisubunit RNA polymerases. Curr. Opin. Struct. Boil. 2002, 12, 89-97. [CrossRef]

3. Bushnell, D.A.; Cramer, P.; Kornberg, R.D. Structural basis of transcription: Alpha-amanitin-RNA polymerase
II cocrystal at 2.8 A resolution. Proc. Natl. Acad. Sci. USA 2002, 99, 1218-1222. [CrossRef] [PubMed]

4. Phatnani, H.P; Greenleaf, A.L. Phosphorylation and functions of the RNA polymerase II CTD. Genes Dev.
2006, 20, 2922-2936. [CrossRef]

5. Meinhart, A.; Kamenski, T.; Hoeppner, S.; Baumli, S.; Cramer, P. A structural perspective of CTD function.
Genes Dev. 2005, 19, 1401-1415. [CrossRef] [PubMed]

6.  Juven-Gershon, T.; Hsu, ].-Y.; Kadonaga, ].T. Perspectives on the RNA polymerase II core promoter. Biochem.
Soc. Trans. 2006, 34, 1047-1050. [CrossRef]

7. Rojas, D.A.; Moreira-Ramos, S.; Zock-Emmenthal, S.; Urbina, F.; Contreras-Levicoy, J.; Kédufer, N.E;
Maldonado, E. Rrn7 Protein, an RNA Polymerase I Transcription Factor, Is Required for RNA Polymerase
II-dependent Transcription Directed by Core Promoters with a HomolD Box Sequence*. |. Boil. Chem. 2011,
286, 26480-26486. [CrossRef]

8. Witt, I; Kivinen, K.; Kdufer, N.F. Core Promoters in S. pombe: TATA and HomolD Boxes. In The Molecular
Biology of Schizosaccharomyces Pombe; Springer: Berlin/Heidelberg, Germany, 2004; pp. 343-351.

9.  Greber, B.J.; Nogales, E. The Structures of Eukaryotic Transcription Pre-initiation Complexes and Their
Functional Implications. Sub-Cell. Biochem. 2019, 93, 143-192. [CrossRef]

10. Montes, M.; Moreira-Ramos, S.; Rojas, D.A.; Urbina, F.; Kdufer, N.F.; Maldonado, E. RNA polymerase II
components and Rrn7 form a preinitiation complex on the HomolD box to promote ribosomal protein gene
expression inSchizosaccharomyces pombe. FEBS |. 2017, 284, 615-633. [CrossRef]

11. Kim, Y.J.; Bjorklund, S.; Li, Y.; Sayre, M.H.; Kornberg, R.D. A multiprotein mediator of transcriptional
activation and its interaction with the C-terminal repeat domain of RNA polymerase II. Cell 1994, 77, 599-608.
[CrossRef]

12. Maldonado, E.; Shiekhattar, R.; Sheldon, M.; Cho, H.; Drapkin, R.; Rickert, P.; Lees, E.; Anderson, C.W.;
Linn, S.; Reinberg, D. A human RNA polymerase II complex associated with SRB and DNA-repair proteins.
Nature 1996, 381, 86-89. [CrossRef] [PubMed]

13. Bringmann, A.; Held, S.A.E.; Heine, A.; Brossart, P. RNA Vaccines in Cancer Treatment. |. Biomed. Biotechnol.
2010, 2010, 1-12. [CrossRef] [PubMed]

14. McNamara, M. A ; Nair, S.K.; Holl, E.K. RNA-Based Vaccines in Cancer Immunotherapy. J. Immunol. Res.
2015, 2015, 1-9. [CrossRef] [PubMed]

15.  Ross, J. Control of messenger RNA stability in higher eukaryotes. Trends Genet. 1996, 12, 171-175. [CrossRef]

16. Kreiter, S.; Diken, M.; Selmi, A.; Diekmann, J.; Attig, S.; Hiisemann, Y.; Koslowski, M.; Huber, C.; Ttireci, 0,;
Sahin, U. FLT3 Ligand Enhances the Cancer Therapeutic Potency of Naked RNA Vaccines. Cancer Res. 2011,
71,6132-6142. [CrossRef]

17.  Qiu, P; Ziegelhoffer, P; Sun, J.; Yang, N.S. Gene gun delivery of mRNA in situ results in efficient transgene
expression and genetic immunization. Gene Ther. 1996, 3, 262-268.

18.  Weide, B.; Pascolo, S.; Scheel, B.; Derhovanessian, E.; Pflugfelder, A.; Eigentler, T.; Pawelec, G.; Hoerr, I.;
Rammensee, H.-G.; Garbe, C. Direct Injection of Protamine-protected mRINA: Results of a Phase 1/2
Vaccination Trial in Metastatic Melanoma Patients. |. Immunother. 2009, 32, 498-507. [CrossRef]

19. Hafner, A.M.; Corthésy, B.; Merkle, H.P. Particulate formulations for the delivery of poly(I:C) as vaccine
adjuvant. Adv. Drug Deliv. Rev. 2013, 65, 1386-1399. [CrossRef]

20. Okumura, K.; Nakase, M.; Inui, M.; Nakamura, S.; Watanabe, Y.; Tagawa, T. Bax mRNA therapy using
cationic liposomes for human malignant melanoma. J. Gene Med. 2008, 10, 910-917. [CrossRef]

21. Grudzien, E.; Stepinski, J.; Jankowska-Anyszka, M.; Stolarski, R.; Darzynkiewicz, E.; Rhoads, R.E. Novel cap
analogs for in vitro synthesis of mRNAs with high translational efficiency. RNA 2004, 10, 1479-1487.
[CrossRef]

22. Maruggi, G.; Zhang, C.; Li, J.; Ulmer, ].B.; Yu, D. mRNA as a Transformative Technology for Vaccine

Development to Control Infectious Diseases. Mol. Ther. 2019, 27, 757-772. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nsmb763
http://dx.doi.org/10.1016/S0959-440X(02)00294-4
http://dx.doi.org/10.1073/pnas.251664698
http://www.ncbi.nlm.nih.gov/pubmed/11805306
http://dx.doi.org/10.1101/gad.1477006
http://dx.doi.org/10.1101/gad.1318105
http://www.ncbi.nlm.nih.gov/pubmed/15964991
http://dx.doi.org/10.1042/BST0341047
http://dx.doi.org/10.1074/jbc.M111.224337
http://dx.doi.org/10.1007/978-3-030-28151-9_5
http://dx.doi.org/10.1111/febs.14006
http://dx.doi.org/10.1016/0092-8674(94)90221-6
http://dx.doi.org/10.1038/381086a0
http://www.ncbi.nlm.nih.gov/pubmed/8609996
http://dx.doi.org/10.1155/2010/623687
http://www.ncbi.nlm.nih.gov/pubmed/20625504
http://dx.doi.org/10.1155/2015/794528
http://www.ncbi.nlm.nih.gov/pubmed/26665011
http://dx.doi.org/10.1016/0168-9525(96)10016-0
http://dx.doi.org/10.1158/0008-5472.CAN-11-0291
http://dx.doi.org/10.1097/CJI.0b013e3181a00068
http://dx.doi.org/10.1016/j.addr.2013.05.013
http://dx.doi.org/10.1002/jgm.1214
http://dx.doi.org/10.1261/rna.7380904
http://dx.doi.org/10.1016/j.ymthe.2019.01.020
http://www.ncbi.nlm.nih.gov/pubmed/30803823

Polymers 2020, 12, 1633 12 of 12

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Richner, ] M.; Himansu, S.; Dowd, K.A.; Butler, S.L.; Salazar, V.; Fox, ].M.; Julander, J.G.; Tang, WW.;
Shresta, S.; Pierson, T.C.; et al. Modified mRNA Vaccines Protect against Zika Virus Infection. Cell 2017, 168,
1114-1125.e10. [CrossRef] [PubMed]

Schnee, M.; Vogel, A.B.; Voss, D.; Petsch, B.; Baumhof, P.; Kramps, T.; Stitz, L. An mRNA Vaccine Encoding
Rabies Virus Glycoprotein Induces Protection against Lethal Infection in Mice and Correlates of Protection in
Adult and Newborn Pigs. PLoS Negl. Trop. Dis. 2016, 10, e0004746. [CrossRef] [PubMed]

Kyte, J.A.; Mu, L.; Aamdal, S.; Kvalheim, G.; Dueland, S.; Hauser, M.; Gullestad, H.P,; Ryder, T.; Lislerud, K,;
Hammerstad, H.; et al. Phase I/II trial of melanoma therapy with dendritic cells transfected with autologous
tumor-mRNA. Cancer Gene Ther. 2006, 13, 905-918. [CrossRef] [PubMed]

Liu, L.; Wang, Y.; Miao, L.; Liu, Q.; Musetti, S.; Li, J.; Huang, L. Combination Immunotherapy of MUC1
mRNA Nano-vaccine and CTLA-4 Blockade Effectively Inhibits Growth of Triple Negative Breast Cancer.
Mol. Ther. 2017, 26, 45-55. [CrossRef]

DeRosa, F.; Guild, B.; Karve, S.; Smith, L.; Love, K.; Dorkin, J.R.; Kauffman, K.J.; Zhang, J.; Yahalom, B.;
Anderson, D.G,; et al. Therapeutic efficacy in a hemophilia B model using a biosynthetic mRNA liver depot
system. Gene Ther. 2016, 23, 699-707. [CrossRef]

Bangel-Ruland, N.; Tomczak, K.; Fernandez, E.F,; Leier, G.; Leciejewski, B.; Rudolph, C.; Rosenecker, J.;
Weber, W.-M. Cystic fibrosis transmembrane conductance regulator-mRNA delivery: A novel alternative for
cystic fibrosis gene therapy. J. Gene Med. 2013, 15, 414-426. [CrossRef]

Zhu, X.; Yin, L.; Theisen, M.; Zhuo, J.; Siddiqui, S.; Levy, B.; Presnyak, V.; Frassetto, A.; Milton, J.; Salerno, T.;
et al. Systemic mRNA Therapy for the Treatment of Fabry Disease: Preclinical Studies in Wild-Type Mice,
Fabry Mouse Model, and Wild-Type Non-human Primates. Am. |. Hum. Genet. 2019, 104, 625-637. [CrossRef]
Wang, H.; Yang, H.; Shivalila, C.S.; Dawlaty, M.M.; Cheng, A.W.; Zhang, F.; Jaenisch, R. One-Step Generation
of Mice Carrying Mutations in Multiple Genes by CRISPR/Cas-Mediated Genome Engineering. Cell 2013,
153,910-918. [CrossRef]

Koblas, T.; Leontovyc, L.; Loukotova, S.; Kosinova, L.; Saudek, F. Reprogramming of Pancreatic Exocrine
Cells AR42] Into Insulin-producing Cells Using mRNAs for Pdx1, Ngn3, and MafA Transcription Factors.
Mol. Ther. Nucleic Acids 2016, 5, €320. [CrossRef]

Van Hoecke, L.; Roose, K. How mRNA therapeutics are entering the monoclonal antibody field. J. Transl. Med.
2019, 17, 54. [CrossRef] [PubMed]

Yue, Z.; Maldonado, E.; Pillutla, R.; Cho, H.; Reinberg, D.; Shatkin, A.J]. Mammalian capping enzyme
complements mutant Saccharomyces cerevisiae lacking mRNA guanylyltransferase and selectively binds
the elongating form of RNA polymerase II. Proc. Natl. Acad. Sci. USA 1997, 94, 12898-12903. [CrossRef]
[PubMed]

Pillutla, R.C.; Yue, Z.; Maldonado, E.; Shatkin, A.]. Recombinant Human mRNA Cap Methyltransferase
Binds Capping Enzyme/RNA Polymerase Ilo Complexes. J. Boil. Chem. 1998, 273, 21443-21446. [CrossRef]
[PubMed]

Fujiwara, R.; Murakami, K. In vitro reconstitution of yeast RNA polymerase II transcription initiation with
high efficiency. Methods 2019, 82-89. [CrossRef] [PubMed]

Even, D.Y,; Kedmi, A.; Basch-Barzilay, S.; Ideses, D.; Tikotzki, R.; Shir-Shapira, H.; Shefi, O.; Juven-Gershon, T.
Engineered Promoters for Potent Transient Overexpression. PLoS ONE 2016, 11, e0148918. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.cell.2017.02.017
http://www.ncbi.nlm.nih.gov/pubmed/28222903
http://dx.doi.org/10.1371/journal.pntd.0004746
http://www.ncbi.nlm.nih.gov/pubmed/27336830
http://dx.doi.org/10.1038/sj.cgt.7700961
http://www.ncbi.nlm.nih.gov/pubmed/16710345
http://dx.doi.org/10.1016/j.ymthe.2017.10.020
http://dx.doi.org/10.1038/gt.2016.46
http://dx.doi.org/10.1002/jgm.2748
http://dx.doi.org/10.1016/j.ajhg.2019.02.003
http://dx.doi.org/10.1016/j.cell.2013.04.025
http://dx.doi.org/10.1038/mtna.2016.33
http://dx.doi.org/10.1186/s12967-019-1804-8
http://www.ncbi.nlm.nih.gov/pubmed/30795778
http://dx.doi.org/10.1073/pnas.94.24.12898
http://www.ncbi.nlm.nih.gov/pubmed/9371772
http://dx.doi.org/10.1074/jbc.273.34.21443
http://www.ncbi.nlm.nih.gov/pubmed/9705270
http://dx.doi.org/10.1016/j.ymeth.2019.03.016
http://www.ncbi.nlm.nih.gov/pubmed/30905750
http://dx.doi.org/10.1371/journal.pone.0148918
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Proteins and Core DNA Promoter Elements Involved in the Transcription Process 
	mRNA as a Tool for RNA-Based Vaccines 
	Other Uses of mRNA as Nanomedicines 
	Basic Elements to Design an mRNA-Based Vaccine 
	Advantages of Using Eukaryotic RNAPII to Synthetize mRNA 
	Conclusions 
	References

