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The exogenous delivery of coding synthetic messenger RNA (mRNA) for induction of protein synthesis in desired cells has enormous potential
in the fields of regenerative medicine, basic cell biology, treatment of diseases, and reprogramming of cells. Here, we describe a step by step
protocol for generation of modified mRNA with reduced immune activation potential and increased stability, quality control of produced mRNA,
transfection of cells with mRNA and verification of the induced protein expression by flow cytometry. Up to 3 days after a single transfection
with eGFP mRNA, the transfected HEK293 cells produce eGFP. In this video article, the synthesis of eGFP mRNA is described as an example.
However, the procedure can be applied for production of other desired mMRNA. Using the synthetic modified mRNA, cells can be induced to
transiently express the desired proteins, which they normally would not express.

Video Link

The video component of this article can be found at https://www.jove.com/video/51943/

Introduction

In cells, the transcription of messenger RNA (mRNA) and the following translation of mMRNA into desired proteins ensure the proper functioning
of cells. Hereditary or acquired genetic disorders can lead to insufficient and dysfunctional synthesis of proteins and cause severe diseases.
Thus, a new therapeutic approach to induce the production of missing or defective proteins is the exogenous delivery of synthetic modified
mRNA into cells, which codes for the desired protein. Thereby, cells are triggered to synthesize functional proteins, which they normally cannot
produce or would naturally not need. Using this approach, genetic disorders can be corrected by introduction of mMRNA that codes for the
defective or missing protein ' The mRNA therapy can also be used for vaccination to synthetize protein antigens, which are expressed by tumor
cells or pathogens. Thereby, host immune system can be activated to effectively eliminate tumor cells or prevent infections 23, Furthermore, in
recent years, mRNA was successfully used to generate inducedfluripotent stem cells (iPSCs). For this purpose, fibroblasts were transfected
with mRNAs to induce the expression of reprogramming factors 6 and to convert them in iPSCs with an enormous potential in regenerative
medicine.

Previously, the use of conventional mMRNA was associated with low stability and strong immunogenicity. Thus, clinical applications of
conventional MRNAs were limited. However, the replacement of cytidine and uridine by 5-methylcytidine and pseudouridine within the mRNA
molecule by Kariko and colleagues rendered mRNA molecules stable in biological fluids and dramatically reduced immune activation 7'10, which
now allows the clinical applicability of modified mRNAs.

Using synthetically produced modified mMRNAs, desired gene transcripts can be temporarily delivered in vivo " or in vitro to induce protein
expression. The introduced mRNA is translated under physiological conditions by the cellular translation machinery. Due to lack of integration
into the host cell genome compared to viral gene therapy vectors, the risk of oncogenesis is prevented 1213 Thus, therapy using modified
synthetic mMRNA will get better clinical acceptance in the future.

Here, we describe a detailed protocol for production of modified mRNA (Figure 1), transfection of cells with mRNA and the evaluation of protein
expression in transfected cells.

Protocol

1. Augmentation of Plasmids Containing Required Coding DNA Sequences (CDS)

1. Pre-warm SOC medium, which is included in the transformation kit, to room temperature and the LB agar plates containing 100 pg/ml
ampicillin to 37 °C. Equilibrate the water bath to 42 °C.
2. Thaw one vial of chemically component E. coli on ice.
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Add 1-5 pl of the plasmid (10 pg to 100 ng) containing the CDS into the vial of chemically component E. coli and mix gently. Do not mix the
cells by pipetting. After adding plasmids, mix by tapping the tube gently.

Incubate the mixture on ice for 30 min.

Heat-shock the E. coli for 30 sec at 42 °C in a water bath without shaking.

Place the vial on ice for 2 min.

Add 250 pl of pre-warmed SOC medium to the E. coli and shake the bacteria horizontally at 300 rpm for 1 hr at 37 °C in a bacterial incubator.
Spread 100 pl and 150 pl from transformation mix on pre-warmed LB agar plates, invert the plates and incubate overnight at 37 °C.

After colonies become visible, inoculate a single colony from each plate into a 15 ml culture tube containing 5 ml LB medium with 100 pg/ml
ampicillin. Incubate them overnight at 37 °C with shaking at 300 rpm until culture is in late log or stationary phase.

For long-term storage of transformed E. coli, pipet 75 pl of 100% glycerol into the cryovial. Add 225 pl of the bacterial culture (frozen stock will
contain 25% glycerol), mix well and store the cryovial at -80 °C.

Isolate the plasmids containing the required CDS using a plasmid purification kit according to manufacturer's instructions.

Determine the plasmid concentration using a spectrophotometer.

Prepare aliquots of 20 pl and store them at -20 °C for prolonged time.

2. Amplification of Plasmid Inserts and Adding of Poly T-tail by Polymerase Chain Reaction
(PCR)

7.

NOTE: To obtain the DNA template for the in vitro transcription (IVT), the CDS of interest, here eGFP, is amplified using PCR. Simultaneously,
a poly T-tail of 120 thymidines (T) is added to the insert by using a reverse primer with a T4, extension. Thereby, the generated mRNAs
obtain a poly A-tail with a defined length after the IVT.

Prepare PCR mixture as detailed in Table 1.

Mix the reaction mix thoroughly. NOTE: PCR product can be used in 4-5 IVT reactions. To increase the DNA template amount for IVT, total
volume of the PCR mixture can be increased. Several PCR tubes each containing 100 yl PCR mixture can be used to obtain a sufficient yield
of PCR product.

Place the PCR tubes in a thermocycler and run the PCR using the PCR cycling protocol (Table 2).

Clean up the PCR reaction using a PCR purification kit according to manufacturer's instructions and elute the DNA using 20 pl nuclease-free
water.

Measure the concentration of the DNA using a spectrophotometer. NOTE: The detected DNA concentration is approximately 300 pg/ml.
Thus, the expected total amount should be ~6 pug. The amount of DNA for other proteins can differ depending on the length of CDS, amount
of plasmid used for PCR, annealing temperature of primers, and cycle number.

Freeze the DNA at -20 °C for a long time or use it directly for IVT.

3. Control Step: Quality of PCR Product
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Check the quality of the PCR product by DNA gel electrophoresis.

Mix the desired amount of agarose with 1x TBE in a flask. For a 1% agarose gel, add 0.5 g of agarose to 50 ml of 1x TBE.
Microwave until the agarose is dissolved. Do not let it boil. Ensure that the agarose is completely in solution.

Add 5 pl nucleic acid gel stain to 50 ml agarose gel.

Pour the gel into an agarose gel box, set the comb, and wait approximately 1 hr until the gel solidified.

Remove the comb and place the gel box in a gel tray.

Mix 2 pl (200 ng) of 80-10,000 bp DNA-Ladder and 200 ng of PCR product each with 2 pl 6x loading buffer in a total volume of 12 pl.
Carefully load DNA samples into the wells of the agarose gel.

Using 1x TBE as running buffer, run the agarose gel at 100 V for 1 hr.

Visualize the DNA bands on an imaging system (Figure 2).

4. In Vitro Transcription (IVT)

oukrw N

N

NOTE: After PCR, the plasmid inserts are amplified and a poly T-tail is added. During the IVT, genetic information is transcribed from DNA to
RNA. The generated mRNA transcript is used to produce proteins in cells.

Clean the working area and pipettes with an RNase decontamination solution. Use PCR clean and sterile dual-filter pipette tips and frequently
change gloves to minimize contamination of reaction mixes with RNases.

Prepare the NTP/cap analog mixture as described in Table 3.

Mix the NTP/cap analog mixture thoroughly by vortexing and spin down briefly.

Assemble the IVT reaction mixture as described in Table 4.

Mix the IVT reaction mixture thoroughly by gently pipetting up and down. Then centrifuge the PCR tube briefly to collect the mixture at the
bottom of the tube.

Incubate at 37 °C for 3 hr in a thermomixer.

NOTE: The optimum incubation time depends on the length of the inserts and transcriptional efficiency of given template. For short inserts
(<500 nt), a longer incubation time may be advantageous. A time-course experiment can be done to determine the optimum incubation

time for maximum yield. Therefore, set up IVT reactions, for example, for 1, 2, 3, 4, 6 hr, and overnight incubation and determine the mRNA
amount. The kinetics of the in vitro transcription for generation of eGFP mRNA is shown in Figure 3.

To remove the template DNA, add 1 pl of DNase (2 U/pl) to the IVT reaction mixture, mix well and incubate 15 min at 37 °C.

Purify the reaction mixture using a RNA purification kit according to manufacturer’s instructions. Elute the modified mRNA from the spin
column membrane twice with 40 pl nuclease-free water. NOTE: The detected RNA concentration is approximately 1,500 pg/ml. Thus, the
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expected total amount should be ~120 pg. The amount of synthesized mRNA for other proteins can differ depending on the length of CDS
and the amount of PCR product used for IVT.

5. Treatment of Purified mRNA with Antarctic Phosphatase

1. NOTE: The generated mRNA is treated with phosphatase to remove 5' triphosphates, which can be recognized by RIG-I and lead to immune
activation. Furthermore, the phosphatase treatment prevents re-circularization in a self-ligation reaction.

2. Add 9 yl of 10x Antarctic phosphatase reaction buffer to 79 pl of purified mRNA solution. Subsequently, add 2 pl of Antarctic phosphatase (5
U/ul) and gently mix the sample. Incubate the reaction mixture at 37 °C for 30 min.

3. Purify the reaction mixture using a RNA puirification kit according to manufacturer’s instructions. Elute the modified mRNA from the spin
column membrane twice with 50 pl nuclease-free water.

4. Measure the concentration of the modified mMRNA using a spectrophotometer. Check that the ratio of absorbance at 260 nm/280 nm (Aggo/

Azgp) is 2 1.8 and the ratio of Aygo/Azzg is 2.0, which indicates purity.

NOTE: The expected total yield should be approximately 90 ug, which is sufficient for approximately 36 mRNA transfections.

Adjust the concentration of mMRNA to 100 ng/ul by adding nuclease-free water.

Aliquot the modified mMRNA into single-use aliquots required for transfections and store at -80 °C. Avoid multiple freeze and thaw cycles.

Properly prepared and stored mRNA is stable for many years. During working, always keep the modified mRNA on ice.

6. Control Step: Quality of Synthesized Modified mRNA

o o

Check the quality of modified mRNA by RNA gel electrophoresis.

Mix the desired amount of agarose with 1x TBE in a flask. For a 1% agarose gel, add 0.5 g of agarose to 50 ml of 1x TBE.
Microwave until the agarose is dissolved. Do not let it boil. Ensure that the agarose is completely in solution.

Add 5 pl nucleic acid gel stain to 50 ml agarose gel.

Pour the gel into a agarose gel box, set the comb, and wait approximately 1 hr until the gel is solidified.

Remove the comb and place the gel box in a gel tray.

Mix 3 pl (3 pg) of 0.5-10 kb RNA Ladder and 200 ng of synthesized modified mRNA each with 7 pl loading buffer in a total volume of 10 pl.
The composition of the loading buffer is described in Table 5.

8. Denature the ladder and the mRNA samples at 70 °C for 10 min.

9. Carefully load the ladder and the mRNA samples on the 1% agarose gel.

10. Perform electrophoresis at 100 V for 1 hr using 1x TBE as running buffer.

11. Visualize the ladder and mRNA bands on a UV transilluminator and photograph using a gel documentation system (Figure 4).

Nogokrwh =

7. Preparing of Cells for Transfection

1. Plate 2 x10° cells (HEK293 cells) per well of 12-well plate.
2. Incubate the cells overnight at 37 °C in a cell incubator. NOTE: At the day of transfection, the cells should have reached 80-90% confluence.

8. Performing mRNA Transfection of Cells

1. Thaw the modified mRNA.

2. Generate the lipoplexes for transfection.

3. Add 25 pl (2.5 pg) of modified mRNA and 2 pl of cationic lipid transfection reagent to 473 pl Opti-MEM (Minimal Essential Medium) | reduced
serum medium to generate the transfection mixture for transfection of one well of a 12-well plate. Scale up the volumes according to the
number of wells to be transfected. As negative control, prepare a transfection mixture without mRNA.

4. Mix the components gently by pipetting. Incubate the transfection mixture at room temperature for 20 min to generate lipoplexes for

transfection.

NOTE: The transfection mixture contains no antibiotics. Thus, take care to ensure the sterility while handling cells.

Wash cells with 500 ul DPBS/well.

Add 500 pl transfection mixture to one well of a 12-well plate.

Incubate the cells for 4 hr at 37 °C and 5% CO,.

Aspirate the transfection mixture and add 1 ml complete cell culture medium to the cells.

Incubate the cells for 24 hr in the cell incubator.

0. Perform fluorescence microscopic analyses using a fluorescence microscope (Figure 5). NOTE: To examine the expression of other proteins

in cells, which are produced by transfection with other mMRNA than eGFP coding mRNA, the cells can be cultivated on coverslips. Then the
transfection can be performed and the cells can be stained with appropriate antibodies and analyzed by fluorescence microscopy.

SV NO

9. Flow Cytometric Analyses of eGFP Expression in Cells

1. Remove cell culture medium from the wells and wash each well with 1 ml DPBS (without calcium and magnesium). Add 500 pl trypsin/EDTA
per well to detach the cells from the surface of cell culture plates. Subsequently, add 500 pl TNS per well to inactivate trypsin.

2. Centrifuge the detached cells for 5 min at 300 x g at room temperature. Remove the supernatant leaving only the pellet. Resuspend the cell
pellet in 150 pl cell fixation solution and transfer the cell suspension into a flow cytometry tube.

3. Analyze the percentage of eGFP expressing cells and the fluorescence intensity using Geo Mean (geometric mean of fluorescence intensity)
(Figure 6).
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10. Measurement of Protein Expression Over Time

-

Perform mRNA transfection of cells in 3 wells of a 12-well plate as described in step 8. Additionally, incubate 3 wells of HEK293 cells with the
transfection mixture without the addition of mMRNA.
Measure the expression of eGFP 1, 2, and 3 days after transfection to evaluate the duration of protein expression (Figure 7).

N

Representative Results

Using a pcDNA 3.3 plasmid containing the CDS of eGFP, the synthesis of modified eGFP mRNA was established (Figure 1). After insert
amplification by PCR and poly T-tailing, a clear band with a length of approximately 1,100 bp is detected (Figure 2). Increasing the IVT time
augmented the yield of mMRNA (Figure 3). After the IVT, a clear mRNA band with a length of approximately 1,100 bp was detected, which
corresponds to the length of eGFP mRNA to be produced (Figure 4).

The functionality of the generated eGFP mRNA was tested by transfection of HEK293 cells. For this purpose, transfection complexes
(lipoplexes) were generated using a cationic lipid transfection reagent. The transfection was performed with 2 x 10° cells per well of 12-well plate.
The production of eGFP in the cells was detected 24 hr after transfection using fluorescence microscopy (Figure 5) and flow cytometry (Figure
6).

HEK293 cells were transfected with eGFP mRNA. eGFP expression was determined 1, 2, and 3 days after transfection to evaluate the duration

of protein expression in the cells (Figure 7). After 24 hr, the protein expression was highest in the cells. The amount was reduced 1.6-fold every
next day. Even after 3 days, the cells contained eGFP.

- Forampilification of the plasmid insert

Purification
Quality control of PCR product

Forgeneration of mRNA from
amplified DNA fragments
l Purification
- For removal of 5'triphosphates

Purification
Quality control of mRNA

Performing of mRNA transfection

Figure 1: Overview of the modified mRNA production process. Coding DNA sequences (CDS) with known flanking sequences are amplified
by PCR using specific primers. The PCR product is purified and the quality of the generated DNA is determined. The mRNA is generated from
DNA product using the in vitro transcription process. The product is purified and treated with phosphatase to remove 5'-triphosphates. After the
additional purification and quality control of generated mRNA, the mRNA transfections can be performed.
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Figure 2: Analysis of DNA product after PCR. DNA ladder and PCR product were run on a 1% agarose gel. A clear DNA band with a length of
approximately 1,100 bp should be detected.
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Figure 3: Kinetics of in vitro transcription for generation of eGFP mRNA. 1) RNA ladder and IVT products after 2) 0 min, 3) 10 min, 4) 30
min, 5) 180 min, 6) 360 min, and 7) DNA template alone were run on a 1% agarose gel.
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Figure 4: Analysis of mRNA product after IVT. RNA ladder and IVT product were run on a 1% agarose gel. A clear mRNA band with a length
of approximately 1,100 bp should be detected.
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Figure 5: Fluorescence microscopic analyses of HEK293 cells 24 hr after eGFP mRNA transfection. (A) Phase contrast image of the cells
at a magnification of 100X. (B) Fluorescence images of the cells at a magnification of 100X.
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Figure 6: Flow cytometric analyses of eGFP expression in HEK293 cells 24 hr after eGFP mRNA transfection. The pink line represents
cells without mRNA transfection and the blue line represents eGFP positive cells after eGFP mRNA transfection. After eGFP mRNA transfection,
93.91% of all measured cells are positive and the Geo Mean (geometric mean of fluorescence intensity) is 720.16.
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Figure 7: Flow cytometric analyses of eGFP expression in HEK293 cells 1, 2, and 3 days after eGFP mRNA transfection. The protein
expression is highest 24 hr after mRNA transfection. Thereafter, the amount is reduced 1.6-fold every day (n = 3).
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Table 1: Composition of PCR mixture.

Component Final concentration Amount (pl)
Forward Primer 0.7 uM 7

Reverse Primer 0.7 uM 7

5x Q-Solution 1x 20

5x HotStar HiFidelity PCR Buffer 1x 20

Plasmid DNA 50 ng / 100yl Variable
HotStar HiFidelity DNA Polymerase (2.5 U/ul) |2.5U 1
Nuclease-free water Variable
Total volume 100

Table 1: Composition of PCR mixture.

Cycle Number Time Temperature (°C)
Initial denaturation step 1 5 min 95
3-step cycling 2-25
- Denaturation 45 sec 95
- Annealing 1 min 55
- Extension 1 min 72
Final extension step 26 10 min 72
End of PCR cycling Indefinite 4
Table 2: PCR cycling protocol.
Component Stock concentration (mM) Final concentration (mM) Volume (ul)
ATP (from MEGAscript T7 Kit) 75 7.5 4
GTP (from MEGAscript T7 Kit) 75 1.875 1
Me-CTP (from Trilink) 100 7.5
Pseudo-UTP (from Trilink) 100 7.5 3
3-0-Me-m’G(5")ppp(5)GRNA |10 2.5 10
cap structure analog
Total volume 23
Table 3: Composition of NTP/cap analog mixture.
Component Final concentration Amount (pl)
Nuclease-free water Variable
RNase Inhibitor 40U 1
NTP/cap analog mixture (from step 4.3) 23
PCR product 1 yg Variable
10x reaction buffer 1x 4
10x T7 RNA polymerase enzyme mix 1x 4
Total volume 40

Table 4: Composition of in vitro transcription (IVT) reaction mixture.

Component Amount (pl)
Formamide 3.3

37% formaldehyde 1

MEN buffer (10x) 1

6x loading buffer (supplied with the peqGOLD Range Mix DNA-Ladder) (1.7
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| Total volume 7

Table 5: Preparation of loading buffer for RNA gel electrophoresis.

Cell Culture Medium and Buffer

HEK-293 cell culture medium Add 25 ml of FCS, 2.5 ml of penicillin/streptomycin, 2.5 ml of L-
glutamine in 220 ml DMEM high glucose. Store the medium at 4 °C and
use it within 2 weeks.

TBE buffer (10x) Dissolve 0.9 M Tris base, 0.9 M boric acid and 20 mM EDTAin 1L
water (Ampuwa). The pH of the buffer is 8.
MEN buffer (10x) Dissolve 200 mM MOPS, 50 mM NaOAc, 10 mM EDTA in 1 L water

(Ampuwa). Adjust the pH value with NaOH to 7.

Table 6: Cell culture medium and buffers.

The mRNA therapy has tremendous potential in the field of regenerative medicine, treatment of diseases and vaccination. In this video, we
demonstrate the production of a stabilized, modified mMRNA for induction of protein expression in cells. Using this protocol, other desired
mRNA can be generated. The in vitro synthesis of modified mMRNA allows the transfection of cells with desired mRNAs to induce expression of
target proteins. Thereby, the desired protein is expressed transiently under physiological conditions until the exogenously delivered mRNA is
completely degraded.

In this video, the expression of eGFP was demonstrated for 3 days after a single transfection of HEK293 cells with eGFP mRNA. mRNA
molecules coding other proteins could lead to a shorter protein expression period. The expression of the protein decreases due to degradation
of the exogenously delivered mRNA. Therefore, the limitation of this technique for some applications might be the transient induction of

protein expression. Thus, to maintain protein expression in cells for a longer period, repeated delivery of mRNA is required. Although, mRNA
transfection has the advantage of non-integration into the host genome, which prevents insertional mutagenesis and the development of cancer
and leukemia compared to viral vectors, the in vivo transfection efficiency could be less than using viral vectors.

The required mRNA concentration and amount of transfection reagent should be optimized for each different cell type”, which are the target
cells for exogenous delivery of mRNA to produce the missing protein.

Repeated freezing and thawing of mRNA should be avoided to maintain the stability of the produced mRNA. Therefore, working aliquots can
be prepared. After PCR and IVT, only a single specific band should be detected. Otherwise, the number of PCR cycles, primer annealing
temperature, and/or amount of plasmid DNA should be optimized to obtain the specific DNA product for IVT. Furthermore, the IVT time and the
amount of DNA template for IVT can be optimized to obtain mRNA of a specific length in sufficient amounts.
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