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Abstract

With an increasing number of blockbuster drugs being recombinant mammalian proteins, protein 

production platforms that focus on mammalian proteins have had a profound impact in many areas 

of basic and applied research. Many groups, both academic and industrial, have been focusing on 

developing cost-effective methods to improve the production of mammalian proteins that would 

support potential therapeutic applications. As it stands, while a wide range of platforms have 

been successfully developed for laboratory use, the majority of biologicals are still produced 

in mammalian cell lines due to the requirement for posttranslational modification and the 

biosynthetic complexity of target proteins. An unbiased high-throughput RNAi screening approach 

can be an efficient tool to identify target genes involved in recombinant protein production. Here 

we describe the process of optimizing the transfection conditions, performing the genome-wide 

siRNA screen, the activity and cell viability assays and the validation transfection to identify genes 

involved with protein expression.
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1 Introduction

Recombinant proteins are produced for purposes such as biotechnology research and 

medicine, the protein products include antibodies, growth factors, membrane products, 

and vaccines, among others [1-3]. Common mammalian hosts for recombinant protein 

expression include Chinese hamster ovary cells (CHO) and human embryonic kidney (HEK) 

293 cells. The former are more commonly used industrially due to their ability to produce 

high quality protein with post-translational modifications that are similar to those of human 
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proteins. CHO cells also grow in chemically defined media in suspension and are resistant 

to viral infection [4]. Sometimes HEK 293 cells are preferred when CHO cells are not 

able to produce the required proteins, for example, in the case of some growth factors 

where proper glycosylation and protein folding is required [5]. The impressive success 

associated with using CHO cell lines to produce recombinant protein has to do with their 

unparalleled adaptability that allows these cells to grow uniformly in suspension cultures 

and adapt to serum-free conditions. However, this adaptability has its drawbacks. Phenotypic 

drift between CHO production clones is not uncommon, making it a challenge to produce 

recombinant proteins in a reproducible manner. While CHO cell lines were the workhouse 

of recombinant protein production, especially antibodies, the HEK 293 cell line has come 

to the forefront of recombinant protein production because proteins produced in HEK 

cells are a much closer match to naturally occurring proteins in terms of function and 

posttranslational modifications. The use of human cell lines also allows for the use of tools 

such as RNAi, which can target the whole human genome [6, 7].

The 2006 Nobel Prize in Physiology or Medicine went to Andrew Fire and Craig Mello for 

their discovery of RNA interference (RNAi), which was first identified in Caenorhabditis 
elegans and is found in almost all eukaryotes [8, 9]. It regulates gene expression at 

the mRNA level by suppressing transcription or triggering RNA degradation [10]. Small 

interfering RNAs (siRNAs) are 21- and 22- nucleotide sequence specific mediators of RNA 

inference [11]. As noncoding RNA, both endogenous and synthetic exogenous siRNA have 

the potential to be manipulated for use in biomedical research, drug development, and 

treatment [12, 13].

RNAi screening has proved useful for identifying genes and gene networks that are involved 

in various biological processes, diseases, and responses of host cells to pathogens and 

drugs [14]. Multiple types of RNAi screening are available including siRNA, enzymatically 

generated siRNA (esiRNA), small hairpin RNA (shRNA), and microRNA (miRNA) 

screenings. These are arranged as pools or individual arrays looking for a positive or 

negative phenotype. Each screen type has its own advantages and disadvantages [7, 15].

Using a high-throughput genome-wide siRNA screen, our laboratory identified antizyme 1 

(OAZ1) as a target for improving luciferase expression in HEK 293 cells without affecting 

transcription. From the human genome screen, 56 genes were identified for a validation 

screen with three additional genes. Then, ten genes were identified for follow-up using three 

additional reporter proteins. OAZ1 was found to consistently improve the expression of a 

cytosolic, a secreted and a membrane protein in HEK 293 cells with minimal effect on cell 

growth [16].

Here, we present a method for performing a genome-wide siRNA screen for identifying 

genes involved in recombinant protein production using the Photinus pyralis (firefly) 

luciferase as a reporter protein. An initial assay development is followed by the primary 

screen, in which 21,585 genes are individually knocked down with three unique siRNAs 

per target in a high-throughput format. This is followed by a validation screen to confirm 

the top genes as shown in Fig. 1. We have expanded the section on assay optimization 

and development to include many parameters that should be taken into consideration when 
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designing a high-throughput RNAi screen to identify genes that may have been outside the 

scope of this luciferase based readout. We hope that the methods presented here serve as a 

platform for anyone designing a high-throughput genome-wide, functional genomics screen 

to identify genes involved in production of proteins.

2 Materials

2.1 Cells and Media

1. HEK-CMV-Luc2-Hygro cell line constitutively expressing P. pyralis luciferase 

pGL4.50 (luc2/CMV/Hygro vector) (Promega) [16] (see Note 1).

2. HEK-GPC3-hFc cell line constitutively secreting glypican-3 hFc-fusion protein 

[17], inducible T-Rex-SERT-GFP cell line [18], and T-Rex-NTSR1-GFP cell line 

[19] (nonscreening cell lines for orthogonal validation) [16] (see Note 2).

3. Dulbecco’s Modified Eagle’s Medium (DMEM) with high glucose, pyruvate.

4. Fetal Bovine Serum (FBS).

2.2 Transfection Reagents and Instrumentation

1. Silencer select negative control #2 (Ambion® Silencer® Select, Thermo Fisher 

Scientific, Waltham, MA) and siPLK control (Ambion® Silencer® Select, 

Thermo Fisher Scientific).

2. Silencer select Human Genome siRNA library (Thermo Fisher Scientific).

3. 384-well white solid bottom tissue culture plates (Corning, Corning, NY).

4. Lipofectamine TM RNAiMAX (Thermo Fisher Scientific).

5. Agilent robotic system.

6. Silencer1 siRNAs (Thermo Fisher Scientific).

7. Humidified sterile incubator maintained at 37 °C, 5% CO2.

8. Hoechst dye (Thermo Fisher Scientific).

9. Image Xpress, (Molecular Devices, San Jose, CA).

10. Pipettes.

11. Eppendorf tubes.

2.3 Luciferase Assay

1. OneGlo™ Reagent Luminescent Cell Luciferase Assay (Promega, Madison, 

WI).

2. Cell Titer Glo™ (CTG; Promega).

3. EnVision Multilabel plate reader (PerkinElmer, Waltham, MA).
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2.4 Data Visualization

1. R computational environment (https://www.R-project.org/) [20].

2. “hexbin” [21] and “ggplot2” [22] packages.

3. Spotfire (Perkin Elmer) (see Note 3).

3 Methods

3.1 Assay Optimization and Development

Assay development includes experimental design, optimization, miniaturization, validation, 

and, if necessary, small-scale pilot screens to assess the assay performance and to identify 

lead candidates and genes/controls. The plate type, cell number, siRNA concentration, and 

lipid reagent and concentration optimization are all part of assay development as shown in 

Fig. 2.

3.1.1 Cell Number Optimization and Plate Selection

1. Seed HEK 293 cells in DMEM with 10% FBS in a 384-well plate at densities 

ranging from 250 cells/well to 5000 cells/well to assess growth for 72–96 h, 

using 3–4 columns of wells per cell density. The goal is to have cells that are no 

more than 80–85% confluent at the time of endpoint measurement.

2. Growth is usually assessed by either staining with Hoechst dye for nuclear 

number (ImageXpress) or by using a luminescence based readout (EnVision) for 

cell viability. This is done to negate the effects on viability and cell number that 

might come into play due to cell overcrowding, contact inhibition, and other 

factors.

3. While determining cell number, if necessary, assess different multiwell plates 

with different growth surfaces (for finicky cells) in order to optimize cell growth 

and assay read out (see Note 4).

4. Once the optimum number of cells has been determined, the next step is to 

access the transfection efficiency. There are two components for assessing the 

transfection efficiency: (1) choice and concentration of transfection reagent; 

and (2) concentration and suitability of transfection controls. The assay is 

experimentally designed for calculating the transfection efficiency between 

positive and negative siRNA control using a concentration of lipid reagent that 

causes the least amount of transfection-mediated cytotoxicity. Figure 3 shows a 

sample plate layout for the transfection efficiency assessment (see Note 5).

3.1.2 Transfection Efficiency Assessment

1. Transfer 2 μL of 400 nM stocks, (0.8 pmol) of 1) the non-targeting control 

(Silencer® Select Negative Control No. 2 siRNA, siNC) and 2) the positive 

control (siPLK1) into a 384-well plate with a multichannel pipette (see Note 6).

2. Dilute different amounts of RNAiMAX (0–0.15 μL per well) in screening media 

(20 μL per well of DMEM with no FBS or 6penicillin/streptomycin), add to 
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the wells with a multichannel pipette, and incubate for at least 30 min at room 

temperature (RT) (see Note 7).

3. While the plates are incubating, centrifuge HEK 293 cells at 200 × g for 8 min 

and resuspend in DMEM containing 20% FBS to the concentration required to 

achieve the previously determined cell number in 20 μL of cell suspension.

4. Seed 20 μL of the cell suspension in the wells already containing the siRNAs 

plus the lipofection reagent with a multichannel pipette. These experiments are 

performed in replicates.

5. Incubate the plates at 37 °C, 5% CO2 and humidified air.

6. After 72 h of incubation, add 20 μL of OneGlo™ with a multichannel pipette to 

the wells of one replicate set to get an overall luciferase yield.

7. To the wells in the second replicate set, add 30 μL of CTG with a multichannel 

pipette to get a read for total cell viability.

8. Incubate the plates for 20 min at RT to stabilize the luminescent signal and then 

collect the luminescence readouts with the EnVision multilabel reader.

9. Assess transfection efficiency with the fold change in the viability and the 

luciferase yield, separately, between the positive and negative transfection 

controls.

10. The lipid reagent concentration, siRNA concentration and cell number that give 

the best transfection efficiency with the least associated cytotoxicity are then 

chosen for the primary screening (see Subheading 3.2) (see Note 8).

3.2 Primary Screen

The Silencer Select Human genome siRNA library, which targets 21,585 human genes with 

three siRNAs per gene, is used for primary screening. A workflow for the primary and 

secondary screens can be seen in Fig. 4 (see Note 9).

1. Each siRNA is arrayed in an individual well. All plates have a full column (16 

wells) of Silencer Select Negative Control #2 for data normalization, and a full 

column of siPLK1 used as on-plate reference for transfection efficiency.

2. Each transfection is done in duplicate. Using the Agilent Robotic system, 0.8 

pmol of each siRNA is spotted to a different well of a 384-well plate, and 20 μL 

of serum-free DMEM containing 0.07 μL of RNAiMAX is then added to each 

well (see Note 10).

3. This lipid-siRNA mixture is incubated at ambient temperature for 30 min prior to 

addition of 4000 cells in 20 μL of DMEM containing 20% FBS (see Note 11).

4. After incubating the transfected cells at 37 °C in 5% CO2 for 72 h, 20 μL 

of OneGlo™ is added to one set of replicates for quantification of “overall 

luciferase yield” and 30 μL of CTG is added to the second set of replicates for 

measurement of “viable cell density” with the Agilent Robotic system.
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5. All plates are incubated at room temperature for 20 min to stabilize the 

luminescent signal and then measured with the EnVision plate reader.

6. Both controls, Silencer Select Negative Control #2 and siPLK1, are used in all 

validation transfections. The genes that are targeted by at least two independent 

siRNAs (out of three) resulting in enhanced luciferase production with median 

absolute deviation (MAD)-based z-score > 3 from the primary screen are then 

subjected to validation screens using three additional Silencer1 siRNAs with 

different sequences from those used in the primary screen.

7. Gene candidates for further downstream orthogonal follow-up are selected based 

on the criteria that three out of the six siRNAs displayed a MAD-based z-score 

> 3. The transfection and assay processes are the same as in the primary genome-

wide screen.

8. Data visualization is performed in R computational environment. The screen 

generates end-point data for “overall luciferase yield” and “viable cell density” 

in each well. For each plate, the median value of the negative control wells is 

set as 100% and is used to normalize corresponding sample wells. The “overall 

luciferase yield” and “viable cell density” are exported as the percentage of the 

negative control, and the MAD-based z-score was calculated for each sample 

[23].

3.3 Secondary and Orthogonal Validation Screens

1. Genes with at least two siRNAs that are in the range of >3 MAD for enhanced 

luciferase expression are selected for validation transfections.

2. Three additional Silencer1 siRNAs with different sequences from those used 

in the primary screen are used in the secondary screen with the same assay 

conditions as the primary screen.

3. The data are analyzed together with the primary screen and candidates with 

MAD-based z-score > 3 for at least 4 out of 6 siRNA sequences (combining the 

primary and secondary screen data) are selected.

4. The selected SiRNA are then funneled through orthogonal lower throughput 

assays or performed for different cell lines in the same assay to focus on genes 

that are important for the production of recombinant proteins.

4 Notes

1. Other cell lines can be used but should have an assay that is measurable on a 

high-throughput scale such as a GFP-based reporter protein.

2. Other cell lines can be used for orthogonal assays. These additional cell lines 

ensure the selected genes are focused to recombinant protein production and are 

not specific to one protein.

3. Use “hexabin” and “ggplot2” or Spotfire.
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4. Typically, for imaging-based screens, black clear bottom TC-treated 384-well 

plates are used. White opaque bottom plates are used for assays that have 

a luminescence-based readout while black opaque bottom plates are used in 

cases where the readout is total fluorescence. During the assay optimization 

steps, white and black clear bottom plates are used to assess cell health and 

morphology while determining optimum assay readouts.

5. The sample plate layout is only for reference; many plate layouts are possible 

depending on individual experimental needs.

6. The initial stages of transfection efficiency are assessed with a final 

concentration of 20 nM siRNA per well. However, if this siRNA concentration 

is not sufficient to suitably transfect the cells, a concentration response of 

siRNA is performed to determine the siRNA concentration required for reliable 

knockdown of the target genes (controls). Knockdown efficiency is also assessed 

by measuring mRNA transcript levels post knockdown in addition to the 

phenotypic effect.

7. Typically, the first reagent tested for transfection efficiency is a Lipofectamine 

derivative, RNAiMAX. In the event that RNAi-MaX does not work to suitably 

transfect the cell line of choice, other lipid reagents are used in the assay 

optimization. These include, but are not limited to, Dharmafect (1–4), DNAIn, 

CRISPR Max, and Transit.

8. For assays that employ the use of GFP or other reporters, an siRNA to that 

reporter gene can also be used to assess transfection efficiency. Furthermore, 

known biological controls for the phenotype of interest are also tested to serve 

as good biological assay controls. Depending on the physiological complexity 

of the assay, anything from a tenfold difference (viability from an Adenosine 

TriPhosphate (ATP) luciferase-based read out) to a robust, reproducible twofold 

difference with Z factors above 0.5 in more complex image-based or HTRF 

assays is considered a screenable assay. The process of assay development 

usually involves running a small pilot screen, to assess data quality and 

robustness of the assay. This pilot screen is typically done in duplicate and if the 

correlation between pilot screens is good, the primary screen is then embarked 

upon.

9. The conditions listed in this section are based on the results of our assay 

development for the HEK-CMV-Luc2-Hygro cell line.

10. Prepare enough Lipofectamine RNAiMax/serum-free media for all wells plus 

some extra.

11. Prepare enough cells in DMEM with 20% FBS for all wells plus some extra. Cell 

concentration = (4000 cells/well)/(20 μL/well)*(1000 μL/mL) = 2 × 105 cell/mL.
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Fig. 1. 
Work flow for genome-wide RNAi screening
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Fig. 2. 
Assay development strategies
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Fig. 3. 
Sample plate layout for transfection efficiency assessment
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Fig. 4. 
Work flow for primary and secondary validation screen. Note, the additional cell lines step is 

to ensure the selected genes focus on recombinant protein production and are not specific to 

one protein
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