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Abstract 

 

Biologics are highly effective therapies that have revolutionized the treatment of cancers, autoimmune 

disorders and other non-communicable diseases, however they have a high cost and are often used for 

chronic conditions requiring long treatment. An increasing need to improve patients access to these 

therapies is addressed by development of high-quality but lower cost biotherapeutics. Animal cell cultures, 

in particular Chinese hamster ovary (CHO) cells, are the cell line of choice for the manufacturing of many 

complex biotherapeutics. The constant upgrading of cell productivity is needed to meet the growing 

demand for these life-saving drugs. CHO cell culture technology has advanced significantly over the last 

few decades and is now generally considered a reliable, robust and mature technology. CHO cell factories 

have been improved with a plethora of genetic engineering approaches targeting different cell pathways, 

such as glycosylation, apoptosis, autophagy, cell cycle, cellular protein biosynthesis machinery, 

metabolism and secretory pathways. Manipulation with small non-coding RNAs, miRNAs, is a good 

alternative to a single gene knockdown approach due to their post-transcriptional regulation of entire 

cellular pathways without posing translational burden to the production cell. The aim of the present study 

was to identify and characterize miRNAs that can increase production of the recombinant proteins of 

pharmaceutical interest in CHO cells. Therefore, a functional screen using a library of 2042 synthetic 

human microRNA mimics transiently transfected into the CHO recombinant cell line producing 

erythropoietin has been performed. Viable cell density was increased by 14 miRNAs while 1015 miRNAs 

enhanced cell-specific erythropoietin productivity and 370 miRNAs resulted in higher volumetric 

productivity. 124 best miRNA candidates were further tested in the etanercept producing CHO cells. We 

selected seven miRNAs (miR-143-3p, miR-18b-3p, miR-132-5p, miR-521-1-3p, miR-574-3p, miR-3667-5p 

and miR-3939-3p), which significantly improved both erythropoietin and etanercept production in CHO 

cells, for further studies. Moreover, we compared the effect of Chinese hamster and human flanking 

sequences on the biogenesis of selected miRNAs in CHO cells. Stable CHO cell overexpressing miRNAs from 

endogenous CHO pri-miRNA sequences outperformed the cells with human pri-miRNA sequences. This 

work offers a novel strategy for the stable expression of any miRNA in CHO cells through site-directed 

mutagenesis of hamster-specific flanking sequences of pri-miR-143. It also highlights the importance of 

flanking genomic sequences, and their secondary structure features on pri-miRNA processing, offering a 

cost-effective and fast strategy as a valuable tool for efficient miRNAs engineering in CHO cells. Further 

on, we selected two process relevant microRNAs 574-3p and 3667-5p for a scale-up studies, their 

molecular characterization and target identification. In this study we identified a number of putative new 
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targets of miR-574 using SILAC-based proteomic analysis. In addition, we validated several targets of miR-

574-3p and identified p300 as a main target of miR-574-3p in CHO cells. Indeed, siRNA-mediated 

knockdown of p300 was able to induce pro-productive effects. In summary, our data suggest that miR-

574-3p and p300 might represent novel genetic elements to enhance production in CHO cells, which may 

be mediated by down-regulation of p53.  
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1 Introduction 

1.1 Biologics 

In the last few decades, numerous discoveries provided possibilities to cure complex and so far 

incurable diseases with elaborate drugs, that can’t be synthesized chemically. These drugs, so called 

biologics or biopharmaceuticals are made by living organisms (human, animal, or microorganism) using 

modern biotechnology and include hormones, monoclonal antibodies (mAbs), blood coagulation factors, 

vaccines and enzymes (FDA 2009). An increasing incidence of non-communicable diseases such as anemia, 

diabetes, autoimmune diseases and cancers resulted in expanded use of biopharmaceuticals worldwide 

in recent years. The amounts of biologics prescribed and sold are growing and the demand for these drugs 

is expected to further increase (Zhu 2012). Between 2013 and 2016, 73 new biopharmaceuticals were 

approved in USA and EU, of which 23 were mAbs, broadly used for the treatment of inflammatory diseases 

and tumors (Jozala et al. 2016). In 2016, biologics global sales revenues were 221 billion USD, 19% of all 

medicines sales. By 2021, biologics are expected to increase by + 60% to 350 billion USD, representing 24% 

of all medicines. The biggest biologics markets are the USA, followed by Europe, Japan and China 

(Frost&Sullivan 2017). 

 

1.2 Manufacturing platforms  

In past, the production of biopharmaceuticals was based on exploitation of certain hosts, which 

harbored a natural ability to produce a desired compound. These compounds were usually primary or 

secondary metabolites or enzymes. Many such products have indeed been available in the market for 

decades, such as Erythromycin from Streptomyces erythreus, penicillin obtained from Penicillium 

chrysogenum, vitamin B12 from Streptomyces olivaceus, etc. (Najafpour, Younesi, and Ku Ismail 2004; 

Waites et al. 2001). Nowadays, thanks to the recombinant DNA technology, biopharmaceutical companies 

conduct large-scale cultivations of genetically engineered “host” cells, which contain artificially inserted 

genes encoding for a protein of interest. Even though it would be of great value to have a single expression 

system with an optimum blend of all protein expression features and parameters, no such system has 
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been described yet (Porro et al. 2011; Frandsen and Ghandehari 2012; Ghaderi et al. 2012). Today 

biopharmaceutical companies use different manufacturing platforms for the production of biologics and 

the most appropriate expression system depends on the particular protein to be expressed. The 

manufacturing platforms are divided on the base of host cells in use into non-mammalian cell line and 

mammalian cell line platforms. Non-mammalian cell lines include bacterial, yeast, plant, filamentous fungi 

and insect manufacturing platforms while mammalian cell lines cover human, hamster and murine cell 

lines.  

While bacteria has lost its early leading role as the producer of biopharmaceuticals, about 20% of 

marketed biopharmaceuticals are still produced in this system (Overton 2014). Nevertheless, 

quantitatively microbial production predominates. According to advisory firm BioProcess Technology 

Consultants (Woburn, MA, USA) 26,400 kg of pure protein was manufactured by biopharmaceutical 

manufacturing activity in 2010. 68% (17,900 kg) of this amount were biopharmaceuticals derived from 

microbial systems with insulins constituting the majority of product manufactured, and the remaining 32% 

(8,500 kg) were obtained from mammalian systems (Walsh 2014). In the class of mammalian-based 

expression systems, Chinese Hamster Ovary (CHO) cells are the most commonly used. Indeed, in 2014 they 

were used in the production of over 70% of recombinant biopharmaceutical proteins, most of them being 

mAbs (Durocher and Butler 2009; J. Y. Kim, Kim, and Lee 2012; Michael Butler and Spearman 2014; Lalonde 

and Durocher 2017). With respect to the economic impact, mammalian expression systems represent the 

preeminence in the biopharmaceutical production today. 

In the last decade, biologics produced in transgenic animals got an approval for human use, as well. 

For example, human C1 esterase inhibitor protein (C1INH) produced in the milk of rabbits and recombinant 

antithrombin alpha, extracted from the milk of goats (Walsh 2014; Kling 2009). Moreover, in 2012 FDA 

approved a recombinant human glucocerebrosidase named Elelyso as the first biologic produced in carrot 

root cell line (Walsh 2014). Table 1 shows European Medicines Agency (EMA) and Foods and Drugs 

Administration (FDA) approved biopharmaceuticals for use in humans in different non-mammalian and 

mammalian expression systems. 

Table 1. FDA and EMA approved biopharmaceuticals.  
Adopted from (Dumont et al. 2015)) 

Expression 
system 

Category Biotherapeutic product FDA 
approval 

EMA 
approval 

Plant cells 

 Enzymes    
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   Taliglucerase alfa Approved NA 

Insect cells 

 Vaccines    

   Cervical cancer vaccine Approved Approved 

Bacteria 

 Monoclonal 
antibodies 

   

   Certolizumab pegol Approved Approved 

 Cytokines    

   tbo-filgrastim Approved NA 

   Romiplostim Approved Approved 

 Enzymes    

   Asparaginase E. chrysanthemi Approved NA 

   Glucarpidase Approved NA 

   Pegloticase Approved Approved 

   Collagenase C. histolyticum Approved NA 

 Peptides    

   Metreleptin Approved NA 

 Therapeutic 
toxins 

   

   Incobotulinumtoxin A Approved NA 

 Vaccines    

   Meningitis vaccine Approved Approved 

   Pneumococcal vaccine Approved Approved 

Yeast 

 Enzymes    

   Ocriplasmin Approved Approved 

 Peptides    

   Albiglutide Approved Approved 

   Liraglutide Approved Approved 

 Clotting factors    

   Catridecacog Approved Approved 

CHO 

 Monoclonal 
antibodies 

   

   Adalimumab Approved Approved 

   Alemtuzumab Approved NA 

   Bevacizumab Approved Approved 

   Brentuximab vedotin Approved Approved 

   Denosumab Approved Approved 
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   Golimumab Approved Approved 

   Ibritumomab tiuxetan Approved Approved 

   Ipilimumab Approved Approved 

   Obinutuzumab Approved Approved 

   Omalizumab Approved Approved 

   Panitumumab Approved Approved 

   Pertuzumab Approved Approved 

   Rituximab Approved Approved 

   Siltuximab Approved Approved 

   Tocilizumab Approved Approved 

   Trastuzumab Approved Approved 

   Vedolizumab Approved Approved 

   Ado-trastuzumabemtansine Approved Approved 

   Ustekinumab Approved Approved 

 Cytokines    

   Darbepoetin alfa Approved Approved 

   Interferon beta-1a Approved Approved 

   Epoetin alfa Approved Approved 

   Epoetin beta NA NA 

   Epoetin theta NA Approved 

 Enzymes    

   Agalsidase beta Approved Approved 

   Alglucosidase alfa Approved Approved 

   Alteplase Approved Approved 

   Elosulfase alfa Approved NA 

   GalNAc 4-sulfatase Approved NA 

   Human DNase Approved Approved 

   Hyaluronidase Approved NA 

   Imiglucerase Approved NA 

   Laronidase Approved NA 

   Tenecteplase Approved Approved 

 Fc-fusion 
proteins 

   

   Abatacept Approved Approved 

   Aflibercept Approved Approved 

   Alefacept Approved Approved 

   Belatacept Approved Approved 

   Etanercept Approved NA 

   Rilonacept Approved Approved 

   Ziv-aflibercept Approved Approved 
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 Hormones    

   Choriogonadotropin alfa Approved NA 

   Follitropin alfa Approved Approved 

   Follitropin beta Approved Approved 

   Luteinizing hormone Approved Approved 

   Osteogenic protein-1 Approved Approved 

   Thyrotropin alfa Approved Approved 

 Clotting factors    

   Factor VIII Approved Approved 

   Factor IX Approved Approved 

NS0     

 Monoclonal 
antibodies 

   

   Belimumab Approved Approved 

   Natalizumab Approved Approved 

   Ofatumumab Approved Approved 

   Palivizumab Approved Approved 

   Ramucirumab Approved NA 

Sp2/0     

 Monoclonal 
antibodies 

   

   Abciximab Approved NA 

   Basiliximab Approved Approved 

   Canakinumab Approved Approved 

   Cetuximab Approved Approved 

   Infliximab Approved Approved 

BHK     

 Clotting factors    

   Factor VIIa Approved Approved 

   Factor VIII Approved Approved 

Murine C127     

 Hormones    

   Somatropin Approved Approved 

HEK293     

 Clotting factors    

  rFVIIIFc Approved Submitted 

  rFIXFc Approved NA 

  Human-cl rhFVIII Submitted  Approved 

 Fc-fusion 
proteins 
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  Dulaglutide Approved Submitted 

HT-1080     

 Enzymes    

  Agalsidase alfa NA Approved 

  Idursulfase Approved Approved 

  Velaglucerase alfa Approved Approved 

PER.C6     

 Monoclonal 
antibodies 

   

  CL184 Submitted  NA 

 

 

1.2.1 Bacterial manufacturing platforms 

Currently, around 20% of marketed biopharmaceuticals are produced in bacterial manufacturing 

platforms (Overton 2014). In 2010, 17,900 kg of biopharmaceuticals out of 26,400 kg of 

biopharmaceuticals in total, were products derived from bacterial cells. Insulins and growth factors 

represent the majority of the product manufactured by bacterial cells (Walsh 2014). Microbial 

manufacturing platforms can achieve high production yields of biologics due to their rapid growth and high 

cell specific productivity in relatively simple and non-expensive media, which makes them easy to culture. 

Escherichia coli (E. coli) is one of the most widely used bacterial expression hosts for the production of 

heterologous proteins, because of many characteristics that make it a suitable choice. Besides being able 

to grow rapidly and at high density, E. coli genetic is simple and very well-understood. Not to mention the 

fact that there is a vast number of cloning vectors such as pET (Novagen), pGEX (GE healthcare), and pMAL 

(New England Biolabs) and mutant host strains to work with (Baneyx 1999; Porro et al. 2011). Protein 

expression can be initiated through promoter induction by addition of lactose or the lactose analogue 

isopropyl-β-d-thiogalactopyranoside (IPTG) (R. Chen 2012). 

However, there are certain limitations for the biologics production in these cells, such as lack of 

enzymatic components and the intracellular compartmentalization needed for adequate glycosylation and 

other post-translational modifications. For this reason, E. coli has been most widely used for the 

production of recombinant proteins that do not require post-translational modifications for their 

bioactivity. What is more, human-derived proteins expressed in these cells tend to aggregate and go into 

inclusion bodies, as a result of low solubility and the lack of chaperone systems. As a consequence, 

recombinant proteins have to be extracted from inclusion bodies and later on in vitro refolded in order to 
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gain an adequate activity (Ghaderi et al. 2012; Graumann and Premstaller 2006). Normally, inclusion 

bodies are firstly solubilized by the use of high concentrations of denaturants such as guanidine 

hydrochloride or urea, along with reducing agents such as β-mercaptoethanol (Rudolph and Lilie 1996; 

Lilie, Schwarz, and Rudolph 1998; J. Clarke and Itzhaki 1998; Singh and Panda 2005), and secondly refolded 

by using processes based on natural and artificial chaperones, peptide-assisted protein refolding or 

controlled redox refolding (Burgess 2009). Finally, the presence of bacterial endotoxins or host-cell protein 

contaminations in the final product present a drawback, since they could be reactive in humans (Baneyx 

1999). 

 

1.2.2 Yeast manufacturing platforms 

In recent years, many new biopharmaceuticals were produced in Saccharomyces cerevisiae (S. 

cerevisiae), Pichia pastoris (P. pastoris), and Hansenula polymorpha (H. polymorpha) including insulin (and 

analogues), growth hormone, hirudin (a leech-derived anticoagulant) and albumin. The research 

community has relied on yeasts for the production of recombinant proteins that cannot be obtained from 

E. coli because of folding problems or the glycosylation requirements (Berlec and Štrukelj 2013; 

Mattanovich et al. 2012; Durocher and Butler 2009). As of bacterial platforms, the biggest advantages of 

yeast platforms are rapid cell growth and high yields, as well as their simplicity and robustness in 

cultivation (Gerngross 2004). Moreover, yeasts possess stable genome, enabling targeted transgene 

integration and since their secretomes are lesser in comparison to mammalian secretomes,  also host cell 

proteins contaminations are fewer (Matthews et al. 2017). Also their genomes are smaller compared to 

mammalian cell lines and well-studied, which effects the final cost. For example, sequencing of the 

methylotrophic yeast P. pastoris with 100x coverage, costs around $100 per sample, which is much less 

compared to tens of thousands of dollars for CHO complete genome sequencing (Matthews et al. 2017).  

Yeast cells have been used to manufacture products in industries such as food and beverage, 

agriculture, and consumer products like detergents, bulk biochemicals, and biofuels for ages (Davy, 

Kildegaard, and Andersen 2017). As unicellular microbial host cells and one of the best-characterized 

eukaryotes, yeasts are Generally Recognized As Safe (GRAS). One key safety benefit of using yeasts for 

expression of recombinant proteins is that they are not susceptible for human viruses, thus viral testing 

can be omitted for some yeast-produced drugs (Love, Dalvie, and Love 2018).  
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Whilst being commonly associated with the brewing and baking industries on account of its ability 

to produce ethanol and carbon dioxide, the traditional baker's yeast Saccharomyces cerevisiae is also the 

most widely used host systems for biopharmaceutical production since the early days of genetic 

engineering and recombinant protein production. Dozens of pharmaceutical products produced in 

S. cerevisiae including insulins, vaccines and blood factors have been marketed since the first industrial 

production of recombinant human insulin in S. cerevisiae in 1987. Even today, the S. cerevisiae platform 

delivers half of the world supply of insulin. In S. cerevisiae, genes of interest are expressed under the 

control of strong promoters such as the copper inducible metallothionein promoter (CUP1) or galactose 

inducible promoter (GAL1). During the last decade, nonconventional yeast species including Hansenula 

polymorpha, Pichia pastoris, Yarrowia lipolytica, Schizosaccharomyces pombe and Kluyveromyces lactis 

have been developed as alternative hosts for the production of recombinant proteins. Methylotrophic 

yeast Pichia pastoris gained particular popularity as expression system with inducible promoters activated 

by a change in a carbon source where the genes of interest are frequently expressed under the control of 

the strong and tightly regulated alcohol oxidase 1 promoter (AOX1) (Love, Dalvie, and Love 2018; 

Matthews et al. 2017). 

The biggest draw-back of yeast manufacturing platforms are non-human-like post translational 

modifications (PTM) (Gerngross 2004). Yeast cells form specific high mannose glycoforms for PTM which 

can render recombinant protein immunogenic and less stable in blood flow (Dean 1999; Gemmill and 

Trimble 1999; Gerngross 2004). However, Pichia species have been successfully engineered to produce 

specific human-like glycoforms of proteins (Martínez et al. 2012); 

 

1.2.3 Plant and insect manufacturing platforms 

Plant cells are capable of producing recombinant proteins with complex glycans, but the structures 

are distant from the ones produced by human cells. Plant cells also produce β1.2-xylose and α1.3-fructose 

which are not present in human post-translational modifications and can make the recombinant proteins 

immunogenic (Ghaderi et al. 2012). Indeed, there is only one product produced in carrot root cell line 

currently on the market, recombinant human glucocerebrosidase named Elelyso (Walsh 2014). Insect 

manufacturing platforms, on the other hand, are mainly used for the production of vaccines. Baculovirus 

is extensively utilized as a tool for gene delivery in insect cells as it infects insects in nature and is non-

pathogenic to humans. Due to its biosafety, large cloning capacity, low cytotoxicity, and non-replication 
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nature in the transduced cells as well as the ease of manipulation and production, baculovirus has been 

utilized as gene delivery vectors. The baculovirus-insect cell expression system is a well-known tool for 

commercial manufacture of various veterinary and human vaccines. There have been developments in the 

use of transgenic insect cells, with humanized protein glycosylation mechanisms, presented in recent years 

(Kost, Condreay, and Jarvis 2005; Lu, Chen, and Liu 2012). 

 

1.2.4 Mammalian manufacturing platforms 

Different post translational modification patterns, with glycosylation being one of the major ones, 

can decrease the stability and half-life of the biologics in blood circulation and increase their 

immunogenicity (Ashwell and Harford 1982; Runkel et al. 1998; Ghaderi et al. 2010, 2012; Jefferis 2016a, 

2016b; Kuriakose, Chirmule, and Nair 2016). The number of approved monoclonal antibodies is increasing 

and those molecules usually have to be expressed in mammalian cell line, to be bioactive and stable in 

humans and to have low immunogenicity (Lalonde and Durocher 2017; Walsh 2014). For this reason, 

mammalian cell lines are more and more often used as manufacturing platforms. Indeed, in 2014 

mammalian cell lines were used in the production of over 70% of recombinant biopharmaceutical proteins, 

most of them being monoclonal antibodies (Durocher and Butler 2009; J. Y. Kim, Kim, and Lee 2012; 

Michael Butler and Spearman 2014; Lalonde and Durocher 2017). In 2015 as well as in 2016, more than 

half of the approved biotherapeutics were produced in mammalian cells (FDA, 2016).  

Between manufacturing platforms based on mammalian cell lines, Chinese Hamster Ovary (CHO) cells 

are the most frequently used cell lines and will be discussed in detail in this work. Although CHO cells are 

usually used for recombinant protein production in big scale, they also have few drawbacks. The ability to 

carry out post-translational modifications is compromised with slow growth and fragility, complex 

nutritional requirements, and relatively high production timing and costs. The glycosylation profile of the 

protein products expressed in CHO cells is 'human-like' with few differences that could be the cause of 

immunogenicity problems. CHO cells are able to synthesize two glycans normally not present in human 

cells, such as N-glycolylneuraminic acid (Neu5Gc) and galactose-α1.3-galactose (α-gal) (Bosques et al. 

2010; Ghaderi et al. 2010). On the other hand, they can’t perform α-2,6-sialylation and α-1.3/4-

fucosylation, present in human cells and they show constrained ability to gamma-carboxylate proteins 

(Patnaik and Stanley 2006; Kumar 2015).  
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For this reason, human cell lines such as HEK293 and HT-1080 are used for expression of clotting 

factors, which require proper gamma-carboxylation (Kumar 2015). HEK293 cells are derived from human 

embryo kidney cell and HT-1080 have fibrosarcoma origin (Rasheed et al. 1974; Graham et al. 1977). Other 

mammalian cell lines such as NS0 and Sp2/0 (mouse myeloma cells) are the most commonly used lines for 

monoclonal antibodies expression (L. Chu and Robinson 2001). Baby Hamster Kidney (BHK) is another 

mammalian cell line commonly used by biopharmaceutical companies for the vaccines production 

(Durocher and Butler 2009). 

 

1.3 CHO cells for production of recombinant proteins 

Between manufacturing platforms based on mammalian cell lines, CHO cells are the most frequently 

used cell lines (Lalonde and Durocher 2017). The first CHO cell line was generated by an American 

geneticist Theodore Puck in 1956, who isolated spontaneously immortalized ovary cell from Chinese 

hamster (Puck 1958). This cells were ancestors of K1 cell line, which is the cell line in use for recombinant 

protein production. CHO cells withstood the test of time, and have been termed as the mammalian 

equivalent of the model bacterium, E. coli. Given the fact that they are such an important cell line for 

recombinant protein production, their whole genome was sequenced in 2011 (Xu et al. 2011). This data is 

available for public use (www.chogenome.org) which foresees to accelerate the use of CHO genomic 

resources in research and development of biopharmaceutical manufacturing. 

There are several advantages that make CHO cells preferable manufacturing platform for the 

production of recombinant proteins. First of all, these cells are mammalian cell lines, which makes them 

capable of correct protein refolding and human-like posttranslational modifications. Secondly, CHO cells can 

reach vast production rates and can achieve high volumetric and cell specific productivity. Thirdly, these 

cells can be adapted to grow in suspension in chemically defined culture media without serum, which is the 

method of choice for large-scale industrial production today (J. Y. Kim, Kim, and Lee 2012; Lai, Yang, and Ng 

2013). Furthermore, CHO cells are immune to human viruses giving them an additional advantage for 

commercial production purposes in terms of biosafety risks reduction (Boeger et al. 2005). Indeed, a study 

in 1989, found that out of 44 human pathogenic viruses tested, the vast majority (including HIV, influenza, 

polio, herpes, and measles) do not replicate in CHO cells (Bandaranayake and Almo 2014; Wiebe 1989). Last 
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but not least, Food and Drug Agency (FDA) and European Medicines Agency (EMA) have already approved 

many biologics produced in CHO cell lines, which makes them appealing from the registration point of view.  

In past decades, different CHO cell clones were engineered that allow selection of cells that contain 

gene of interest (GOI) and the amplification of GOI using the genome instability of CHO cells. Amplification 

of GOI results in higher yield of recombinant protein production. Nowadays, there are two gene 

amplification systems mainly used by biopharmaceutical companies for biologics production in CHO cells. 

The first is methotrexate (MTX) amplification technology and the second is glutamine synthetase (GS) 

amplification system (Lai, Yang, and Ng 2013; Bebbington et al. 1992; Page and Sydenham 1991).  

MTX amplification system is based on the fact, that the producer CHO cell lacks dihydrofolate 

reductase (DHFR) gene and therefore can’t synthesize glycine, hypoxantine and thymidine, which are 

nucleotide precursors. Together with GOI, DHFR gene is present in the expression plasmid as selection 

marker. If the expression cassette with GOI and selection marker is integrated into CHO genome, these 

cells hold a selective advantage. As a selection, medium without glycine, hypoxantine and thymidine is 

used, which makes nontransfected cells die. MTX that inhibits dihydrofolate reductase is then added in 

gradually increasing concentrations into the media. Increasing concentrations of MTX result in gene 

amplification, thus higher expression and production of recombinant proteins (Kaufman and Sharp 1982). 

Commercial cell lines enabling this system are the CHO-DXB11 line with a mono-allelic DHFR knockout and 

the CHO-DG44 line in which both DHFR alleles were deleted (G Urlaub and Chasin 1980; Gail Urlaub et al. 

1983; Wurm and Hacker 2011).  

GS amplification system developed by Lonza, uses similar approach as DHFR system, making use of a 

specific drug to inhibit an enzyme marker essential for cellular metabolism (Lai, Yang, and Ng 2013; Fan, 

Frye, and Racher 2013). These cell line has a deletion of the gene for glutamine synthetase, an enzyme 

that catalyzes the conversion of glutamate to the amino acid glutamine. When the expression cassette 

containing GOI and GS gene is stably integrated into the CHO genome, cells can grow in the media without 

glutamine. The amount of expressed recombinant protein is proportional to the amount of GS, which than 

allows GOI amplification using gradually increasing concentrations of methionine sulphoximine (MSX), 

chemical inhibitor of GS (L. Chu and Robinson 2001; Bebbington et al. 1992; Browne and Al-Rubeai 2007). 

Commercial cell lines with GS amplification system are named CHO-GS and CHO GS-Knock out cell lines  

(P.-Q. Liu et al. 2010). 

The third cell line in use for the production of recombinant proteins of pharmaceutical interest is 

CHO-K1 cell line, that has both, GS and DHFR genes still functional (Wurm and Hacker 2011).  
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Moreover, many subclones of those previously mentioned cell lines, being adopted whether to grow 

in protein-free medium or in absence of different exogenous growth factors, are commercially available 

today. Lately, another selection system called OSCARTM has been described by (Melton et al. 2001). This 

system is based on partially disabled minigene vectors that contain a gene for hypoxanthine 

phosphoribosyltransferase (HPRT), which is needed for purine synthesis via the normal cellular salvage 

pathway. If HPRT-deficient mammalian cell line integrates the minigenes and a GOI, selection using 

hypoxanthine aminopterin thymidine (HAT) medium that blocks de novo purine synthesis can be done 

(Costa et al. 2012). However, DHFR and GS systems are the only systems used for large scale industrial 

recombinant protein production up to date (Lalonde and Durocher 2017). 

 

1.3.1 CHO cell engineering 

Mammalian cell lines provide lower recombinant protein production yields compared to bacterial 

and yeast cells. Mammalian production cell lines lag behind less complex cell lines not just in terms of 

product yield but cultivation time and growth capacity (Schmidt 2004). Indeed, the doubling time of 

mammalian cells is more than ten times slower than bacterial doubling time, which consequently results 

in longer cultivation times and contributes to lower yields. Consequently, industry is seeking means to 

obtain better and more profitable cell lines for the production of recombinant proteins.  

CHO cells are the production cell line of choice when the product needs to be produced in 

mammalian cell line (J. Y. Kim, Kim, and Lee 2012). A number of studies have been conducted to improve 

the efficiency of CHO production cells. Yet, consistent improvement of CHO cell lines is still needed to meet 

growing demands for biological drugs (Barnes and Dickson 2006; M Butler and Meneses-Acosta 2012). To 

achieve higher product yield, medium optimizations and bioprocess regimes improvements have achieved 

substantial success, especially in terms of better cell growth. Consequence of improved cell growth results 

in higher maximum viable cell density or higher cell proliferation rates, which shorten the cultivation time 

(F. Li et al. 2010). Moreover, CHO production cell lines have been improved with a plethora of genetic 

engineering approaches targeting different cell pathways, such as glycosylation, apoptosis, autophagy, cell 

cycle, cellular protein biosynthesis machinery, metabolism and secretory pathways (Figure 1) (J. Y. Kim, 

Kim, and Lee 2012; Krämer, Klausing, and Noll 2010; Fischer, Handrick, and Otte 2015). A comprehensive 

review including an extensive list of all the genes introduced or knocked-down in order to genetically 

engineer CHO cell to improve the overall productivity has been written by Fischer et al (Fischer, Handrick, 
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and Otte 2015). The following paragraphs summarize the cellular functions targeted by genetic 

engineering in CHO cells. 

 

 

Figure 1. Genetic engineering approaches to improve CHO production cell lines.  
a) Overexpression of genes with positive impact on recombinant protein production, b) Knock-out of genes 
disadvantageous for recombinant protein production, c) RNAi mediated knock-down of genes disadvantageous for 
recombinant protein production and d) MiRNA overexpression for the improvement of CHO cell factories. Adopted 
from (Fischer, Handrick, and Otte 2015). 

 

1.3.1.1 Glycosylation 

The first of the manipulated cellular processes is glycosylation with the goal of post-translational 

modifications of recombinant proteins being as close as possible to human. Indeed, CHO protein 

glycosylation pattern is only human-like and can result in harsh immunological reactions as well as in 
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decreased stability and functionality of biologics (Wang et al. 2015; Ghaderi et al. 2012; Sinclair and Elliott 

2005).  

As opposed to human cells, CHO cells do not express ST6GAL (alpha-2,6-sialyltransferase) but only 

ST3GAL (alpha-2.3-sialyltransferase) (Jenkins et al., 1996). Therefore, CHO cells produce N-glycoproteins 

with different terminal sialic acid content in comparison to human derived proteins. Therefore, multiple 

studies report overexpression of ST6GAL gene in CHO production cell lines as a strategy to overcome this 

problem (X. Zhang, Lok, and Kon 1998; Bragonzi et al. 2000; Minch, Kallio, and Bailey 1995; Jassal et al. 

2001; Fukuta, Yokomatsu, et al. 2000). Other proteins participating in N-glycosylation pathway, that have 

been successfully overexpressed in CHO cells and improved human-like glycosylation of the recombinant 

proteins are: GnT-IV (Alpha-1.3-D-mannoside beta 1,4 N-acetylglucosaminyltransferase), GnT-V (alpha 1,6 

D-mannoside beta-1,6 N-acetylglucosaminyltransferase), GnT-III (N-acetylglucosaminyltransferase III), 

CMP-SAT (CMP-sialic acid transporter), CMP-SAS (CMP-sialic acid synthetase), ManII (GnT-III and Golgi 

alpha-mannosidase II), RMD (GDP-6-deoxy-D-lyxo-4-hexulose reductase) and GNE (uridine diphosphate-

N-acetyl glucosamine 2-epimerase) (Fukuta, Abe, et al. 2000; N. S. C. Wong, Yap, and Wang 2006; Y. T. 

Jeong et al. 2009; Ferrara et al. 2006; von Horsten et al. 2010; Son et al. 2011; Davies et al. 2001). 

Furthermore, recombinant proteins produced in CHO cells tend to be fucosilated and 

consequently less effective when they are administered into humans. Hence, stable knock-outs and knock-

downs of FUT8 protein (Alpha 1,6-fucosyltransferase) were prepared in order to avoid fucosilation of the 

protein of interest (Yamane-Ohnuki et al. 2004; Malphettes et al. 2010; Cristea et al. 2012; Mori et al. 

2004; Beuger et al. 2009). 

 

1.3.1.2 Apoptosis 

Apoptosis is an essential cellular process, which leads to programmed cell death, when nutrient 

levels decrease and toxic cell byproducts accumulate. In terms of bioprocess, apoptosis means the end of 

cultivation, thus lowering volumetric productivity. Furthermore, dead cells release proteases and other 

enzymes, which can cause quality issues (Kaneko, Sato, and Aoyagi 2010). Apoptosis can be inhibited by 

manipulating the expression of its regulatory proteins involved in different stages of apoptotic pathway. 

Many anti-apoptotic and pro-apoptotic genes have been discovered, therefore knock-down of pro-

apoptotic genes, or overexpression of anti-apoptotic ones, increases the longevity of CHO cells which are 

growing in media with low nutrient concentrations and high osmolality.  
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It has been demonstrated that stable siRNA mediated knock-down of BAX (BCL2-associated X 

protein) and BAK (BCL2-antagonist/killer), two well characterized pro-apoptotic genes, resulted in 

extended culture longevity of CHO cells expressing interferon-γ or IgG under extreme conditions such as 

complete nutrient depletion or in high-osmolality medium, typical for fed-batch cultures. Knock down also 

resulted in 35% increased volumetric productivity of interferon-γ and 2-5 fold increase of IgG volumetric 

productivity under starvation conditions (S. F. Lim et al. 2006; Cost et al. 2010). Knock-down of different 

caspases participating in apoptosis pathways, namely Caspase 3, Caspase 7, Caspase 8 and Caspase 9, 

showed similar effects on culture longevity and product yields in batch and fed-batch cultures of CHO cells. 

For example, Caspase 3 and Caspase 7 knock-down overcame cytotoxic effect of sodium butyrate (NaBu) 

normally used to enhance the protein expression (N. S. Kim and Lee 2002; Sung et al. 2007; C. Y. Yun et al. 

2007).  

On the other hand, in order to improve cell culture longevity, anti-apoptotic proteins have to be 

overexpressed. For example, overexpression of Bcl-2 (B-cell lymphoma 2 pro-apoptotic protein) in CHO 

cells expressing human-mouse chimeric antibody (cB72.3) resulted in a viability of over 80% after 5 days 

in culture, compared to only 40% in the control cell line. However, under growth-arrested conditions, there 

was no major difference in antibody titer between the two cell lines (Tey et al. 2000). Similarly, 

overexpression of BclXl enhanced viability and apoptosis resistance. CHO cell line secreting humanized 

monoclonal antibody directed against the α1β1 integrin showed 50% increased viability and up to 90% 

increase in titer with no impact on product quality in chemically defined media when overexpressing BclXl 

(Chiang and Sisk 2005). CHO cells expressing BclXl, adapted for growth in serum‐free suspension cultures 

for simultaneous expression of the soluble intercellular adhesion molecule 1 (sICAM) achieved higher 

sICAM yields (Meents et al. 2002). Similarly, total IL-12 productivities were nearly doubled by Bcl-2 and 

BclXl overexpression in the CHO cells in which recombinant protein was inserted via alphavirus infections 

(Mastrangelo et al. 2000). Other stably overexpressed pro-apoptotic proteins with beneficial effects on 

recombinant protein production of IgG, interferon-γ and erythropoietin are XIAP (X-linked inhibitor of 

apoptosis) (Sauerwald, Betenbaugh, and Oyler 2002; Dorai et al. 2009), AVEN (apoptosis caspase inhibitor) 

(Figueroa et al. 2006; Dorai et al. 2009), FAIM (Fas apoptotic inhibitory molecule) (D. C. F. Wong et al. 

2006), 30Kc6 (Bombyx mori silkworm hemolymph Apoptosis-inhibiting 30K protein) (S. S. Choi et al. 2006), 

TERT (Telomerase reverse transcriptase) (Crea et al. 2006), E1B-19 K (Control protein E1B 19K) (Dorai et 

al. 2009), MDM2 (Murine double-mutant 2) (Arden et al. 2007), E2F1 (E2F transcription factor 1) (Majors 

et al. 2008), MCL1 (Myeloid cell leukemia 1) (Majors et al. 2009) and AKT1 (RAC-alpha serine/threonine-

protein kinase) (Sun Ok Hwang and Lee 2009). 
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1.3.1.3 Secretion 

For easier downstream processing of recombinant proteins of pharmaceutical interest, secretion 

into the culture media is preferred. The productivity of producer cells is often hindered by a bottleneck in 

the saturated secretory pathway, therefore enhancing secretory apparatus proves beneficial for the 

production of biologics. For this reason, genes involved in vesicle trafficking and in excretion have been 

overexpressed in CHO production cell lines and demonstrated higher product yields.  

CERT (Ceramide transfer protein) is a protein involved in protein transport from the Golgi to the 

plasma membrane. CHO cells overexpressing CERT demonstrated 20% to 50% higher cell specific 

productivities of the human serum albumin and two IgG proteins when grown in fed-batch format for 7 

days (Florin et al. 2009). Likewise, overexpression of CERT increased the cell specific productivity of t-PA 

(tissue plasminogen activator) producing CHO cells up to 35% after 72 h of cultivation in media with fetal 

serum albumin (Rahimpour 2013).  

Furthermore, SLY1 (Suppressor of loss of YPT1 protein 1) and MUNC18C (Syntaxin binding protein 

3), vesicle fusion proteins that control the fusion of secretory vesicles to the plasma membrane and are 

crucial for the exocytosis, have been widely studied in CHO cells. Monoclonal antibody Rituximab 

production in CHO cells overexpressing MUNC18C reached cell specific productivity of 40 pg/cell/day, 

which corresponds to a near 20-fold increase compared to the isogenic control cell line (Peng and 

Fussenegger 2009) . VAMP (Vesicle-associated membrane protein 8), regulator of vesicle priming (a step 

before exocytosis) and SNAP-23 (Synaptosome-associated protein of 23 kDa), involved in the fusion of 

secretory vesicles to the plasma membrane, were transiently overexpressed in CHO-B13-24 cells (ATCC 

CRL-11397) stably expressing the heavy and light chains of anti-CD18 monoclonal antibodies (IgG1). 

Twofold higher protein levels outcome was observed on day 3 after transfection. Stable cell clones of CHO-

K1 cells, which constitutively express SNAP-23 or VAMP8 had a production of SEAP (human placental 

secreted alkaline phosphatase) protein 2-fold to 3-fold higher compared to the parental cell line (Peng, 

Abellan, and Fussenegger 2010).  

Similarly, expression of SRP (Signal recognition particle) protein, which interacts with the RNA and 

guides RNA and the ribosome on the ER where the nascent polypeptide is funneled into the ER lumen, is 

able to improve secretory capacity in CHO cells. When CHO clones expressing easy-to-express 

Trastuzumab (Herceptin) and the difficult-to-express Infliximab (Remicade) IgGs, were co-transfected with 

a vector encoding the SRP14 component of SRP, 7-fold increase of the cell specific productivity for 
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Infliximab and 1.3-fold increase for Trastuzumab were observed after seven days in batch culture 

conditions (Le Fourn et al. 2014). 

 

1.3.1.4 Protein expression 

In order to boost cellular protein biosynthesis different stages of gene expression from 

transcription, translation to protein folding, have been targeted in CHO cells. One way to increase protein 

synthesis is the overexpression of transcription factors. For example, CHO cells stably overexpressing ATF4 

(Activating transcription factor 4), ZFP-TF (zinc-finger protein transcription factor) or GADD34 (Growth 

arrest and DNA damage inducible protein 34), showed an increased recombinant protein production. ATF4 

and GADD34 are transcription factors involved in the unfolded protein response. Overexpression of ATF4 

enhanced the production of recombinant human antithrombin III in CHO cells to approximately 23 

pg/cell/day. After 144 h of incubation, the concentration in the culture supernatant was 2-fold higher 

compared to that observed with parental cells (Ohya et al. 2008). Overexpression of GADD34 in the same 

cell line enhanced production for approximately 40% after 144 h of incubation, reaching cell specific 

productivity of 28 pg/cell/day (Omasa et al. 2008). Artificial zinc finger protein transcription factors (ZFP-

TF) increased production of a monoclonal antibodies in CHO cells 1.7 to 10-fold depending on the 

monoclonal antibody after 72 h of incubation (Kwon et al. 2006). Transient co-expression of eIF2a Ser51Ala 

mutant (translation initiation factor 2 alpha) and firefly luciferase increased firefly luciferase expression 

level 3-fold after 48 h (Underhill et al. 2003). Moreover, many groups overexpressed XBP1 (X-box binding 

protein 1) transcription factor, involved in unfolded protein response, in CHO cell lines producing different 

recombinant proteins. The production of the secreted proteins alkaline phosphatase (SEAP) and alpha-

amylase (SAMY) was enhanced upon XBP1 overexpression (Tigges and Fussenegger 2006), as was the 

production of IgG antibody in fed-batch format (Becker et al. 2008). XBP1 overexpression triggered higher 

endoplasmatic reticulum content and increase in product titer. Moreover, by controlling the expression of 

the XBP1 in Chinese hamster ovary cells (CHO-K1) using doxycycline (DOX) induction, cell apoptosis caused 

by the accumulation of the produced proteins was avoided (Gulis et al. 2014). Also overexpression of PDI 

(Protein disulfide isomerase), a protein that catalyzes the formation and breakage of disulfide bonds and 

therefore helps in protein folding, increased production levels of monoclonal antibodies and 

thrombopoietin in CHO cells (Borth et al. 2008; S O Hwang, Chung, and Lee 2003). In another study, 

chaperones calnexin (CNX) and calreticulin (CRT) known to assist folding in ER, have been shown to be 
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beneficial for heterologous protein expression levels. Overexpression of CNX and CRT proteins resulted in 

a 1.9‐fold increase in thrombopoietin production without cell growth inhibition (Chung et al. 2004). 

Finally, for mTOR (Mammalian target of rapamycin), a serine/threonine protein kinase regulating 

different cellular processes, has been shown to be critically involved in protein biosynthesis. CHO cell line 

producing anti-integrin IgG and overexpressing mTOR showed improved cell growth, viability, productivity 

and apoptosis resistance when cultivated in a stirred-tank bioreactor (Dreesen and Fussenegger 2011). 

 

1.3.1.5 Metabolism 

Genetic engineering of CHO cells aimed to increase recombinant protein production has been 

done with different genes involved in cellular metabolism, as well. Overexpression or down-regulation of 

certain genes involved in cell metabolism lead to better nutrient consumption and lower production of 

toxic byproducts, which accumulate in the media over time, resulting in the higher cell viability and 

therefore higher yields.  

Different groups have overexpressed genes aiming for decreased accumulation of ammonium, a 

toxic cell byproduct, that can inhibit cell growth. Two mechanisms of ammonium ion toxicity have been 

reported. The first mechanism is associated with the inhibition of receptor-mediated endocytosis, since 

the uptake of the basic NH3 into lysosomes causes an increase of pH inhibiting one of the steps of receptor-

mediated endocytosis. The second mechanism includes cytoplasmic acidification caused by the uptake of 

weak acid N, which can inhibit cell growth. CPSI (Carbamoyl phosphate synthetase I) and OTC (ornithine 

transcarbamoylase) proteins are the urea cycle enzymes that catalyze the conversion of ammonia to urea, 

leading to decreased accumulation of ammonium. It has been published that the accumulation of 

ammonium ion was 25% to 33% lower and the CHO cell growth was 15% to 30% faster after 144 hours in 

CHO cells  expressing both CPS I and OTC (Park et al. 2000).  

Decreases in lactate production, another major toxic cell byproduct, have been achieved through 

CHO genetic engineering. In pH-controlled bioreactors, accumulation of high levels of lactate results in 

high osmolality due to the addition of base to control pH of the cell culture medium, leading to lower cell 

growth and lower recombinant protein production. Lactate is created from pyruvate with the help of LDHA 

(Lactate dehydrogenase A). By knocking-down LDHA or LDHA and PDHK enzymes (pyruvate 

dehydrogenase kinase) lactate concentrations in the cell cultures were immensely lowered. In fed-batch 
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shake flasks, using siRNA-mediated LDHA/PDHK knockdown in CHO cells expressing a therapeutic 

monoclonal antibody, reduced lactate production and increased cell specific and volumetric productivities 

were observed (D. Jeong et al. 2001; M. Zhou et al. 2011b). Another way to decrease lactate production is 

the overexpression of PC (Pyruvate carboxylase) protein, which creates oxaloacetate from pyruvate and 

thus shifts the metabolism of pyruvate towards gluconeogenesis. Indeed, in case of the enzyme deficiency 

excess pyruvate is converted into lactate instead (Fogolıń et al. 2004; S. H. Kim and Lee 2007). Lower lactate 

production was achieved also by overexpression of GLUT5 (Glucose transporter protein 5) known fructose 

transporter. Fructose uptake supplies sugar to cells at a more moderate rate, avoiding the conversion of 

excess carbon to lactate. Cells with the ability to grow using fructose as the source of carbohydrate were 

grown in glucose and fructose fed-batch cultures and cell concentrations were 11.5 × 106 cells/mL in the 

fructose culture and 4.4 × 106 cells/mL in the glucose culture, whereas the total amount of lactate in the 

fructose culture was lower than in the glucose fed-batch culture (Wlaschin and Hu 2007; Le et al. 2013).  

Another study demonstrated that overexpression of MDH2 protein (Malate dehydrogenase II) 

increased intracellular levels of ATP and NADH. Malate accumulation had been observed in the medium 

over time in fed-batch cultivations, leading to the hypothesis that malate efflux from cells could be a result 

of its intracellular accumulation. The reason for this is an enzymatic bottleneck at malate dehydrogenase 

II (MDH II) that converts malate to oxaloacetate as part of the tricarboxylic acid (TCA) cycle to produce 

energy metabolites. At this step of TCA cycle, one molecule of NAD+ is reduced to NADH for each malate 

converted that can be further used to generate adenosine 5′-triphosphate (ATP) during oxidative 

phosphorylation. Fed-batch reactor cultures with CHO cells over-expressing MDH2 showed up to 1.9-fold 

cell number increase (Chong et al. 2010). Other studies reported an improved CHO cell viability due to 

TAUT (Taurine transporter) overexpression. TAUT is osmoprotectant and CHO cells overexpressing TAUT 

showed significantly increased consumption of glutamine, a major energy source and nitrogen source. 

Since glutamine is a precursor of glutathione and glutathione is an antioxidant, an increased level of 

glutathione may have protected CHO cells from oxidative stress damage, thereby extending their viability. 

TAUT overexpressing CHO cells showed more than 80% viability after 1 month cultivation in a 1 L 

bioreactor and 47% increase in mAb production (Tabuchi et al. 2010). 
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1.3.1.6 Cell cycle and proliferation 

Recombinant protein production can be enhanced by regulation of cell proliferation in such way 

that enables initial rapid cell growth, to achieve a sufficiently high cell density for production, followed by 

a production period at reduced proliferation rates, achieved by cell cycle arrest, in order to increase cell 

specific productivity. Therefore, different proteins that regulate cell cycle progression have been 

genetically manipulated in CHO production cell lines. Induced overexpression of P21CIP1 (Cyclin-dependent 

kinase inhibitor 1A), a protein which functions as a down-regulator of cell cycle progression at G1 and S 

phase, lead to growth arrest and increase in cell specific productivity of chimeric IgG4 when grown in 

media supplemented with serum for 96 hours (Bi, Shuttleworth, and Al-Rubeai 2004). In another study, 

P21CIP1 overexpression facilitated faster adaptation of cells to suspension growth and protein-free medium 

due to the reduced cell aggregation with no effect on the monoclonal antibody production (Astley et al. 

2007). 

CHO cells overexpressing p27KIP1 protein (Cyclin-dependent kinase inhibitor 1B), another cell cycle 

progression inhibitor  which controls the cell cycle progression at G1 and can stop or slow down the cell 

division cycle, increased SEAP (human placental secreted alkaline phosphatase) cell specific production 

(Mazur et al. 1998).  

Although cell cycle arrest increases cell specific productivity, accelerating cell proliferation and cell 

biomass accumulation at initial stages of cultivation enables the prolongation of production phases in 

which cell specific productivity is higher. Overexpression of C-MYC (Myelocytomatosis oncogene), 

transcription factor often constitutively expressed in cancer, lead to 70% increase in CHO cell density 

without additional supply of nutrients (Kuystermans and Al-Rubeai 2009). Moreover, coexpression of 

CDKL3 (Cyclin-dependent kinase like 3) enabling transition from the G0/G1 phases to the S phase and 

COX15 (Cytochrome c oxidase subunit) involved in transfer of electrons to molecular oxygen contributing 

to the generation of ATP, increased maximum viable cell density in different cell lines such as HEK-293, 

MDCK (Madin-Darby Canine Kidney) and CHO. CHO cells expressing CDKL3 had a maximum specific growth 

rate 9% higher than the control cells and CHO cells expressing COX15 had a maximum specific growth rate 

5% higher than the control cells when grown in 250 mL spinner flasks in media supplemented with FBS 

(Jaluria et al. 2007). 

Interestingly, the knock-down of cell cycle checkpoint kinase, ATR (Ataxia telangiectasia and Rad3 

related) resulted in 4-fold increase in specific IgG antibody productivity and 3-fold increased volumetric 
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productivity. ATR kinase is involved in sensing DNA damage and activating the DNA damage checkpoint, 

leading to cell cycle arrest. During MTX gene amplification step, ATR induces cell cycle arrest, because of 

DNA replication stress caused by MTX treatment. Therefore, ATR knock-down could be used to faster 

establishment and discovery of the best producing clone (K. H. Lee et al. 2013).  

 

1.4 miRNAs 

MicroRNAs belong to the class of small non-coding RNAs and were discovered in 1993 as one of the 

crucial regulators in the development of nematode Caenorhabditis elegans (R. C. Lee, Feinbaum, and 

Ambros 1993). They are 17-23 nucleotides long, single stranded RNA molecules which act as gene 

expression regulators (Bartel 2004). It has been demonstrated, that miRNAs, by fine-tuning gene 

expression, regulate practically all cellular processes in metazoans (Bartel 2009). By binding to the 3’-

untranslated region (3’UTR) of mRNA, these molecules can cause translational inhibition or mRNA 

degradation, which leads to diminished protein levels. The majority of miRNAs are highly conserved across 

species, thus pointing to the importance of miRNAs as regulators of the processes in the cell (Ibáñez-

Ventoso, Vora, and Driscoll 2008; Pasquinelli 2012). Indeed, these molecules are important factors 

involved in the regulation of most cellular and developmental processes as well as regulators of many 

pathologic processes, including cancer development and progression (Melo and Esteller 2011; Taft et al. 

2010). 

 

1.4.1 miRNAs locations in the genome 

Genes encoding miRNAs are found in different genomic locations, namely introns, exons and inter-

genic locations (Figure 2) (Rodriguez et al. 2004). More than a half miRNA genes are embedded in other 

genes, whether in introns or in exons of protein-coding and non-protein coding genes (Lagos-Quintana 

2001; Lau 2001; Y Lee 2002). The majority of miRNA genes are coded in introns of host genes sharing 

promoters with their host genes (Lagos-Quintana 2001). However, intronic miRNA genes with their own 

promoters have been found as well (Ota et al. 2004). Intronic miRNA genes can be present as a separate 

miRNA gene or as a cluster of many miRNA genes (Mourelatos et al. 2002). miRNAs could be transcribed 

in tandem or as a part of another type of small-RNA gene (Cazalla, Xie, and Steitz 2011; Ender et al. 2008). 
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In some cases, the entire miRNA gene acts as an intron, meaning that miRNA gene starts and ends with 

splice sites. These miRNA genes are initially processed by splicing machinery, thus bypassing 

Drosha/DGCR8 protein complex processing, as the spliced intron itself corresponds exactly to a pre-miRNA 

molecule. Such miRNAs are called mirtrons (Okamura et al. 2007). Some mirtrons do not end with splice 

side on one end, but have a 5’ or 3’ end extension thus called 5′-tailed or 3′-tailed mirtrons (Babiarz et al. 

2008). In other cases of intron-encoded miRNAs, Drosha/DGCR8 processing occurs co-transcriptionally and 

before splicing (Morlando et al. 2008). 

 

 

Figure 2. MiRNAs locations in the genome.  
Based on their genomic location, miRNA genes are grouped as: intergenic, intronic and exonic. MiRNA genes in 
intergenic regions possess their own promoters and can be found as single miRNA gene or clustered miRNAs. Intronic 
miRNAs can be also present as a single miRNA or as a cluster of several miRNAs as well as simple mirtrons, 5′-tailed 
mirtrons or 3′-tailed mirtrons. Exonic miRNAs generally overlap the end of an exon and the beginning of intron of a 
host gene. 
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Another group of miRNA genes embedded in other genes are exonic miRNAs are far more 

uncommon than intronic ones. These genes generally overlap the end of an exon and the beginning of 

intron of a host gene and their processing usually excludes host gene function (Rodriguez et al. 2004). 

The third group of miRNA genes are intergenic and they possess their own promoters and other 

regulatory elements. It is very common to find these miRNAs in clusters with more miRNA genes one after 

another under the control of one common promoter. However, also single miRNA genes with their own 

promotors can be found. Pri-miRNAs from intergenic regions are generally capped and contain polyA tail, 

which means that they are transcribed by RNA polymerase II (Cai et al. 2004).  

 

1.4.2 miRNAs biogenesis 

The biogenesis of mature microRNAs is a complex multi-step process that demands organized and 

regulated action of several enzymes and RNA binding proteins (Winter et al. 2009). A recent and 

comprehensive review that summarizes all the recent discoveries about biogenesis and modes of action 

of metazoan microRNAs has been written by Bartel (Bartel 2018). 

In general, the miRNA biogenesis pathway starts when miRNAs are initially transcribed into 

primary miRNA transcripts (pri-miRNAs) (Figure 4). These long, single-stranded RNA molecules are 

generated by RNA polymerase II or in some cases by RNA polymerase III. Because of sequence 

complementarity within the transcript, miRNA characteristic hairpin secondary structures are formed. 

These molecules, called pri-miRNAs, have 35±1 bp long hairpin stems with a loop on one side and single-

stranded flanking regions on the other (Yoontae Lee et al. 2004; Borchert, Lanier, and Davidson 2006; Fang 

and Bartel 2015). Pri-miRNAs transcribed from miRNA clusters harbor multiple miRNA hairpins (Lagos-

Quintana 2001; Y Lee 2002).  

Studies suggest that in general, processing steps are not specific sequence dependent. The 

features that are enriched in pri-miRNA hairpins and make these hairpins different from other hairpin 

motifs in non-coding transcripts are miRNA processing-enhancing motifs such as CNNC motif, positioned 

∼17–18 nt downstream from 3p mature miRNA, UG motif at the basal stem junction, mismatched GHG 

motif (H representing A, C or U) and atypical UGU/GUG/UGUG motif inside the stem loop. Another key 

feature that distinguishes miRNA hairpins is optimal stem length of 35 ± 1 bp and the position of sequence 
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mismatches (Figure 3). Those sequence mismatches or lack of them and stem length are important for the 

miRNA secondary structure and therefore for the right processing of the hairpins (Roden et al. 2017).  

 

 

Figure 3. Pri-miRNA secondary structure with features specific for miRNA hairpins – miRNA processing-enhancing 
motifs.  
a) CNNC motif, positioned ∼17–18 nt downstream from 3p mature miRNA, b) UG motif at the basal stem junction, 
c) mismatched GHG motif (H representing A, C or U) and d) atypical UGU/GUG/UGUG motif inside the stem loop. 

 

Protein complex of Drosha and two molecules of DGCR8 (DiGorge critical region 8) process pri-

miRNAs. The complex cleaves so called flanking regions and leaves 50-70 nt long RNA molecule in form of 

a hairpin with ideally 22 bp long stem with a 5’ phosphate and 2 nt 3’ overhang, called pre-miRNA (Fang 

and Bartel 2015). Drosha is an enzyme belonging to the group of RNase III enzymes and is responsible for 

the cleavage itself (J Han 2004). DGCR8, the second protein in the complex has two double-stranded RNA-

binding domains and acts as a molecular ruler and determines the precise cleavage site, which is located 

11 and 13 nt away from the base of the hairpin stem on one end and 22 and 24 nt from the other end 

(Winter et al. 2009; Jinju Han et al. 2006; Fang and Bartel 2015). Secondary structure in terms of unpaired 

flanking regions and double-stranded stem are critical in the step of DGCR8 binding and Drosha cleavage, 

since a single nucleotide polymorphism in the stem can hinder Drosha processing (Duan, Pak, and Jin 

2007). It has been shown that four simple primary-sequence motifs (CNNC motif, positioned ∼17–18 nt 

downstream from 3p mature miRNA, UG motif at the basal stem junction, mismatched GHG motif and 

UGU/GUG/UGUG motif inside the stem loop) that interact with either Drosha or DGCR8 are enhancing 

recognition and cleavage and can compensate for the structural defects (Fang and Bartel 2015; Nguyen et 
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al. 2015). It is known that very few mammalian pri-miRNAs harbor all four motifs and that they and the 

loop itself are less important in this step of pri-miRNA processing (Jinju Han et al. 2006).  

After the cleavage of the flanking regions in the nucleus, the pre-miRNA is exported to the 

cytoplasm with the help of Exportin-5 (XPO5) and Ran-GTP (Yi 2003). The specific sequence or the loop 

structure does not play a big role in XPO5 recognition but rather a length of the stem and 3' overhangs of 

properly processed pre-miRNAs (Lund 2004; Lund and Dahlberg 2006; Y Zeng 2004). In cytoplasm, pre-

miRNA is processed by the RNAse-III enzyme Dicer as part of the RISC Loading Complex (RLC) together with 

TRBP (transactivating response RNA binding protein), PACT (protein activator of PKR), and the core 

component Argonaute-2 (Ago2) (Gregory et al. 2005; Haase et al. 2005; Yoontae Lee et al. 2006; MacRae 

et al. 2008). Dicer removes the loop region and catalyzes the production of approximately 22 nt long 

miRNA duplex (Niall Barron et al. 2011; Bartel 2004; Grishok et al. 2001). At this step TRBP and PACT act 

as Dicer stabilizers and cleavage facilitators (Yoontae Lee et al. 2006; Chendrimada et al. 2005). Finally, 

Dicer, TRBP and PACT dissociate and the miRNA duplex is loaded into an Ago2 protein. At this step, 

chaperone proteins (HSC70/HSP90) and ATP are needed to alter the shape of Ago2 protein into an open 

conformation capable of binding the rigid miRNA duplex (Iwasaki et al. 2010). MiRNA duplex has two 

strands with 2-3 overhang on each end (Yoontae Lee et al. 2003). One of the strands in this duplex, so 

called passenger strand or miRNA* will be degraded, whereas the other, functional strand (=guide strand) 

will be part of the RNA-induced silencing complex (RISC) and will direct RISC complex to target mRNAs.  

After the formation of miRNA duplex-Ago2 complex, Ago2 goes back to its ground-state 

conformation which causes the elimination of the passenger miRNA (Kawamata and Tomari 2010). Which 

one of these two strands becomes functional (=guide) strand depends on the orientation by which miRNA 

duplex enters Ago2 protein. The pocket of Ago2 protein that binds the 5’ -nucleoside monophosphate of 

guide miRNA strand determines the orientation by which miRNA duplex enters Ago2 protein. It has been 

discovered, that this pocket favors the strand that displays less stable base pairing at the 5′ end, or has pU 

or pA in 5’ end (Schwarz et al. 2003; Khvorova, Reynolds, and Jayasena 2003; V. N. Kim, Han, and Siomi 

2009; Frank, Sonenberg, and Nagar 2010; Suzuki et al. 2015).  

In contradiction to the initial thought that the microRNA processing pathway is linear and universal 

for the biogenesis of all mature miRNAs, numerous studies led to the recognition of miRNA-specific 

differences that open a plethora of regulatory options to express and process each individual microRNA 

differentially. Plenty of steps can be accomplished in different ways, omitted, and regulated by 
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mechanisms specific for individual miRNAs (Winter et al. 2009). Even different miRNAs in the same cluster 

can be regulated independently (Song and Wang 2008).  

To start with, the majority of miRNA genes are transcribed by RNA polymerase II, yet it has been 

discovered that miRNA cluster C19MC is transcribed by RNA polymerase III, which uses different promoter 

and terminator elements (Borchert, Lanier, and Davidson 2006). In addition, transcription of some miRNA 

genes is regulated by transcription factors and methylation of promoters (O’Donnell et al. 2005; He et al. 

2007; Saito et al. 2006; Lujambio et al. 2008). 

Adenosine deaminases acting on RNA (ADARs) is one of many modes of post-transcriptional 

editing of miRNAs. ADAR is the process that transforms adenosine (A) into inosine (I), the molecule that 

base-pairs as guanosine (G). These modifications in some cases result in increased mature miRNA levels 

and in the others in inhibition of pri-miRNA processing. MiRNAs post-transcriptionally edited by ADAR 

discovered so far are miR-22, miR-151, miR-197, miR-223, miR-376a, miR-379, miR-99, miR-143, miR-223, 

miR-1-1, miR-143 (LUCIANO 2004; Blow et al. 2006; W. Yang et al. 2005; Scadden 2005; Y Kawahara et al. 

2008; Yukio Kawahara et al. 2007; Y Kawahara et al. 2007). 

MiRNA-specific mechanisms of processing regulation are occurring also at the stage of Drosha-

cleavage. For example, there are two helicases, p72 and p68 that can interact with Drosha and are part of 

large Drosha complex. It has been shown, that mice with deletions of genes for those two helicases show 

decreased levels of certain miRNAs (Fukuda et al. 2007). Another example is miR-18a biogenesis, which is 

upregulated with hnRNPA1 protein that binds to the loop of pri-miRNA, alters hairpin confirmation and in 

a such way promotes the Drosha cleavage (Guil and Cáceres 2007; Michlewski et al. 2008). Similarly, miR-

21 biogenesis is regulated by Transforming growth factor-β (TGF-β) and bone morphogenetic factors 

(BMPs). TGF-β and BMP attract the SMAD proteins together with RNA helicase p68 to pri-miR-21 molecule 

which results in enhanced Drosha-mediated processing of pri-miR-21 (Davis et al. 2008).  
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Figure 4. The general microRNA processing pathway.  
The miRNA biogenesis pathway starts when miRNAs are initially transcribed into primary miRNA transcripts (pri-
miRNAs) by polymerase II or polymerase III. Pri-miRNAs are then processed by the Drosha/DGCR8 protein complex, 
which cleaves so called flanking regions and leaves 50-70 nt long RNA molecule in form of a hairpin, called pre-miRNA. 
After the cleavage of the flanking regions in the nucleus, the pre-miRNA is exported to cytoplasm with the help of 
Exportin-5 (XPO5) and Ran-GTP. In cytoplasm, enzyme Dicer as part of the RISC Loading Complex (RLC) together with 
TRBP removes the loop region from pre-miRNA and catalyzes the production of approximately 22 nt long miRNA 
duplex. Finally, miRNA duplex is loaded into an Ago2 protein to form RISC complex, where one strand gets degraded 
and the other functions as guide strand that guides RISC complex to mRNAs and in such a way, inhibits their 
translation. 



38 
 

1.4.3 miRNAs mode of action 

MiRNAs are regulating gene expression by complementary base-pairing with mRNAs, drawing a 

silencing complex to target messenger RNAs which are consequently degraded, destabilized or 

translationally inhibited (Eulalio, Huntzinger, and Izaurralde 2008; Filipowicz, Bhattacharyya, and 

Sonenberg 2008). A single miRNA may regulate thousands of mRNAs; likewise, a single mRNA may be 

targeted by hundreds of miRNAs (L. P. Lim et al. 2005). 

After being loaded into Ago protein, miRNA guides the complex to target mRNAs. Ago-miRNA 

complex generally first recognizes target mRNAs through Watson-Crick base pairing between a part of 

miRNA named seed region and target site usually found in 3’ UTR of the target mRNA (Bushati and Cohen 

2007). Other mRNA target sites have been found in open reading frames (ORFs) or 5’ UTRs (Lewis, Burge, 

and Bartel 2005; Stark et al. 2007; Schnall-Levin et al. 2010; Agarwal et al. 2017). Seed regions inside 

mature miRNAs are between 6 and 8 nt long and consist of miRNA nucleotides from 2 to 8 (counting from 

5’ end). Because of spatial organization of miRNA in the Ago protein, only a region from nucleotide 2 to 

nucleotide 5 ends in Ago pocket, where it is exposed to mRNAs and is the most critical for target 

recognition. After this first pairing, annealing propagates to miRNA sites 6 to 8 or further (Elkayam et al. 

2012; Nakanishi et al. 2012; Schirle and MacRae 2012; Chandradoss et al. 2015; Salomon et al. 2015). The 

pairing of the seed region (miRNA nucleotides from 2 to 8, counting from 5’ end) is enough for mRNA 

silencing and it is the most common way of pairing (S. Ding et al. 2005; Jonas and Izaurralde 2015). 

However, the pairing can propagate through the entire miRNA. In animals, the identification and inhibition 

of target transcripts can happen in two ways and which mode of mRNA silencing will occur depends on 

how extensive the pairing between miRNA and the target is.  

If miRNA is complementary to the target site in its all (or close to all) 22 nucleotides, then Ago 

executes the cleavage of mRNA molecule (Hutvágner and Zamore 2002). Otherwise, the pairing between 

miRNA and mRNA occurs only in a 6 – 8 nucleotides long region. In this case, the target mRNA is not 

cleaved, but undergoes silencing in other ways, in most cases executed by general mRNA degradation 

machinery (L. Ding et al. 2005; Rehwinkel 2005). MiRNA is rarely fully complementary to the target in 

mammalian cells, therefore target mRNAs scarcely ever get cleaved by catalytically active Ago protein 

(Ameres and Zamore 2013; Ipsaro and Joshua-Tor 2015). Besides, there are four isoforms for Ago protein 

in humans, and only isoform Ago2 can perform cleavage of the target mRNA (Ipsaro and Joshua-Tor 2015). 
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What normally happens in animal cells is that after recognition between miRNA seed and mRNA 

target site, Ago protein recruits additional proteins to mediate gene silencing through guiding mRNAs to 

the general mRNA degradation machinery (deadenylation, decapping, and 5ʹ-to-3ʹ mRNA degradation) or 

by translational repression (Huntzinger and Izaurralde 2011). MiRNA silencing of target mRNAs through 

cellular 5ʹ‑to‑3ʹ mRNA decay pathway, starts with mRNA deadenylation. mRNA molecules have a poly(A) 

tail at 3’ end which is important for the translation and stability of mRNA. In eukaryotes, poly(A) tail is 

covered with the poly(A)-binding protein (PABPC) which directs mRNA metabolism. Even without miRNA 

interference, the tail decreases over time, and, when it is short enough, the mRNA is enzymatically 

degraded (Mangus et al. 2004). When mRNA is recognized by RISC complex, TNRC6 protein gets recruited 

(S. Ding et al. 2005; Jonas and Izaurralde 2015). TNRC6 binds to PABPC proteins on poly(A) tail and gather 

deadenylase complexes. One of the deadenylase complexes is PAN2–PAN3 complex, which executes the 

first phase of deadenylation, followed by CCR4–NOT complex that catalyzes the second phase. After 

degradation of poly(A) tail a cohort of enzymes directs decapping on 5’ end of mRNA (Jonas and Izaurralde 

2013). Deadenylated and decapped mRNAs undergo degradation catalyzed by enzymes involved in the 

cellular 5ʹ‑to‑3ʹ mRNA degradation pathway from the 5ʹ end (Jonas and Izaurralde 2015; C.-Y. A. Chen and 

Shyu 2010). 

As previously stated, mRNAs can be Ago silenced also through translational repression. Here the 

exact mechanism is not known, but it has been shown, that CCR4–NOT deadenylase complex can recruit 

DDX6 helicase, which inhibits translation (C. Chu and Rana 2006; Kamenska et al. 2016). However, mRNA 

deadenylation and consequent destabilization of mRNA is the predominant effect of miRNA-mediated 

silencing (Eichhorn et al. 2014). Indeed, even though repression of translation initiation occurs rapidly, it 

does not have a big effect and is usually predominated by consequential mRNA destabilization (Béthune, 

Artus-Revel, and Filipowicz 2012; Djuranovic, Nahvi, and Green 2012). 

 The feature that makes miRNAs unique in context of non-coding RNAs is that even imperfect 

pairing is sufficient and allows a single miRNA to target multiple mRNAs (Pasquinelli 2012). Contrary, small 

interfering RNAs (siRNAs) are highly specific and have a single target mRNA (Lam et al. 2015). Moreover, 

considering that 3’ UTRs are often few kilobases long, they are targets of many different miRNAs 

(Pasquinelli 2012). 
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1.5 miRNAs in CHO cell engineering 

Among new CHO cell engineering technologies, small non-coding molecules such as miRNAs are one 

of the most attractive targets with big potential in the field. Thus, the expression “engimiR” was introduced 

by Hackl et al., describing miRNA that is used for cell engineering in order to improve cell line for industrial 

production of recombinant therapeutic proteins (Hackl et al. 2011).  

There are two major advantages of miRNA usage in CHO production cell line engineering: they do not 

burden to the translational machinery like other genetic engineering techniques and they can target 

several mRNAs, thus regulating entire cellular pathways (Bratkovič et al. 2012). Understanding effects of 

miRNA engineering on cell physiology can be accomplished by miRNA overexpression with miRNA mimics 

or by miRNA inhibition with antisense oligonucleotide (antagomiR or anti-miR) and miRNA sponges (Serva, 

Claas, and Starkuviene 2011). Therefore, engineering can result with either gain-of function or loss-of-

function studies.  

miRNA-mimics are administered as synthetic small dsRNAs. Most groups have relied their research 

on mouse, rat or human sequences as CHO specific bio array products were not commercially available 

(Bratkovič et al. 2012). The whole CHO genome sequenced pave the way for the research of CHO miRNA 

genes localization and synthesis of the CHO miRNA constructs (Hammond et al. 2011; Bratkovič et al. 2012; 

Hackl et al. 2011).  

However, the first CHO miRNAs, cgr-mir-21 and cgr-mir-24, were identified in 2007 from 26 

differentially expressed miRNAs in CHO-K1 cells after mild temperature reduction from 37°C to 31°C 

(Gammell et al. 2007). Authors used cross-species microarray under the assumption that human, mouse 

and rat sequences were highly conserved in CHO. Similar study designed by Barron et al. found new six 

up-regulated and four down-regulated miRNAs in CHO-SEAP cell line (N. Barron et al. 2011). In fact, it was 

first report of application of miRNA in CHO cell line engineering. Transient overexpression of miR-7 

resulted in enhanced cell-specific productivity with negative effect on viable cell content (N. Barron et al. 

2011) due to targeting ribosomal and histone proteins (Meleady et al. 2012). Following those results, 

Sanchez et al. stably inhibited miR-7 with miRNA “sponges” that resulted in an increase in VCC (viable cell 

content) and protein titer (Sanchez et al. 2014). In another cross-species microarray study, under 

conditions of nutrient depletion, 18 miRNAs from miR-297-669 cluster were up-regulated (Druz et al. 

2011). In different bioinformatics analysis, authors showed that one member, mmu-miR-466h targets 
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mRNAs of anti-apoptotic genes. Consequently, transient miR-466h inhibition confirmed an increase in VCC 

(Druz et al. 2011), while stable manipulation showed an additional positive effect on cell-specific 

productivity (Druz et al. 2013).  

Crucial step forward in the field was made after identification and annotation over 300 CHO miRNAs 

in most common cell lines, CHO-K1, -DXB11 and -DG44, using next generation sequencing technologies 

(NGS) and in silico identification of miRNAs gene locations (Hackl et al. 2012; Johnson et al. 2011; 

Hammond et al. 2012; Hackl et al. 2011). Furthermore, earlier hypothesis made by Gammell et al. was 

confirmed as the majority of miRNAs detected in CHO are conserved and have validated targets in mouse, 

human, and rat (Johnson et al. 2011). Bort et al. studied miRNA and mRNA profile of CHO-K1 cell line where 

over 1400 mRNAs and 100 miRNAs were identified as differentially expressed in various growth phases 

(Hernández Bort et al. 2012). Those results showed variability of transcriptome profile, complexity of 

mRNA-miRNA interaction and responsiveness to growth phase. Clarke et al. focused their study on 

profiling miRNA, mRNA and protein and found interclonal difference in CHO cells with different growth 

rates (Clarke et al. 2012). Increased growth rate was associated with 35 upregulated and 16 downregulated 

miRNAs, and a plethora of mRNAs and proteins were identified as probable targets of those mRNAs.  

Following earlier identification of potential engimiRs by Hackl et al. (Hackl et al. 2011), Jadhav et al. 

developed functional screening for productivity assessment after transient miRNA overexpression with 

chimeric miRNA construct in CHO-Erythropoietin-Fc cell line (Jadhav et al. 2012). Overexpression of miR-

17 in CHO cells increased proliferation with stable cell-specific productivity leading to higher 

Erythropoietin-Fc titer (Jadhav et al. 2014, 2012). In addition, the same miRNA was stably overexpressed 

resulting in a two-fold increase in the cell growth and three-fold increase in specific productivity (Jadhav 

et al. 2014). It has been proven that in human or mouse (tumor) cell lines miR-17 acts on pathways that 

regulate genes involved in G1/S-phase cell cycle which explains the role of miR-17 in tumor development 

and tumor maintenance (L. Yang et al. 2013). Moreover, miR-17 was shown to target TBC1D2/Armus, 

which plays an important role in membrane trafficking (Serva et al. 2012). However, no miR-17 targets 

have been identified and proven in CHO cells yet. 

Several research groups compared miRNA expression profile in microarray screenings of low and high 

producing CHO cell lines in order to identify potential engimiRs (Lin et al. 2011; Loh et al. 2014; Maccani 

et al. 2014). Lin et al. profiled four CHO-DG44 cell lines expressing human IgG and identified miR-221 and 

miR-222 as downregulated (Lin et al. 2011). Maccani et al. conducted miRnome profiling study comparing 

high, low, and non-producing CHO-DUKX-B11 using human, mouse, and rat sequences in quantitative 
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reverse transcription polymerase chain reaction (qRT-PCR) (Maccani et al. 2014). Authors highlighted that 

83 miRNAs were differentially expressed and overall miRNA expression levels were increased in high-

producers providing evidence that miRNAs are critically important in recombinant protein production. 

Another study used NGS and qRT-PCR and identified miR-17–92a cluster as differentially expressed (Loh 

et al. 2014). Interestingly, stable overexpression of the cluster failed to increase productivity while 

individual members were effective. Similar approach with cross-species microarray analysis was used by 

Klanert et al. and Emmerling et al. Klanert et al. made comprehensive study on CHO-K1, CHO-S and CHO-

DUKXB11 cell lines in various media compositions and different culture systems (Klanert et al. 2016). 

Subsequently, they reported 12 miRNAs that positively regulate growth and represent possible engimiRs 

or biomarkers in bioprocess optimization. In order to identify engimiR independent of the cellular origin 

or recombinant protein, Emmerling et al. conducted cross-species microarray analysis using mouse, rat 

and human probe set on CHO and HeLa cells. In response to temperature shift from 37°C to 30°C, they 

found 13 miRNAs to be differentially expressed where the most similar profile in all cells tested had miR-

483. Transient transfection of miR-483 resulted in increased cell-specific productivity in CHO and HeLa 

cells. MAPK3, KANK4, and PDK4 were validated to be down-regulated when miR-483 levels were increased 

in the cell. While KANK4 function has not been elucidated yet, PDK4 is a mammalian mitochondrial serine 

kinase involved in regulation of glucose metabolism. Knock-out of PDK4 led to increased specific and 

volumetric productivity of mAbs and decreased lactate formation in CHO cells (M. Zhou et al. 2011a). 

MAPK3 in involved in signaling pathway that mediates proliferation and migration of cells (Emmerling et 

al. 2016). 

Two research groups aimed to find new engimiRs by functional screening, using transient transfection 

of a human / murine miRNA mimics library (Strotbek et al. 2013; Fischer et al. 2014). Strotbek et al. used 

a genome-wide functional screening and identified 9 miRNAs increasing and 15 decreasing antibody 

production in CHO-IgG line and CHO-HSA (human serum albumin) line (Strotbek et al. 2013). Validation by 

CHO stable transfection with hsa-miR-557 and hsa-miR-1287 improved antibody titer for 1.5-fold after 7 

days. Target genes of miR-557 and miR-1287 have not been elucidated yet. Fischer et al. used murine 

miRNA mimics library in CHO–SEAP cells to identify over 20% of miRNAs able to increase cell-specific 

productivity up to two-fold (Fischer et al. 2014). They identified whole miR-30 family as engimiRs able to 

enhance productivity of CHO cell factories. All miR-30 isoforms contribute to the regulation of the ubiquitin 

pathway in CHO cells by directly targeting the ubiquitin E3 ligase S-phase kinase-associated protein 2 

(Skp2) that triggers protein ubiquitination. Also the ubiquitin-conjugating enzyme Ube2j1 is regulated by 

miR-30 in CHO cells (Fischer, Mathias, et al. 2015). In the following study, the same group managed to 
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repress HDAC (histone deacetylase) at the post-transcriptional level with miR-2861 overexpression and 

improve productivity of suspension-adapted CHO DG44 cells stably expressing SEAP or mAb (Fischer, Paul, 

et al. 2015). Unlike VPA, media supplement that causes unspecific inhibition of HDAC, miR-2861 did not 

negatively influence cell growth or recombinant protein quality. In 2017, miR-143, targeting mitogen-

activated protein kinase7 (MAPK7) has been reported to be able to induce a hyper productive phenotype 

in CHO cells expressing SEAP and two different mAbs. MAbs and SEAP concentrations increased by more 

than 20% on day seven compared to the mock cell pool (Schoellhorn et al. 2017). In 2019, the same group 

deleted genomic miR‐744 precursor sequence by two single guide RNA (sgRNA)‐Cas9‐mediated DNA 

double‐strand breaks (DSB) flanking the miR‐744 locus. During batch cultivation, antibody titers of miR‐

744 KOs were significantly increased to 190–311 mg/L compared to a non-targeting (NT) siRNA transfected 

clonal control with 156 mg/L, pointing towards the potential of miRNA KO for cell line engineering (Raab 

et al. 2019). 

Recently, updated CHO genome enabled re-analysis for novel miRNA sequences resulting in a total of 

56 pre-miRNA and 71 mature additional miRNA sequences (Diendorfer et al. 2015). With this study, 

miRnome counts 256 precursors and 378 mature sequences. However, comparison to mice (1982 mature 

miRNAs), rat (765 mature miRNA) or humans (2588 mature miRNAs) suggest that certain amount of 

miRNAs in CHO is still unknown and is yet to be discovered and experimentally validated (Kozomara and 

Griffiths-Jones 2014).  

The efficacious utilization of the miRNAs as a tool to increase protein expression (modifying cell 

apoptosis pathways, productivity or metabolism) depends on establishment of CHO cell lines stably 

overexpressing both, recombinant protein as well as miRNA (Fischer et al. 2017). Although miRNAs are 

short, 22 nt long RNA sequences and can be used as miRNA mimics for transient transfections, stable 

expression of these small non-coding RNAs demands knowledge of the miRNA biogenesis. Klanert et al. 

studied effectiveness of chimeric pri-miRNAs (mature CHO miRNA with flanking and loop sequence from 

other species, e.g. from mouse) by comparing artificial with endogenous miR-221 and miR-222 constructs 

(Klanert et al. 2014). In the study, artificial pri-miRNA scaffold (pri-miRNA precursor) originated from 

murine pri-miR-155 which had the nucleotide sequence changed in the 22 nt where mature miRNA was 

encoded. Chimeric constructs having murine flanking regions accumulated in nucleus and mature miRNAs 

were not detected in the cytoplasm in contrast to endogenous ones. Figure 5 shows schematic illustration 

of endogenous and artificial miRNA scaffolds for overexpression of miRNAs (Klanert et al. 2014). Authors 
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suggest that CHO and murine flanking sequences not being completely homologous are not processed by 

Drosha and exported from nucleus.  

 

 

Figure 5. Schematic illustration of endogenous and artificial miRNA scaffolds for overexpression of miRNAs. 
Artificial pri-miRNA scaffold (pri-miRNA precursor) originated from murine scaffold has the nucleotide sequence 
changed in the 22 nt where mature miRNA is encoded. Adopted from (Klanert et al. 2014). 

 

Additional evidence of complex and unpredictable nature of miRNA was provided in the work of Kelly 

et al. where they observed that stable inhibition of pro-apoptotic miR-34a failed to show an anti-apoptotic 

effect, but it increased recombinant protein yield in CHO-SEAP cells (Kelly et al. 2014). 

In conclusion, in the past eight years, several groups were successful in applying miRNAs in CHO cell 

lines engineering to enhance recombinant protein titer (N. Barron et al. 2011; Sanchez et al. 2014; Strotbek 

et al. 2013; Loh et al. 2014; Fischer et al. 2014; Jadhav et al. 2014; Kelly et al. 2014; Emmerling et al. 2016; 

Fischer, Paul, et al. 2015; Raab et al. 2019), viable cell concentration (Jadhav et al. 2012, 2014; Sanchez et 

al. 2014; Hernández Bort et al. 2012; Klanert et al. 2016) or control apoptosis (Jadhav et al. 2013; Druz et 
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al. 2011) (Table 2). Therefore, miRNAs obviously have a high potential, as they are able to globally regulate 

the entire cellular pathways of growth, apoptosis, stress tolerance, metabolism, productivity and 

glycosylation (Fischer, Handrick, and Otte 2015). However, an implementation of miRNA-based 

engineering is still delayed due to the lack of knowledge of the complex interaction networks (Bratkovič et 

al. 2012).  

Table 2. MiRNAs with positive effect on recombinant protein production yields in CHO cell lines. 

miRNA 
 

Overexpression/ 
knock-down 

Effect on CHO cells Source 

miR-7a Knock-down Increased productivity, diminished growth (N. Barron et al. 
2011) 

miR-17 Overexpression Increased productivity, increased growth (Jadhav et al. 2014) 

miR-557 Overexpression Increased growth (Strotbek et al. 
2013) 

miR-1287 Overexpression Increased productivity (Strotbek et al. 
2013) 

miR-30 
family 

Overexpression Increased productivity(miR-30c, miR-30e) 
increased growth (miR-30a) 

(Fischer et al. 2014)
  

miR-2861 Overexpression Increased productivity (Fischer, Paul, et al. 
2015) 

miR-143 Overexpression Increased productivity (Schoellhorn et al. 
2017) 

miR-483 Overexpression Increased productivity (Emmerling et al. 
2016) 

miR-19b Overexpression Increased productivity (Loh et al. 2014) 

miR-20a Overexpression Increased productivity (Loh et al. 2014) 

miR-92a Overexpression Increased productivity (Loh et al. 2014) 

miR-23 Knock-down Increased productivity (Kelly et al. 2015) 

miR-34a Knock-down Inhibition of apoptosis (Kelly et al. 2014) 

miR-466h Knock-down Inhibition of apoptosis (Druz et al. 2013, 
2011) 

miR-477 Knock-out Increased productivity (Raab et al. 2019) 
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1.6 Recombinant proteins of pharmaceutical interest 

Over the past decade, more than a hundred new biopharmaceuticals have been marketed in the 

United States and European Union. An increasing number of blockbuster drugs are recombinant 

mammalian proteins. Over 70% of recombinant biopharmaceutical proteins, most of them being mAbs, 

are produced in CHO cell line. In 2016, eight out of ten bestseller medicines were biologics and made 67bn 

USD global revenues, each 6bn USD at least, such as Adalimumab (Humira), Trastuzumab (Herceptin), 

Etanercept (Enbrel), Rituximab (Rituxan) etc.  Global biologics market is expected to reach remunerative 

growth from 2018 to 2026 due to presence of around 800 biologics in pipeline.  

Biologics such as insulin, vaccines, hormones, growth factors and various blood products have been 

available for many years. However, a wide range of new products with very specific applications have been 

developed recently, such as monoclonal antibodies as effective therapies for many forms of cancer, 

macular degeneration, rheumatoid arthritis and other non-communicable diseases. The number and 

quantity of biologics produced by mammalian cell cultures continues to grow, driven mainly by an 

increasing demand for biologics across the globe due to the rising prevalence of chronic diseases. Animal 

cell culture technology has advanced significantly over the last few decades and is now generally 

considered a reliable, robust and mature technology. After two decades of intensive development in cell 

line, media and bioreactor condition optimization, cell specific productivity of over 20 pg/cell/day, high 

titers of 1-5 g/L and cell densities of over 20 million cells/mL in fed-batch processes can be routinely 

achieved. The enhancement of specific productivity per cell is achieved not only by selection of highly 

productive clones, but also by many innovative solutions in cell engineering and optimization of medium 

composition and bioreactor operation conditions.  Since antibody therapies require large multi-milligram 

doses over a long period of time, it is of great interest to continue to develop more efficient cell culture 

processes with higher product quality at lower manufacturing costs (F. Li et al. 2010). 

 

1.7 Erythropoietin 

Erythropoietin (EPO) is a cytokine produced by kidneys intestinal fibroblasts. Through binding to 

erythropoietin receptor, it stimulates erythropoiesis, thus promotes differentiation and proliferation of 

precursor cells into mature red blood cells. In healthy individuals, low oxygen concentration (hypoxia) 
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induces EPO production through the activation of EPO gene transcription and increased stability of EPO 

mRNA. The resulting higher levels of erythrocytes in the blood, lead to ameliorated oxygen supply. After 

the increase in levels of red blood cells, the concentration of EPO is controlled by the mechanisms of 

negative-feedback loop. In various clinical conditions, such as chronic renal failure in anemia patients and 

chemotherapy-induced anemia in cancer patients, EPO production is insufficient. Consequently, there is a 

constant need for EPO in those patients. 

The present therapeutic recombinant human EPO preparations are manufactured in mammalian host 

cells. CHO cells are most commonly used for the large-scale pharmaceutical manufacture of EPO and 

different CHO-derived products Epoetin-α (Epogen®, Procrit®, Eprex®, Erypo®, Espo®, etc.) and epoetin-β 

(Recormon®, NeoRecormon®, Epogin®, etc.) have been clinically used for more than 30 years. 

EPO is a glycoprotein consisting of 165 amino acid residues with two intramolecular disulfide bonds 

connecting the cysteine residues in positions (C7 - C161) and (C29 - C33) and four sugar chains post-

translationally attached to the main amino acid chain. Human EPO has three N-linked (at asparagines 24, 

38 and 83) and one O-linked oligosaccharide chains (at serine 126) which make up 40% of the total 

molecular weight of around 30 kDa (R. Sasaki, Masuda, and Nagao 2000; Narhi et al. 1991). The three-

dimensional structure of EPO in shown in the Figure 6.  

 

 

 

Figure 6. Erythropoietin three-dimensional structure.  
Erythropoietin has 165 amino acid chain and four sugar chains post-translationally attached to the main amino acid 
chain. Human EPO has three N-linked oligosaccharide chains a) and one O-linked b) oligosaccharide chain, which 
make up 40% of the total molecular weight of around 30 kDa (R. Sasaki, Masuda, and Nagao 2000). 



48 
 

EPO exists as a mixture of isoforms. The differences between these isoforms mostly depend on 

the structure of N-linked sialyloligosaccharides at the asparagine 24, 38, and 83 residues (H. Sasaki et al. 

1987). These sialyloligosaccharides exhibit a diverse range from bi- to tetraantennary forms. The biggest 

effect on the EPO activity has the number of sialic acid moieties as terminal sugar residues on N-acetyl 

galactosamines. Since secreted therapeutic glycoproteins are degraded by hepatocytes after being 

recognized by the asialoglycoprotein receptor (ASGPR), the content in sialic acid moiety is of great 

importance for the biological activity of EPO. Any modification or removal of these chains result in the 

altered EPO in vivo activity (Takeuchi and Kobata 1991). Therefore, the European medicine agency (EMA) 

in European pharmacopeia, for example, has established acceptable percentages of each one of 8 EPO 

isoforms in the final drug preparation, establishing isoforms 4 to 6 as the major ones (Narhi et al. 1991). 

In order to ensure proper EPO function and EPO – receptor interaction, correct protein structure 

and glycosylation pattern are necessary. Hence, recombinant human EPO is produced by the CHO 

production cell line, which facilitates human-like post-translational modifications for proper EPO activity 

and stability (Wurm 2004). EPO is a commonly used model protein in development of CHO‐based 

bioprocesses (Y. Choi et al. 2007; Sung et al. 2004; Surabattula, Rao, and Polavarapu 2011; Yoon et al. 

2005) and metabolic engineering of CHO cells for improved protein production (N. Kim et al. 2004; Y.-G. 

Kim et al. 2011). The typical EPO expression levels from clones with no gene amplification are reported in 

the range of 1–10 pg/cell/day (Y. G. Kim and Lee 2009; Yoon, Song, and Lee 2003; H. Zhou et al. 2010). For 

this study we developed EPO-expressing CHO stable cell line inserting genomic human DNA coding for EPO 

(5 exons). This cell line has been used for miRNA high-throughput analysis and identification of process 

relevant miRNAs in CHO cells. 

 

1.8 Etanercept 

Etanercept (ETN) is the first anti-tumor necrosis factor drug that has been approved for the treatment 

of rheumatoid arthritis (RA). However, the drug was also approved for the treatment of other autoimmune 

disorders such as Polyarticular Juvenile Idiopathic Arthritis, Ankylosing Spondylitis, Psoriatic Arthritis and 

Plaque Psoriasis (Feldmann and Maini 2003). Typical manifestation of these disorders are swollen and 

painful joints caused by elevated auto-immune response (Feldmann and Maini 2003). On the other hand, 

Plaque Psoriasis is also a result of auto-immune response, but is characterized by patches of abnormal skin 
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(Lewkowicz and Gottlieb 2004). The cause of all these disorders is elevated level of tumor necrosis factor 

(TNF) that triggers immune response and amplifies inflammation. 

TNF is a naturally occurring cytokine produced by two types of white blood cells, T-cells and 

macrophages (Locksley, Killeen, and Lenardo 2001). After binding to TNF receptor (TNFR), TNF triggers 

signaling pathways that are crucial in coordinating the proliferation and protective functions of white 

blood cells, thus mediates the immune response and amplifies inflammation. Indeed, TNF stimulates a 

number of cells, which activate the transcription factor NF-κB, which regulates the expression of genes 

involved in immune response and inflammation (Locksley, Killeen, and Lenardo 2001).  

Two different TNF receptors exist naturally. One is a 55 kDa protein in soluble form and the other has 

a molecular weight of 75 kDa and can be found on cell surfaces of white blood cells. The biological activity 

of TNF involves the binding to the TNFR on the cell surface. Soluble form of TNFR is actually the 

extracellular fraction of the TNFR on the cell surface which were cleaved from the cell surface and act as 

natural TNF antagonists (Haraoui and Bykerk 2007). 

ETN is a fusion protein and consists of two extra-cellular domains of the soluble human TNFR linked 

to the constant Fc portion of human immunoglobulin 1 (IgG1). The TNFR fraction contains four domains. 

The Fc portion contains only the hinge region, CH2 domain and the CH3 domain. The CH1 domain is absent 

in this molecule (Pugsley 2001). It consists of 934 amino acids and has an approximate molecular weight 

of 150 kDa (Haraoui and Bykerk 2007). Two extracellular domains of human soluble TNFR bind to TNF and 

competitively inhibit the binding of both TNF-α and TNF-β to cell surface TNFR, making TNF biologically 

inactive (Mohler et al. 1993). On the other hand, human IgG1 Fc fragment stabilizes the molecule. The 

schematic presentation of the ETN molecule is shown in Figure 7. 

 



50 
 

 

 

Figure 7. Schematic presentation of etanercept.  
a) Two extracellular domains of human soluble TNF receptor (binds to TNF) and b) Human IgG1 Fc fragment (stabilizes 
the molecule). 

 

ETN is produced by recombinant DNA technology in CHO expression system. Production of ETN in 

mammalian cell lines results in a high level of glycosylation and more than a dozen of the O-glycosylation 

sites are reported to be located in the linker domain, which has a high frequency of serine, threonine, 

and proline residues in the region. In addition, two N-linked glycosylation sites are also included in the 

TNFR portion (Houel et al. 2014).  

Giving the fact that in 2017, ETN (trade name Enbrel) was number 4 among the best-selling 

pharmaceuticals (Alex Philippidis 2018), we decided to use it in this study of CHO optimization for the 

production of recombinant proteins of pharmaceutical interest. Moreover, ETN as an artificially designed 

fusion protein, which has never withstood an evolutionary optimization and is a model protein of the 

group of proteins termed difficult-to-express (Johari et al. 2015). Therefore, we have developed ETN -

expressing CHO stable cell line and used it in this study for miRNA high-throughput analysis and 

identification of process relevant miRNAs. 
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2 Aims of the thesis 

 

The aim of this study was to identify and characterize miRNAs that can increase the production of 

recombinant proteins in CHO cells, while at the same time ensure the critical product quality specifications. 

Furthermore, it was of interest to identify potential targets of selected miRNAs in order to elucidate its 

mode of action resulting in increased productivity. 

 

In order to achieve research aims the following objectives were defined: 

 

1.) To establish a method for screening the effect of synthetic microRNA mimics on growth and 

productivity of a recombinant erythropoietin or etanercept producing CHO cell lines. To identify 

miRNAs that play a role in enhancement of CHO productivity and longevity.  

2.) To establish CHO cell lines that continuously and stably overexpresses selected miRNAs and 

erythropoietin or etanercept. 

3.) To test if CHO endogenous genomic surroundings influence the capacity of mature miRNA 

biogenesis in comparison to the human. 

4.) To identify potential targets of selected miRNA candidates and the mode of action involved in 

enhanced CHO cell productivity. 
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3 Materials and methods 

3.1 Chemical reagents 

Table 3. Chemical reagents used in the experiments. 

Name Producer Catalog number 

NaCl Sigma-Aldrich S9888 

KCl Millipore 529552  

Na2HPO4 Sigma-Aldrich 71645  

KH2PO4 Sigma-Aldrich P5655  

TrisBase Invitrogen 155504-020 

Boric acid Sigma-Aldrich 31146 

Isopropanol Sigma-Aldrich 33539 

EtOH Honeywell 24194 

MeOH Riedel-de Haen 32213 

EDTA Sigma-Aldrich E6758  

Sucrose Sigma-Aldrich S0389  

Urea Invitrogen 15505035 

Bromphenol blue Sigma-Aldrich B0126 

PEG Sigma-Aldrich 89510  

DMSO Sigma-Aldrich #D8418 

MgCl Sigma-Aldrich 31413 

Glycerol Riedel-de Haen 49770 

Beta-mercaptoethanol Sigma-Aldrich M3148 

Paraformaldehyde Sigma-Aldrich 47608  

HEPES Sigma-Aldrich H4034 

Glycine Sigma-Aldrich # 33226 

SDS Supelco 74255 

Tween20 Sigma-Aldrich P2287 
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Acetic Acid Sigma-Aldrich 27225-M 

Na2CO3 Fluka 31432 

NaHCO3 Fluka 31437 

Sulfuric acid Fluka 30743 

DTT Roche 10197777001 

Ammonium formate Sigma-Aldrich 156264 

 

3.1.1 Ultrapure water 

Ultrapure water was used in the preparation of all media and solutions when specified. For ultra-

purification, the water was purified by a reverse osmosis system (Milli-Q® Direct Water Purification 

System) to a standard of 18 MΩ/cm resistance. 

 

3.2 General buffers 

-PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 1.8 mM KH2PO4, pH 7.4 

-10х TBE: 108 g/L Tris, 55 g/L Boric Acid, 40 mL EDTA 0.5 M pH 8 

-5х Electrophoresis loading dye: 100 g Sucrose, 48 g Urea, 100 mL TBE, 1% Bromophenol blue in 200 mL 

final volume 

-6х SDS Protein loading buffer: 30% glycerol, 3% SDS, 0.19 M TrisHCl, pH 6.8, 0.015% bromophenol blue, 

3% 2-mercaptoethanol 
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3.3 Cell culture methods 

3.3.1 Cell lines and culturing conditions 

The Chinese Hamster Ovary cell line (dhfr-) expressing recombinant erythropoietin (EPO); CHO-

EPO and Chinese Hamster Ovary cell line (dhfr-) expressing etanercept (ETN); CHO-ETN, were developed 

at ICGEB (Trieste, Italy). For the purpose of creating a CHO-EPO cell line, the human EPO gene was obtained 

from genomic human DNA by PCR (polymerase chain reaction) amplification and cloned into a eukaryotic 

expression vector pBT-5, under the control of SV40 promotor, containing G418 resistance gene. CHO dhfr 

deficient cells were co-transfected with pBT-5 EPO expressing vector and the vector containing the 

dihydrofolate reductase (DHFR) gene. For the purpose of creating a CHO-ETN cell line, cDNA of the fusion 

protein etanercept was cloned into pOptiVEC vector containing a DHFR gene under the CMV promoter. 

Upstream of the CMV promoter 1.5 kb of UCOE (Ubiquitous Chromatin Opening Element) from hnRNPA2 

have been inserted (Williams et al, United States patent application US2008/0222742 A1). EPO and ETN 

gene amplification was done using an increasing concentration of methotrexate (MTX). Antibiotic selection 

for CHO-EPO cells was MTX (Sigma-Aldrich #M8407) at the concentration 100 nM and G418 (Gibco 

#11811098) at the concentration 0.8 mg/mL, whereas CHO-ETN cells were selected using MTX at 

concentration 500 nM. The best clone was selected by in house developed ELISA tests. Phoenix-GP cells 

(ATCC® CRL-3215™) were used in transduction experiments. 

All cell lines grow in monolayer and were cultured in 75 cm2 T-flasks (Corning Inc #353082) in 

GlutaMAX Dulbecco's Modified Eagle Medium, high glucose (DMEM) (Gibco #10566016). DMEM was 

additionally supplemented with 10% FBS (Gibco #10270-106) and 1% antibiotic/antimycotic (Sigma-

Aldrich #A5955). Cells were incubated in a Thermo Heracell 150 cell culture incubator (Thermo Scientific) 

at 37C and 95% humidity with 5% CO2. 

When 90% confluent, cells were subcultured using common tissue culture procedure. First, 

medium was removed and cells were washed twice with 1х PBS to remove all traces of serum. In order to 

detach cells, 2 mL of trypsin solution (0.1% w/v trypsin and 0.04% w/v EDTA in 1x PBS) was added. 

Following incubation at 37 C for about 3 min, enzyme was deactivated by adding 3 mL pre-warmed 

complete medium (DMEM, 10% FBS, 1% antibiotic/antimycotic). Subsequently, centrifugation was 

performed at 1000 rpm for 5 min at room temperature. Afterwards, the cell pellet was resuspended in 10 
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mL of complete medium. New sterile T-flasks were seeded with 2*106 cells/mL in 15 mL of complete 

medium. 

The cell bank was established by resuspending CHO cell pellet in 1 mL cryopreservation medium 

containing 90% FBS and 10% DMSO (Sigma-Aldrich #D8418). Vials were stored at -80 C. 

 

3.3.2 Viral transduction 

Retroviral vectors are an efficient means to deliver DNA to a wide range of mammalian cell types 

and are specially indicated for obtaining stable clones, since they integrate into the host genome. The 

system described here is based on Moloney Murine Leukemia Virus (MMULV). It allows gene delivery to 

most dividing mammalian cell types. Phoenix-GP cells (ATCC® CRL-3215™) helper cell line expressing gag-

pol was used. With this line it is possible to choose the pseudotype of retroviral virions. By using specific 

envelope proteins such as Vesicular stomatitis virus VSV-G protein CHO cells can be transduced.  

The day before transfection, Phoenix-GP were seeded at 25% of confluence on 100 mm TC-treated 

Cell Culture Dish (Falcon, Corning Inc #353003) (about 1*106 cells). Phoenix-GP cells were transfected by 

Ca3PO4 method. Briefly, 7.5 µg of retroviral vector miRVec and 7.5 µg of pMD2.G envelope vector 

(AddGene #12259) were added to 450 µL of ultrapure water and 50 µL of 2 M CaCl2 (Sigma-Aldrich 

#C7902). Then, DNA-CaCl2 solution was transferred dropwise into 2x HBS - buffered saline (280 mM NaCl, 

1.5 mM Na2HPO4, 50 mM HEPES pH 7), while introducing air bubbles in the solution. After 20 min of 

incubation to allow efficient formation of DNA-Ca-PO4 precipitates, precipitates were added dropwise to 

the cells and mixed by rotating the plate. After 6-18 hours the media was discarded, the cells were washed 

with sterile 1x PBS and new pre-warmed medium was added to the cells that were subsequently grown 

for further 48 hours. The day before infection, CHO-EPO and CHO-ETN cells to be infected were seeded in 

100 mm cell culture dishes at 10% - 20% of confluence. The infection was done by mixing 1 mL of serum 

and 10 µL of 8 mg/mL polybrene (Hexadimethrine bromide, Sigma-Aldrich #H9268) with 10 mL of carefully 

harvested supernatant of transfected Phoenix-GP cells previously passed through a 0.45 µm filter, 

obtaining a 20% serum medium containing viral particles. Finally, the medium of the CHO-EPO/CHO-ETN 

cells to be infected was replaced with the 20% serum medium containing viral particles. After 12 hours of 

incubation, fresh medium was added to the infected cells and incubated for another 24 hours when 

blasticidin was added. A suitable blasticidin selection concentration of 2 μg/mL for CHO-EPO cells and 4 
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μg/mL for CHO-ETN cells was determined in titration experiments. Hence, stable cell pools of CHO-EPO or 

CHO-ETN cells were recovered in cell culture medium supplemented with 2 μg/mL or 4 μg/mL blasticidin 

(Invivogen, #ant-bl-05), respectively. 

 

3.3.3 Single cell selection 

Limiting dilution technique has been employed to achieve single cell selection. To isolate each 

individual cell that carries certain number of pri-miR-574 copies, cells were diluted and plated at cell 

densities below 1 cell per well in 96 well plates. Colonies expanded from those single cells were tested 

with in-house ELISA and the cell clone with highest ETN productivity has been propagated and cell bank 

was established by resuspending CHO cells pellet in 1 mL cryopreservation medium containing 90% FBS 

and 10% DMSO. 

 

3.3.4 Cell culturing for productivity testing and RNA extraction 

3.3.4.1 Small scale productivity testing 

CHO-ETN and CHO-EPO cells stably expressing miRNAs and CHO-ETN control cells as well as CHO-

EPO control cells were seeded in 12-well plate (Falcon, Corning Inc #353046) in triplicates in DMEM + 10% 

FBS at cell density 100.000 cells/well. After 24 hours the media was replaced and recombinant protein 

production was measured in the supernatant after 4 days of production. After the medium was removed, 

cells were washed twice with 1x PBS. Following incubation in 0.5 mL trypsin solution (0.1% w/v trypsin and 

0.04% w/v EDTA in 1x PBS) at 37 C for about 3 min, enzyme was deactivated by adding 0.5 mL pre-warmed 

complete medium (DMEM, 10% FBS, 1% antibiotic/antimycotic). Subsequently, a part of cells was diluted 

1:1 ration in 0.6% solution of trypan blue stain (Sigma-Aldrich #T6146) which allowed viable cells to be 

counted, using microscopy and Neubauer chamber. The other part was washed twice in 1x PBS, snap-

freezed on dry-ice and stored at -80 C for subsequent total RNA extraction. 
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3.3.4.2 Bigger scale productivity testing 

To mimic roller-bottle production process CHO-EPO and CHO-ETN cell clones engineered to stably 

overexpress miRNAs and miR-negative control have been seeded in T175 flasks (Corning Inc #431079) with 

final cell density 5*106 cells per flask. When the cells reached 90% confluence, media was removed from 

flasks, washed 2 times with 1x PBS and production media has been added to each flask (DMEM- 

GlutaMAX-high glucose, 5 µg/mL insulin (Actrapid, Novo Nordisk), 50 mg/mL Dextrane sulphate 5000 

(Sigma-Aldrich #31404-25G-F). After switch to production media, media was collected and replaced every 

three days, filtered through 0.2 µm filter, analyzed with ELISA and further purified for quality control 

experiments. 

 

3.4 High Throughput Screening 

3.4.1 Transient reverse transfection  

In order to facilitate high throughput transfections, reverse transfection was applied. miRIDIAN 

miRNA mimics or siRNAs were used at a final concentration of 50 nM. Deliveries of miRIDIAN miRNA 

mimics were done on ViewPlate-384-well Collagen Coated, Black, Optically Clear Bottom, Tissue Culture 

Treated plates (Perkin Elmer #6007810). Liquid handler (Hamilton, Microlab starlet) was used for preparing 

microRNA complexes and afterwards for CHO cells seeding. MiRNA mimics were diluted in siRNA buffer 

(GE Healthcare Dharmacon #B-002000-UB-100) to a concentration of 500 nM, and 5 l per well was added. 

After 5-minute incubation, RNAiMAX (Invitrogen #13778075) transfection reagent was diluted 1:150 in 

Optimem (Gibco #31985-047), and 15 l/well was added. Plate was incubated at room temperature for 

30 min to allow the formation of complexes. Afterwards CHO-EPO or CHO-ETN cells were seeded at 

concentration 1.5*103 cells/well in 30 l of DMEM supplemented with 10% FBS. After 24 hours, plate was 

rinsed with 1x PBS, and 50 l of protein-free medium was added using a multiwell dispenser 

(ThermoFisher, multidrop combi). After 24 hours, EPO or ETN containing medium was collected and stored 

at -20 C for further quantification analysis. Wells were washed twice with 50 l 1x PBS and cells were 

fixed with 4% paraformaldehyde (PFA) solution in 1x PBS. After incubation for 10 min at room 

temperature, cells were washed twice and stored at +4 C for further determination of total cell number. 
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3.4.2 miRNA mimics and siRNAs used in the screen 

A library of 2042 miRIDIAN human microRNA mimics (miRBASE, version 21.1, purchased from 

Dharmacon, ThermoFisher), divided into 5p and 3p miRNA sequences, was used to transfect CHO-EPO 

cells. Afterwards, top 124 miRNAs were transiently transfected in CHO-ETN cells. Experiments were 

performed in triplicates. 

 

Beside miRNA mimics, each plate contained multiple functional controls:  

i) mock-transfected;  

ii) UBC targeting, siGENOME Human UBC siRNA (GE Healthcare Dharmacon #M-019408-01) as 

transfection control (siRNA targeting the ubiquitin complex (UBC) which is able to kill cells 

when transfection efficiency is sufficient);  

iii) untreated control (UNTR);  

iv) two negative controls, ON-TARGETplus Non-targeting siRNAs NTC #1 and NTC #4 (GE 

Healthcare Dharmacon #D-001810-01-50 and #D-001810-04-50) for purposes of 

normalization. 

 

Scaled-up validation transient transfection experiments were done in 96-well culture treated plates 

(Perkin Elmer #6005818) using the same reverse transfection protocol and reagents as stated before. 

Briefly, a transfection reagent Lipofectamine RNAiMAX was diluted 1:150 in OPTI-MEM) and added to the 

miRNAs or siRNAs (at a final concentration of 50 nM), arrayed on 96-well plates; 30 min later, 0.75*104 

cells were seeded per well. 24 hours after transfection, the culture medium was replaced by fresh medium; 

24 h later medium was collected and stored at -20 C for further quantification analysis. 

 

3.4.3 Determination of viable cell concentration in the screen 

To determine cell concentration, paraformaldehyde-fixed cells were counterstained using 2'-[4-

ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5'-bi-1H-benzimidazole trihydrochloride trihydrate (Hoechst 

33342) (Invitrogen #H3570) to indicate cell nuclei by binding to A-T regions. Hoechst 33342 stain was 

diluted 1:5000 in 1x PBS and 5 l per well was applied. Plates were protected from light and incubated for 

30 min at room temperature. Images of Hoechst 33342 stained cells were taken by fluorescent microscope 
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High-Content Imaging system ImageXpress Micro (Molecular Devices) at the following excitation/emission 

wavelengths: 377/447. Data analysis was done using MetaXpress v.5.1 (Molecular Devices). 

 

3.5 Molecular biology methods 

3.5.1 Genomic DNA extraction 

10*106 cells were centrifuged and the cell pellet was resuspended in 3 mL of Lysis Buffer (10 mM 

Tris Buffer pH 8, 100 mM NaCl, 100 mM EDTA pH 8, 0.5% SDS, 100 μg/mL Proteinase K (Thermo Scientific 

#EO0491)).  After overnight incubation at 37 °C, 3 mL of isopropanol was added to precipitate the DNA 

and the mix was vortexed and centrifuged for 10 min at 4000 rpm.  The pellet was washed two times with 

70% etOH and dried in vacuum concentrator (SpeedVac, Termo Scientific). Finally, the pellet was 

resuspended in 1 mL of ultrapure water followed with 2-hour incubation at 37 °C under gentle shaking, 

allowing the DNA to dissolve completely. 

 

3.5.2 Agarose gel electrophoresis of DNA 

Size fractionation of DNA samples was performed through electrophoresis in agarose gel 1-2% 

(w/v) prepared in 1x TBE (220 mM Tris; 180 mM Boric Acid; 5 mM EDTA; pH 8.3). The samples of interest 

were loaded in gels containing 1x SYBR™ Safe DNA Gel Stain (Invitrogen #S33102) and run at 100 V in 1x 

TBE running buffer. DNA was visualized by UV trans illuminator machine and the result was photographed 

using a digital camera. 

 

3.5.3  Gel extraction 

Gel extraction was performed following generation of inserts with PCR for sub-cloning purposes. 

DNA samples were electrophoresed in 1-2% Agarose stained with 1x SYBR™ Safe DNA Gel Stain at 100 V. 

Following visualization with UV, the desired bands were excised from the gel and purified using the 

Eurogold gel extraction kit (Euroclone #EMR501200). Briefly, 400 µl of binding buffer (1 g/mL) was added 

to gel slices in a 1.5 mL microfuge tube and incubated at 55 ˚C for 10 min with vortexing every 2 min. The 
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mixture with the dissolved gel was then loaded onto the column and centrifuged at maximum speed for 1 

min. Flow-through was discarded and column washed twice with 700 µl washing buffer provided in the 

kit, with the flow-through discarded each time. Elution of DNA was performed using 30 µl of ultrapure 

water and column centrifuged at maximum speed for 2 min. Extracted DNA was quantified by Nanodrop 

(Thermo Scientific). 

 

3.5.4 DNA digestion 

DNA digestion was performed using the corresponding digestion buffer specifically created by the 

same company for each restriction enzyme. In general, the digestion was performed with 1000 ng of DNA 

in a final volume of 50 μl containing 20 units of the restriction enzyme of interest. 2-3 hours incubation 

was performed at the optimal temperature indicated by the manufacturer (37 °C). The enzyme has been 

inactivated when required by agarose gel electrophoresis and desired gel bands were gel purified following 

the standard procedure. 

 

3.5.5 DNA ligation 

To perform DNA ligation, T4 DNA Ligase (New England Biolabs #M0202S) was used. This enzyme 

is able to join double stranded DNA fragments having compatible sticky or blunt ends. The reaction was 

performed with 50 ng of digested vector and 3-6-fold molar excess of the digested insert in a total volume 

of 20 μl, containing 1x ligase buffer and 1 unit of T4 DNA ligase. The reaction was incubated overnight at 

room temperature. 

 

3.5.6 Bacterial cultures 

Escherichia Coli K12 strain DH5α was used to perform transformation with the plasmids of interest. 

Bacterial colonies were maintained at 4 °C on Luria-Bertani (LB) agar plates (10 g bacto-tryptone (BD 

Biosciences #211705), 5 g bacto-yeast extract (BD Biosciences #12720), 10 g NaCl, 1.5% agar per 1L of 

medium) with the desired antibiotic. When necessary, bacteria were grown overnight in liquid LB medium 

(10 g bacto-trypton, 5 g bacto-yeast extract, 10 g NaCl per 1L of medium) at 37 °C in shaker. In this case 
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the antibiotic was added directly into the medium (100 μg/mL ampicillin (Gibco #11593027)) or other 

appropriate antibiotic. 

 

3.5.7 Preparation of bacterial competent cells 

Bacterial competent cells were prepared following standard procedures. Briefly, E. Coli K12 strain 

DH5α was grown overnight in 10 mL liquid LB at 37 °C (pre-inoculum). The day after, the pre-inoculum was 

transferred to a 300 mL fresh liquid LB, and cells were grown at 37 °C for about 4-5 hours until OD600 was 

0.3-0.4. Cells were then centrifuged at 4 °C for 10 min at 0.1 x g. The pellet was resuspended in 30 mL of 

cold TSS solution (10% (w/v) PEG, 5% (v/v) DMSO, 35 mM MgCl2, pH 6.5 in LB medium), cells were 

aliquoted, rapidly frozen in dry ice and stored at -80 °C. 

 

3.5.8 Bacterial transformation 

Transformation was performed using 10 μl of ligation reaction, or 20 ng of DNA plasmid. DNA was 

incubated with 70 μl of competent cells on ice for 30 min and then the heat shock was performed by 

transferring the vial to 42 °C for 90 sec. Another incubation on ice was performed for 2 min and finally the 

bacteria were allowed to recover at 37 °C for 20 min after the addition of 70 μl of LB medium. Cells were 

then plated on LB agarose plates containing the proper antibiotic and incubated for about 12 hours at 37 

°C. 

 

3.5.9 Small-scale and large-scale preparation of plasmid DNA from 

bacterial cultures 

In general, small preparations (mini-prep) kits were used to purify small volumes of up to 20 µg of 

high-copy plasmid DNA in volumes ranging between 50-100 µl, whereas higher concentrations and larger 

volumes of plasmid DNA were purified using to large-scale preparation methods. In order to extract DNA 

plasmids for small preparation from bacterial cultures, a single colony was inoculated and grown in 6 mL 

of LB medium completed with the appropriate antibiotic overnight at 37 °C. The NucleoSpin Plasmid, Mini 

kit for plasmid DNA purification system (macherey-nagel #740588.50) was used according to the 
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manufacturer’s instructions. Large-scale DNA preparations (midi-preps) were performed starting from 

inoculating 50 mL of LB with the appropriate antibiotic and then using the Qiagen Plasmid Midi Kit (Qiagen) 

for the DNA purification according to the manufacturer’s instructions. Purified plasmids obtained from the 

above preparations were quantified by Nanodrop and either used in a plasmidic DNA digestion (for cloning 

purposes) or in transductions of mammalian cells. 

 

3.5.10 DNA sequencing 

Sequence analysis was performed by sending 2 μg of plasmid DNA preparation with appropriate 

oligonucleotide to Eurofins Company. 

 

3.5.11 Human pri-miRNA cloning 

Hsa-pri-miRNA sequences were amplified directly from human genomic DNA using primers 

located cca. 200 nt upstream and downstream miRNA genomic location. Coordinates for genomic location 

were found in miRBase database (www.mirbase.org, release 21). Using this coordinates, pri-miRNA 

surrounding regions sequences were found and downloaded using Ensemble genome browser 

(www.ensembl.org, release 89). Every primer had a BamHI restriction site overhang and EcoRI restriction 

site overhang for the subsequent cloning into miRVec vector. Primers used to amplify human pri-miRNA 

genes are listed in Table 4. 

Table 4. Primers used to amplify native miRNA precursor sequences of Homo sapiens (hsa) and its flanking regions.  

Primer name Sequence 

Hsa-pri-mir-143 fw  5’-TATGGATCCAAGGTTTGGTCCTGGGTGCTCAAAT-3’ 

Hsa-pri-mir-143 rv  5’-AAAGAATTCTGCTAACGCCTCATGCTAAGATGG-3’ 

Hsa-pri-mir-18b fw  5’-TATGGATCCCCATGGTGATTTAGTCAATGGCTAC-3’ 

Hsa-pri-mir-18b rv  5’-AAAAAGAATTCAGCACTTTGGTACTACTAGGACCCA-3’ 

Hsa-pri-mir-521-1 fw  5’-TATGGATCCTCAGGAGGGTTGCCCCTGCATGAA-3’ 

Hsa-pri-mir-521-1 rv  5’-AAAAAGAATTCAGGCAGAAGAATGGCGTGAACCTGG-3’ 

Hsa-pri-mir-574 fw  5’-TATGGATCCTACTCGGCCGCCTGAGCGGTAAGA-3’ 

Hsa-pri-mir-574 rv  5’-AAAAAGAATTCTGGGACGAGGCCTCTGTCTTACAG-3’ 

Hsa-pri-mir-3667 fw  5’-TATGGATCCCTTTTGAGATGCTGACTTTCTGTG-3’ 

Hsa-pri-mir-3667 rv  5’-AAAAAGAATTCAGGATGCTTCTACCAATGAGGA-3’ 

Hsa-pri-mir-3939 fw  5’-TATGGATCCCAGGCCTCAGCTTTCAGCTTAA-3’ 
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Hsa-pri-mir-3939 rv  5’-AAAAAGAATTCATATGTGTGTACATACCCACAGACA-3’ 

 

In order to obtain suitable negative control (miRVec-neg. ctrl.), an insert from the pcDNA™6.2-

GW/± EmGFP-miR-neg control plasmid from the BLOCK-iT™ Pol II miR RNAi Expression Vector Kit 

(Invitrogen # K4936-00) that can form a hairpin structure that is processed into mature miRNA, but is 

predicted not to target any known vertebrate gene has been PCR amplified using the primers listed in 

Table 5. The neg control sequence without 5’overhangs is 5’-

GAAATGTACTGCGCGTGGAGACGTTTTGGCCACTGACTGACGTCTCCACGCAGTACATTT-3’. 

Table 5. Primers used to amplify negative control. 

Primer name Sequence 

BLOCKnc-to-miRVec-BamHI fw  5’-TTTTTGGATCCTGGAGGCTTGCT-‘3 

BLOCKnc-to-miRVec-EcoRI rv 5’-TATATAGAATTCTAGATCAACCACTTTGTACAA-‘3 

 

The PCR reaction and the cycling protocol are illustrated in Tables 6 and 7. 

Table 6. PCR reaction to amplify human pri-miRNA. 

PCR component Final concentration 

10X Pfu DNA Polymerase Buffer with MgSO4 

(Promega #M774B) 
1x 

dNTPs 200 µM 

Forward Primer 0.5 µM 

Reverse Primer 0.5 µM 

Human genomic DNA 100 ng 

Pfu DNA Polymerase (Promega #M774B) 1 µM 

Nuclease free ultrapure water Up to 100 µl 

 

Table 7. PCR cycles program. 

Cycle step Temperature ( °C) Time 

Initial Denaturation 95 2 min 

35 cycles 

95 30 sec 

Tm specific for primers used 30 sec 

72 1 min 



64 
 

Final extension 72 5 min 

 

 

PCR amplified around 500-700 bp fragments from genomic DNA and 200 bp fragment as negative 

control which were purified, digested using EcoRI-HF (New England Biolabs #R3101S) and BamHI-HF (New 

England Biolabs #R3136S) restriction enzymes, electrophoresed, gel-purified and subsequently inserted 

(ligation) into a EcoRI-HF and BamHI-HF digested, electrophoresed and gel-purified miRVec vector under 

the CMV promoter. MiRVec is a modified pMSCV-Blasticidin retroviral vector for miRNA expression that 

contains CMV promoter instead of PGK-promoter created by (Voorhoeve et al. 2007) (Figure 8). 

 

Figure 8. MiRVec vector. 

 

Purified plasmids obtained using mini-prep kit were quantified by Nanodrop and used in 

transductions of mammalian cells. After transduction into CHO-EPO cell line (hsa-pri-miR-143) and CHO-

ETN cell line (hsa-pri-miR-143, hsa-pri-miR-18b, hsa-pri-miR-521-1, hsa-pri-miR-574, hsa-pri-miR-3667, 

hsa-pri-miR-3939) the presence of miRNA precursor sequences in the CHO stable clones was verified by 

PCR amplification using forward primer annealing to CMV promoter and reverse primer annealing to the 

end of the pri-miRNA from genomic DNA was performed. The expression of mature miRNAs was 

determined by qRT-PCR. 
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3.5.12 CHO pri-miRNA cloning 

Coordinates for genomic location of cgr-miR-143 and cgr-miR-574 were found in miRBase 

database (www.mirbase.org, release 21). Using this coordinates, pri-miRNA and flanking regions 

sequences was found and downloaded using Ensemble genome browser (www.ensembl.org, release 89). 

Native miRNA precursor (pri-miR-574) sequence of Cricetulus griseus (cgr) and its flanking regions were 

obtained by polymerase chain reaction (PCR) from CHO genomic DNA using primers located cca. 200 nt 

upstream and downstream miRNA genomic location listed in Table 8. PCR was performed using Pfu 

polymerase (Promega #M774B) as illustrated in Tables 6 and 7.   

Table 8. Primers used to amplify native Cricetulus griseus (cgr) pri-miR-574 and its flanking regions. 

Primer name Sequence 

Cgr-pri-mir-574 fw  5’-TATGGATCCACTCGGCGGCCAAGCGGTAAGAG-3’ 

Cgr-pri-mir-574 rv  5’-AAAAAGAATTCAGGGCTAGGGCAGGCACACTCTAGG-3’ 

 

A sequence containing pri-miR-143 and surrounding regions with EcoRI and BamHI restriction sites 

added at each side was synthetized by GeneScript and digested using EcoRI-HF and BamHI-HF restriction 

enzymes, electrophoresed and gel-purified and subsequently inserted (ligation) into a EcoRI-HF and 

BamHI-HF digested, electrophoresed and gel-purified miRVec vector under the CMV promoter. Purified 

plasmids together with miRVec-neg. ctrl. obtained using mini-prep kit were quantified by Nanodrop and 

used in transductions of CHO-EPO and CHO-ETN cells. The presence of miRNA precursor sequences in the 

CHO stable clones was verified by PCR amplification using forward primer annealing to CMV promoter and 

reverse primer annealing to the end of the pri-miRNA from genomic DNA was performed. The expression 

of mature miRNAs was determined by qRT-PCR. 

 

3.5.13 Site-directed mutagenesis to obtain miRNA expression 

platform 

For the purpose of creating universal miRNA expression platform for the use in CHO cells, 

endogenous CHO pri-miR-143 and its flanking sequence was used. With site-directed mutagenesis 

approach (Figure 9), the cassette coding for mature miRNA-143-3p sequence were exchanged with the 

http://www.mirbase.org/
http://www.ensembl.org/
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selected mature miRNAs within miRVec plasmid using primers listed in Table 9. These primers were 

designed to keep the length of miR-143 stem as well as the location and size of three bulges by including 

the sequence of the desired miRNA cassette in the place of mature miR-143-3p cassette and including the 

other strand with sequence mismatches in in the place of mature miR-143-5p. 

 

Figure 9. Site-directed mutagenesis primer design to obtain any miRNA expression platform. 

Table 9. Primers for site-directed mutagenesis, for the purpose of introducing the sequence of the desired miRNA 
cassette.  

Primer 

name 

Sequence 

QC-miR-

18b-3p fw  

5’-

GTGCGCGGAGCGTCTGTCTCCCAGCCGCCACAAGGGGCATATAGGGCTGGTCAGTTGGGAGTC

TGCCCTAAATGCCCCTTCTGGCGGAAGGGAGAAGTTGTTCTGCAGCCA-‘3 

QC-miR-

18b-3p rv  

5’-

TGGCTGCAGAACAACTTCTCCCTTCCGCCAGAAGGGGCATTTAGGGCAGACTCCCAACTGACCA

GCCCTATATGCCCCTTGTGGCGGCTGGGAGACAGACGCTCCGCGCAC-‘3 

QC-miR-

132-5p fw  

5’-

GTGCGCGGAGCGTCTGTCTCCCAGCCAGTATCAATCGAAACCCACGGAGGTCAGTTGGGAGTC

ACCGTGGCTTTCGATTGTTACTGGAAGGGAGAAGTTGTTCTGCAGCCA-‘3 

QC-miR-

132-5p rv  

5’-

TGGCTGCAGAACAACTTCTCCCTTCCAGTAACAATCGAAAGCCACGGTGACTCCCAACTGACCTC

CGTGGGTTTCGATTGATACTGGCTGGGAGACAGACGCTCCGCGCAC-‘3 

QC-miR-

521-1-3p 

fw  

5’-

GTGCGCGGAGCGTCTGTCTCCCAGCCACACACTAAAGGGATGTGCGTAGGTCAGTTGGGAGTC

AACGCACTTCCCTTTAGAGTGTGGAAGGGAGAAGTTGTTCTGCAGCCA-‘3 

QC-miR-

521-1-3p rv  

5’-

TGGCTGCAGAACAACTTCTCCCTTCCACACTCTAAAGGGAAGTGCGTTGACTCCCAACTGACCTA

CGCACATCCCTTTAGTGTGTGGCTGGGAGACAGACGCTCCGCGCAC-‘3 

QC-miR-

574-3p fw  

5’-

GTGCGCGGAGCGTCTGTCTCCCAGCCTGTGCGTGTGTGCAAGAGCGTCGGTCAGTTGGGAGTC

CACGCTCATGCACACACCCACAGGAAGGGAGAAGTTGTTCTGCAGCCA-‘3 
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QC-miR-

574-3p rv  

5’-

TGGCTGCAGAACAACTTCTCCCTTCCTGTGGGTGTGTGCATGAGCGTGGACTCCCAACTGACCG

ACGCTCTTGCACACACGCACAGGCTGGGAGACAGACGCTCCGCGCAC-‘3 

QC-miR-

3667-5p fw  

5’-

GTGCGCGGAGCGTCTGTCTCCCAGCCAAAGACCCATTGAGGAGAAGGTGGTCAGTTGGGAGTC

ACCTTCCTCTCCATGGGTCTTTGGAAGGGAGAAGTTGTTCTGCAGCCA-‘3 

QC-miR-

3667-5p rv  

5’-

TGGCTGCAGAACAACTTCTCCCTTCCAAAGACCCATGGAGAGGAAGGTGACTCCCAACTGACCA

CCTTCTCCTCAATGGGTCTTTGGCTGGGAGACAGACGCTCCGCGCAC-‘3 

QC-miR-

3939-3p fw  

5’-

GTGCGCGGAGCGTCTGTCTCCCAGCCGACAACCTGTGGTCAGCGCGTTGGTCAGTTGGGAGTC

TACGCGCAGACCACAGGATGTCGGAAGGGAGAAGTTGTTCTGCAGCCA-‘3 

QC-miR-

3939-3p rv  

5’-

TGGCTGCAGAACAACTTCTCCCTTCCGACATCCTGTGGTCTGCGCGTAGACTCCCAACTGACCAA

CGCGCTGACCACAGGTTGTCGGCTGGGAGACAGACGCTCCGCGCAC-‘3 

 

The PCR reaction and the cycling protocol are illustrated in Tables 10 and 11. 

Table 10. Site-directed mutagenesis PCR reaction. 

PCR component Final concentration 

10X Pfu DNA Polymerase Buffer with MgSO4 

(Promega #M774B) 

1x 

dNTPs 200 µM 

Forward Primer 0.5 µM 

Reverse Primer 0.5 µM 

DNA 100 ng 

Pfu DNA Polymerase (Promega #M774B) 1 µM 

Nuclease free ultrapure water Up to 100 µl 

 

Table 11. Quick change PCR cycles program. 

Cycle step Temperature ( °C) Time 

Initial Denaturation 95 2 min 

18 cycles 

95 45 sec 

55 1 min 

68 12 min 
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Final extension 68 10 min 

 

Following temperature cycling, the product was treated with Dpn I (New England Biolabs 

#R0176S). The Dpn I endonuclease (target sequence: 5´-Gm6ATC-3´) is specific for methylated and 

hemimethylated DNA and is used to digest the parental DNA template and to select for mutation-

containing synthesized DNA. DNA isolated from almost all E. coli strains is dam methylated and therefore 

susceptible to Dpn I digestion. 

DNA was further on transformed into competent E. coli strain. 

Purified plasmids, together with miRVec-neg. ctrl., obtained using mini-prep kit were quantified 

by Nanodrop and used in transductions of CHO-EPO and CHO-ETN cells. The expression of mature miRNAs 

was determined by qRT-PCR.  

 

3.5.14 Quantitative Real Time Polymerase Chain Reaction 

3.5.14.1 miRNAs 

The expression of mature miRNAs was confirmed by qRT-PCR for all stable clones. Total RNA was 

extracted from cells using miRNeasy Plus Mini Kit (Qiagen #217004) according to the manufacturer’s 

instructions. Concentration and purity of RNA were determined by measuring the absorbance at 260 nm 

(A260), 280 nm (A280), and 230 nm (A230) using Nanodrop ND-1000 Spectrophotometer (Thermo 

Scientific). A ratio of A260/A280 ≈ 2 and A260/A230 ≈ 2.0-2.2 is generally accepted as pure RNA. 1 μg RNA 

was reverse transcribed into cDNA using miRCURY LNA RT Kit (Qiagen #339340) which was diluted 1:60 

and used for qPCR using miRCURY LNA SYBR Green PCR Kit (Qiagen #339345). Primers to detect miRNA 

levels were miRNA LNA PCR primer sets (miRCURY LNA miRNA PCR Assays, Qiagen #339306). MiRNA 

expression is depicted as fold-change relative to the parental CHO control cells and normalized to miR-

191-5p.  
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3.5.14.2 mRNAs 

Cellular mRNAs were analyzed using qRT-PCR in order to investigate gene regulation following 

miRNA treatments. Using quantitative real time polymerase chain reaction levels of mRNA of miR-574-3p 

target genes were analyzed. Total RNA was extracted from cells using miRNeasy Plus Mini Kit according to 

the manufacturer’s instructions. On column DNA digestion was performed using RNase-Free DNase Set 

(Qiagen #79254). Concentration and purity of RNA were determined by measuring the absorbance at 260 

nm (A260), 280 nm (A280), and 230 nm (A230) using Nanodrop ND-1000 Spectrophotometer (Thermo 

Scientific). A ratio of A260/A280 ≈ 2 and A260/A230 ≈ 2.0-2.2 is generally accepted as pure RNA. The RNA 

was subsequently reverse transcribed with Moloney murine leukemia virus reverse (M-MLV) transcriptase 

(Invitrogen #28025013) and Oligo(dT)12-18 primers (Invitrogen #18418012). 1 μg of RNA together with 

2.5 mM Oligo(dT)12-18 primers was denatured at 70 °C for 5 min. After denaturation, the following 

reagents (Table 12) were added and incubated for 1 hours at 37 °C to allow cDNA synthesis. The reaction 

was stopped by putting the sample at 75 °C for 5 min to inactivate the enzyme.  

Table 12. Reverse transcription reaction with M-MVL RT. 

Reagent Volume per sample [µL] 

ultrapure water 5 

RT buffer 5x 8 

DTT 0.1 M 4 

dNTPs [10 mM] 2 

M-MLV reverse transcriptase 1 

 

cDNA was used as template for qRT-PCR, in order to assess the expression levels of the transcripts 

of interest using housekeeping genes MMADHC and GAPDH as normalizers. All amplifications were done 

on CFX96 real-time PCR detection system (Biorad) using SYBRGreen technology (Biorad #720000601). The 

relative expression levels were calculated according to Livak method (Schmitten & Livak, 2008), using the 

equation ΔCT = CT(target) – CT(normalizer) for Ct normalization; and the difference between ΔCT (test) 

and ΔCT (calibrator) to calculate the expression ratio and compare the expression levels. For each plate a 

melting curve analysis was performed at the end of each run to test the primer specificity. The specific 

primers with Tm=60 °C and designed to amplify fragments 50 to 200 bp long used in experiment are listed 

in Table 13. 
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Table 13.  qRT-PCR primers. 

Primer name Sequence 

CLTC-qPCR fw  5’-CGCTTGGCATCTACCCTTGTTC-3’ 

CLTC-qPCR rv  5’-AGCAGACCTCCTTCCATGTTCG-3’ 

CUL2-qPCR fw  5’-TCAGCAGCGTATGGTAGCAGAC-3’ 

CUL2-qPCR rv  5’-TGGACACAGCACGGAGCAAG-3’ 

RAC1-qPCR fw  5’-TGTCCCAACACTCCCATCATCC-3’ 

RAC1-qPCR rv  5’-CGCTGAGCACTCCAGGTATTTG-3’ 

RXRA-qPCR fw  5’-CTACGGGCAGGCTGGAATGAG-3’ 

RXRA-qPCR rv  5’-GCTATGGAACGGTGGGAGAAGG-3’ 

Bcl2l1-qPCR fw  5’-TGACTGTGGCTGGTGTGGTTC-3’ 

Bcl2l1-qPCR rv  5’-GGAGGCGAGATGTGAGTAGGTG-3’ 

EP300-qPCR fw  5’-CAGACACCAACACCACCAACAC-3’ 

EP300-qPCR rv  5’-GCAGGAGCAGCAGGAATTGAAG-3’ 

SMAD4-qPCR fw  5’-CTGGACGAGCACCTGGAGAC-3’ 

SMAD4-qPCR rv  5’-ACACTGCCGCAAATCAAAGACC-3’ 

TGFB1-qPCR fw  5’-ACGGAGAAGAACTGCTGTGTGC-3’ 

TGFB1-qPCR rv  5’-GTTGGTTGTAGAGGGCGAGGAC-3’ 

ERH-qPCR fw  5’-GCAGGACTTACGCTGACTATG-3’ 

ERH-qPCR rv  5’-GCTGTTGGGATTCATTCTCTTC-3’ 

MMADHC-qPCR fw  5’-TGTCACCTCAATGGGACTGC-3’ 

MMADHC-qPCR rv  5’-CAGGTGCATCACTACTCTGAAAC-3’ 

GAPDH-qPCR fw  5’-GAAAGCTGTGGCGTGATGG-3’ 

GAPDH-qPCR rv  5’-TACTTGGCAGGTTTCTCCAG-3’ 

PLCB3-qPCR fw  5’-ATGTAGACTCGGCAAAGCAG-3’ 

PLCB3-qPCR rv  5’-TCTTGTTCTTCACCAGGATACG-3’ 

Elf4A2-qPCR fw  5’-CTTTCTGCCACAATGCCAAC-3’ 

Elf4A2-qPCR rv  5’-GTCCAACTTCCACTCCTCTC-3’ 

Polrmt-qPCR fw  5’-TGAAGCAGATGATGGAAGAAGG-3’ 

Polrmt-qPCR rv  5’-AGCAGGATGGATGTGTTGAC-3’ 

Eny2-qPCR fw  5’-CGTTACTGTTGATGACTTGGTG-3’ 

Eny2-qPCR rv  5’-TTAAAGACTGGCGTGCTGAG-3’ 

Rnaset2-qPCR fw  5’-TTATGCTTCACCAAGGAGGAC-3’ 

Rnaset2-qPCR rv  5’-ACCATCTTCACAGACCATCATC-3’ 

PEBP1-qPCR fw  5’-ATGGGATGGCCTTGACCCAG-3’ 

PEBP1-qPCR rv  5’-TGCCACTCCCTGAACTTGGG-3’ 

VAC14-qPCR fw  5’-ACATCGTCAAAGTGGCCCGA-3’ 

VAC14-qPCR rv  5’-CGCAAAAGGGGGATGAAGCC-3’ 

SLC1A4-qPCR fw  5’-GCAGCGTTCTCTTCGTCTGC-3’ 

SLC1A4-qPCR rv  5’-ACTCCCAACACCAGGGCAAA-3’ 
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Vkorc1l1-qPCR fw  5’-TGGGGTCGAGGATTTGGTCT-3’ 

Vkorc1l1-qPCR rv  5’-ACTGGCCGTCATGCCAAGTA-3’ 

LMF2-qPCR fw  5’-GCTGGCTGCTGTTTCGACTC-3’ 

LMF2-qPCR rv  5’-ACTGAGCTTGTGCAGCCAGA-3’ 

NSA2-qPCR fw  5’-AGACCCCACAAGGAGCAGTC-3’ 

NSA2-qPCR rv  5’-ACTTCCCATTTCCCCGCCTT-3’ 

PCYOX1-qPCR fw  5’-GGCTGCTGCTGTGTGAACTG-3’ 

PCYOX1-qPCR rv  5’-TACCACCAATTCCAGCGCCA-3’ 

RBMS1-qPCR fw  5’-GTGGTGTTGGCTTTGCCAGG-3’ 

RBMS1-qPCR rv  5’-TTCTGGCCTCCATCCGCAAA-3’ 

NDRG3-qPCR fw  5’-GCACCCTCCTTCCCAACAGG-3’ 

NDRG3-qPCR rv  5’-GGCTCCTGCTCCAACTCCAA-3’ 

VPS37C-qPCR fw  5’-ACATCCAAACGGTGCTCCCA-3’ 

VPS37C-qPCR rv  5’-GCTGCACTCACAATCCCTGC-3’ 

ITPRIP-qPCR fw  5’-CACGAGAGAACGCCACGGTT-3’ 

ITPRIP-qPCR rv  5’-ACACCTCCTCTTCCAGGCGT-3’ 

p53-qPCR fw  5’-TGTTACAGGCTGGTTAGAAGAC-3’ 

p53-qPCR rv  5’-GATGGGACAGAAGATGAGAGG-3’ 

TRPS1-qPCR fw  5’-GGAGAAGGAGAGCCATTGAC-3’ 

TRPS1-qPCR rv  5’-TGTTGATAGTGACGGAGAAGTG-3’ 

CRKL-qPCR fw  5’-CTCAACCTCAGACCACAACTC-3’ 

CRKL-qPCR rv  5’-ATGTCACCAACCTCCAATGC-3’ 

FABP2-qPCR fw  5’-AAGCACCTTTCGCAACATTG-3’ 

FABP2-qPCR rv  5’-CATTGAGTTCCGTTCCATCTG-3’ 

C18orf32-qPCR fw  5’-GCATTCCTTGTGTCGTCATC-3’ 

C18orf32-qPCR rv  5’-GGGTATATGTACGGCTCCAG-3’ 

ORC1-qPCR fw  5’-TGGAACGCAACAGAACAAATG-3’ 

ORC1-qPCR rv  5’-GGAGACAGGATGAGCAGATG-3’ 

EPO-qPCR fw  5’-TGTGGATAAAGCCGTCAGTG-3’ 

EPO-qPCR rv  5’-GTGTCAGCAGTGATTGTTCG-3’ 

ETN-qPCR fw  5’-CGTGGAGTGGGAATCTAATGG-3’ 

ETN-qPCR rv  5’-GTGACAGTGACAGGCTCTTC-3’ 

 

3.5.15 Detection of primary miRNA transcripts 

1 μg of DNase treated (Qiagen #79254) total RNA was reverse transcribed with Moloney murine 

leukemia virus reverse (M-MLV) transcriptase (Invitrogen #28025013) and random hexamer primers 

(Invitrogen #48190011). The resulting cDNAs were diluted 1:3, amplified with PCR reaction using Taq 

polymerase (Promega #M3001) and analyzed by gel electrophoresis to confirm the presence of primary 
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miRNA transcripts. Primers for the hsa-pri/pre-miR, designed to amplify entire the stem-loop of pre-

miRNA, are listed in Table 14. 

Table 14. Primers for the detection of primary miRNA transcripts. 

Primer name Sequence 

pre-miRNA-18b fw 5’-TGCCAGAAGGGGCATTTAGG-3’ 

pre-miRNA-18b rv 5’-TGTGTTAAGGTGCATCTAGTGC-3’ 

pre-miRNA 3667 fw 5’-TGAGGATGAAAGACCCATGG-3’ 

pre-miRNA 3667 rv 5’-TGAGGATGAAAGACCCATTG-3’ 

pre-miRNA 3939 fw 5’-AAGCCAGTGTGGACATCCTG-3’ 

pre-miRNA 3939 rv 5’-GCTTCCAAAGGCCTCTGTG-3’ 

 

3.5.16 siRNA silencing 

CHO cells were grown in 12 well plate dishes in standard Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% FBS and incubated at 37˚C+ 5% CO2. Prior to transfection cells were 

approximately 50-60% confluent. Transfections of siRNAs were performed using Lipofectamine RNAiMAX 

(Invitrogen #13778075). For each transfection, 20nM of siRNA was mixed with 100 µl of Gibco™ Opti-

MEM™ (1X Concentration, 7.0 to 7.4 pH, with L-Glutamine, Phenol Red, Sodium Pyruvate, Gibco # 

31985062). The DNA/Opti-MEM mixture was then added to another microfuge tube containing equal 

volume (100 µl) of Opti-MEM mixed with 2 µl of Lipofectamine RNAiMAX and then mixed vigorously with 

a pipette to facilitate complexes formation. After 10 minutes of incubation at room temperature, the 

mixture is added to the cell in a drop-wise manner.  Prior to transfection, cells were washed gently with 

1X warm PBS and fresh medium was added. Upon transfection cells were incubated for 72 hours and then 

harvested. The correct transfection conditions were elaborated for each cell line and condition using an 

siRNA targeting the ubiquitin complex (UBC) which is able to kill cells when transfection efficiency is 

sufficient. SiRNA transfection efficiency was determined by qRT-PCR and Western Blot analysis. 

Oligonucleotides for siRNA generation are listed in Table 15.  

Table 15. Primers for the detection of primary miRNA transcripts. 

Primer name Sequence 

p300 siRNA 5’- [UUGGACUACCCUAUCAAGUAA]TT-3’ 
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 5’- [UUACUUGAUAGGGUAGUCCAA]TT-3’ 

SMAD4 siRNA 5’- [GGUGGAGAAAGUGAAACGU]TT-3’ 

 5’- [ACGUUUCACUUUCUCCACC]TT-3’ 

 

3.5.17 Protein extraction 

For cellular protein analysis, cells were harvested and lysed with Protein lysis buffer (1x PBS, 1 mM 

Na2VO4 and 2 X cOmplete Mini EDTA-free Protease Inhibitor Cocktail (Roche Diagnostic #11836170001)). 

Cells were sonicated for 2 min (9 watts, 30 sec pulses) (VialTweeter, Hielscher Ultrasound Technology), 

centrifuged for 15 min at max speed to remove the pellet. Total cell lysate was quantified by Bradford 

assay using Biorad reagent (Biorad # 500-0006). 20-30 μg of total protein extract were loaded in SDS-PAGE. 

 

3.5.18 SDS-PAGE 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a widely used method to 

separate proteins according to their sizes. Protein samples were diluted in SDS Protein loading buffer, 

boiled at 95 °C for 5 min and resolved by SDS-PAGE TruPAGE Precast Gels 4-12% (10 cm X 10 cm - 0.1 cm 

x 12 well, Sigma-Aldrich #PCG2003-10EA). The voltage applied for the running was 150 V, max amperage 

applied for the running was 100 mA in the 1x running buffer, prepared from a 20 X TruPAGE Tris-MOPS 

SDS Express Running Buffer (Sigma-Aldrich #PCG3003). 

 

3.5.18.1 Immunoblotting 

Proteins were separated by SDS-PAGE accordingly to the molecular weight of the protein of 

interest, transferred to nitrocellulose membranes (Whatman #NBA083C) and after fixation in 5% milk in 

1x PBS with 0.1% Tween20 (Sigma-Aldrich #P9416) for 2 hours at room temperature probed with primary 

antibodies at 4 °C overnight (as illustrated in Table 16):  

Table 16. List of primary antibodies. 

Antibody Source Dilution Brand 
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Anti-EPO rabbit 1:1000 R&D #AB-286-NA 

Anti-p300 mouse 1:200 Santa Cruz Biotechnology #sc-32244 

Anti-TGFβ1 mouse 1:200 Santa Cruz Biotechnology #sc-130348 

Anti-SMAD4 mouse 1:200 Santa Cruz Biotechnology #sc-7966 

Anti-Bcl-Xl mouse 1:200 Santa Cruz Biotechnology #sc-8392 

Anti-RXRα mouse 1:100 Santa Cruz Biotechnology #sc-515929 

Anti-clathrin HC mouse 1:200 Santa Cruz Biotechnology #sc-12734 

Anti-ERH mouse 1:100 Santa Cruz Biotechnology #sc-373906 

Anti- Tubulin mouse 1:1000 Sigma-Aldrich #T6199 

Anti-GAPDH mouse 1:7000 Sigma-Aldrich #G9295 

Anti-p53 (DO1) mouse 1:200 Santa Cruz Biotechnology #sc-126 

Anti-p53 (Pab240) mouse 1:500 Santa Cruz Biotechnology #sc-99 

  

Membranes were then incubated with the secondary antibodies indicated in Table 17 for 1 hour 

at room temperature.  

Table 17. List of secondary antibodies. 

Antibody Dilution Brand 

HRP-labeled anti-mouse 1:1000 Dako #P0447 

HRP-labeled anti-rabbit 1:1000 Dako #P0448 

 

Finally, protein detection was assessed with ECL Western Blotting Substrate (Promega #W1001) 

or SuperSignal West Femto Substrate (Thermo Scientific #34094). Protein bands were quantified using NIH 

ImageJ. The intensity of the band of interest was normalized using the housekeeping gene tubulin or 

GAPDH. The respective histogram for each western blot shows the relative expression of at least 3 

independent experiments.  

 

3.5.18.2 Coomassie staining 

Coomassie Brilliant Blue (CBB) is a dye commonly used for the visualization of all proteins 

separated by SDS-PAGE. Briefly, after SDS-PAGE run, the gel is placed into fixing solution (7% acetic acid, 
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40% MeOH) and incubated with gentle shaking at room temperature for 30 min. Further on, the gel is 

placed in 25 mL of Coomassie solution (4 mL of Brilliant blue G - colloidal concentrate (Sigma-Aldrich #B-

2025), 16 mL of ultrapure water, 5 mL of MeOH) and incubated for 30 min followed by destaining of the 

gel with destain solution 1 (10% acetic acid, 25% MeOH) for 1 min and destain solution 2 (25% MeOH) 

overnight or until the gel is clear and the bands are identified. 

 

3.6 Protein purification, quantity and quality 

determination 

3.6.1 Quantification of EPO - ELISA 

The amount of EPO in the cell culture media was determined by ELISA. Sandwich ELISA was 

performed on SpectraPlate-384 microplates (Perkin Elmer #6007509) for the purposes of the screening 

and on Nunc MicroWell 96-Well Microplates (Thermo Scientific #260836) for all other quantifications of 

EPO. Firstly, wells were coated with 20/100 l per well of primary mouse anti-human-EPO antibody (Biorad 

#0300-0184) at concentration of 2.7 pg/l diluted in coating buffer (12 mL of 0.2 M Na2CO3, 37 mL of 0.2 M 

NaHCO3, ultrapure water up to 200 mL, pH 9.5) and incubated at 4 C overnight. Subsequently, wells were 

washed (1x PBS, 0.05% Tween20) and blocking was conducted with 40/200 l of assay buffer per well (1x 

PBS, 0.05% Tween20, 1% Bovine serum albumin (BSA) (Sigma-Aldrich #A3059)) for 2 hours at 37 C. 

Standards, blanks and samples diluted in assay buffer were added to the wells in the volume of 20/100 l. 

After one hour of incubation and subsequent washing (1x PBS, 0.05% Tween20), 20/100 l of secondary 

rabbit anti-EPO antibody (R&D Systems #AB-286-NA) diluted 1:200 in assay buffer was added per well. 

Then, the plate was incubated for 1 hour at 37 C. After washing, 20/100 l per well of HRP-labeled anti-

rabbit antibody (Dako #P0448) was added diluted 1:2000 in assay buffer. The plates were incubated for 1 

hour at 37C. Finally, the wells were washed and 20/100 µl of HRP substrate 3,3′,5,5′-tetramethylbenzidine 

(TMB) (Sigma-Aldrich #T4444) was added and the reaction was stopped with 20/100 l of 1 M sulfuric acid 

per well. Plate absorbance was measured spectrophotometrically with EnVision Multilabel Plate Reader 

(Perkin Elmer) at 450 nm. To remove air bubbles, plates were centrifuged at 1300 rpm for 1 min. Standard 

curve was obtained using absorbance readings of standard dilution series of in-house EPO standard. 



76 
 

Samples used in ELISA were applied in technical duplicates in different dilutions to enter linear range of 

the standard curve. Protein free media was used for multiple blank samples to determine assay’s 

background noise.  

 

3.6.2 Quantification of ETN – ELISA 

The amount of ETN in the cell culture media was determined by ELISA. Direct ELISA was performed 

on SpectraPlate-384 microplates (Perkin Elmer #6007509) for the purposes of the screening and on Nunc 

MicroWell 96-Well microplates (Thermo Scientific #260836) for all other quantifications of ETN. Standards, 

blanks and samples diluted in coating buffer (12 mL of 0.2 M Na2CO3, 37 mL of 0.2 M NaHCO3, ultrapure 

water up to 200 mL, pH 9,5) were added to the wells at the volume of 20/100 l per well and incubated at 

4 C overnight. Subsequently, wells were washed (1x PBS, 0.05% Tween20) and blocking was conducted 

with 40/200 l of assay buffer per well (1x PBS, 0.05% Tween20, 1% Bovine serum albumin (BSA) (Sigma-

Aldrich #A3059)) for 2 hours at 37 C. In the next step, in house mouse anti-ETN antibody diluted 1:2000 

in assay buffer was added per well. The plate was incubated for 1 hour at 37C. After washing, 20/100 l 

of HRP-labeled anti-mouse antibody (Dako #P0447) per well was added diluted 1:2000 in assay buffer. The 

plates were incubated for 1 hour at 37C. Finally, wells were washed and 20/100 µl of HRP substrate TMB 

(Sigma-Aldrich #T4444) was added and the reaction was stopped with 20/100 l of 1 M sulfuric acid per 

well. Plate absorbance was measured spectrophotometrically with EnVision Multilabel Plate Reader 

(Perkin Elmer) at 450 nm. To remove air bubbles, plates were centrifuged at 1300 rpm for 1 minute. 

Standard curve was obtained using absorbance readings of standard dilution series of ETN WHO 

International Standard (NIBSC #13/204). Samples used in ELISA were applied in technical duplicates in 

different dilutions to enter linear range of the standard curve. Protein free media was used for multiple 

blank samples to determine assay’s background noise.  

 

3.6.3 Purification of Recombinant EPO 

CHO-EPO cells were grown in production media (DMEM-GlutaMAX-high glucose, 5 µg/mL 

insulin, 50 mg/mL dextrane sulphate 5000) in cell incubator at 37 °C for ten days as explained in section 
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Bigger scale productivity testing. Cell culture supernatant was harvested and replaced every day. Media 

collected during the 10 days was filtered and submitted to the EPO purification procedures. 

 

3.6.3.1 Affinity chromatography 

The filtered supernatant containing recombinant human EPO was purified by passage through an 

affinity resin Blue Sepharose in conjunction with the AktaPure system (GE Healthcare). Column 

characteristics are provided in Table 18. 

Table 18. HiTrap affinity resin Blue Sepharose. 

Column HiTrap Blue HP (GE Healthcare #17-0413-01) 

Particle size 34 µm 

Column dimensions 1.6 x 2.5 cm 

Ligand Cibacron Blue F3G-A 

Column Volume 5 mL 

Max pressure 0.3 MPa 

Default flow rate 5 mL/min (76.4 cm/h) 

 

The maximum binding capacity of the matrix for recombinant human EPO is around 0.6 mg/mL of 

resin. Therefore, the volume of the column was determined in relation to the amount of recombinant 

protein expected. The resin was equilibrated with 1x PBS pH 7.2, monitoring the conductivity as well as 

the pH of the effluent buffer. After, the filtered cold supernatant was loaded onto the column at a 

maximum flow rate of 5 mL/min. Loaded column was washed with 1x PBS pH 7.2 until absorbance at 280 

nm and conductivity returned to the initial values, indicating that no more proteins are eluting from the 

column. The bound EPO was eluted with the elution buffer (PBS containing 1 M NaCl pH 7.2). Eluted 

proteins were then stored at 4 °C. The column was washed with 2 column volumes of a solution of 0.1 M 

NaOH (contact time is 2 hours), 2 column volumes of the 1x PBS pH 7.2 until pH value has returned to the 

neutral, 2 column volumes of ultrapure water and finally with 2 column volumes of 20% etOH. 
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3.6.3.2 Desalting of the Blue Sepharose Pool 

The recombinant EPO recovered from the affinity chromatography was desalted by passage 

through the HiPrep 26/10 Desalting column prepacked with Sephadex G25 Fine (Amersham Biosciences 

#17-5087-01) in conjunction with the AktaPure system (GE Healthcare). Resin was equilibrated with 20 

mM Tris-HCl, pH 6.5 buffer, at a maximal flow rate of 10 mL/min. The column back pressure was always 

maintained below 0.5 MPa. Protein samples were loaded onto the column to be desalted at the same flow 

rate, and protein sample transit was monitored by means of absorbance at 280 nm while the salts were 

measured through the conductivity meter. Desalted protein samples were collected in a clean and sterile 

container. 

 

3.6.3.3 Anion Exchange Chromatography 

The desalted fraction containing EPO was purified by passage through the anion exchange high 

performance resin HiTrap-Q in conjunction with the AktaPure system (GE Healthcare). Column 

characteristics are provided in Table 19. 

Table 19. Anion exchange HP resin HiTrap-Q. 

Column HiTrap Q HP 5 mL (GE Healthcare #17115401) 

Particle size                      34 µm 

Column dimensions 1.6 x 2.5 cm 

Ligand quaternary ammonium (Q) - CH2N+(CH3)3 

Column Volume 5 mL 

Max pressure 0.3 MPa 

Default flow rate 5 mL/min (76.4 cm/h) 

Column was first equilibrated 10 column volumes of the chromatography buffer A (20mM Tris-

HCl, pH 6.5) at a flow rate of 5 mL/min. Desalted protein pool was loaded, at the flow rate of 2 mL/min. 

After column was washed abundantly with start buffer A (20 mM Tris-HCl, pH 6.5) until the values of both 

absorbance at 280 nm and conductivity were similar to those recorded prior to protein loading. The poorly 

glycosylated isoforms of EPO were eluted with buffer B (50 mM Glycine, pH 3.4-3.55) with approximately 

3 column volumes. Subsequently the column was washed with 3 column volumes of buffer C (20 mM 

Sodium Acetate, pH 5.0). The correct isoforms of EPO were eluted with approximately 3 column volumes 



79 
 

of buffer D (20 mM Sodium Acetate, 200 mM NaCl, pH 5.0) at the flow rate of 2 mL/min. Finally, all tightly 

bound isoforms of EPO, as well as other contaminating proteins, were eluted from the column with 5 

column volumes of regeneration buffer (buffer A with 1 M NaCl) followed with 5 column volumes of buffer 

A, 2 column volumes of ultrapure water and finally with 2 column volumes of 20% etOH. 

 

3.6.3.4 Desalting the Anion Exchange Pool 

The recombinant EPO recovered from the anion exchange chromatography was desalted, as done 

previously, by gel filtration over HiPrep 26/10 Desalting column prepacked with Sephadex G25 Fine 

(Amersham Biosciences #17-5087-01) in conjunction with the AktaPure system (GE Healthcare). Column 

was equilibrated with a buffer of 10 mM Na-phosphate buffer pH 7 at the flow rate of 10 mL/minute. The 

protein solution to be desalted was loaded at the same flow rate, monitoring the transit of proteins at 280 

nm while the salt was observed with the conductivity meter. Proteins were collected in a clean, sterile 

container. Salts were allowed to complete their elution before re-equilibrate the column for another run. 

The EPO products from this step were concentrated using first a 15 mL centrifugal tube with a 10 KDa filter 

Amicon-Ultra (Millipore #UFC901096), the concentrate was further concentrated using a 4 mL centrifugal 

tube with a 10 KDa filter Amicon-Ultra (Millipore #UFC801096) and finally, 0.5 mL centrifugal tube with a 

10 KDa filter Amicon-Ultra (Millipore #UFC501096). Purified and concentrated EPO was further used in 

quality control experiments. 

 

3.6.4 Purification of ETN 

CHO-ETN cells were grown in production media (DMEM-GlutaMAX-high glucose, 5 µg/mL 

insulin, 50 mg/mL dextrane sulphate 5000) in cell incubator at 37 °C for nine days as explained in section 

Bigger scale productivity testing. Cell culture supernatant was harvested and replaced every day. Media 

collected during the 9 days was filtered and purified using HiTrap Protein A affinity column which binds Fc-

part of IgG (Table 20). AktaPure system (GE Healthcare) was used for liquid handling. 

Table 20. HiTrap affinity protein A column. 

Column HiTrap Protein A HP (GE Healthcare #29048576) 
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Particle size 34 µm 

Column dimensions 0.7 x 2.5 cm 

Ligand Protein A 

Column Volume 1 mL 

Max pressure 0.3 MPa 

Default flow rate 1 mL/min  

 

The resin was equilibrated with 10 column volumes of binding buffer (20 mM sodium phosphate) 

at the flow rate 1 mL/min. After, the filtered cold supernatant was loaded onto the column at a flow rate 

of 1 mL/min. Loaded column was washed with 10 column volumes of binding buffer until absorbance at 

280 nm and conductivity returned to the initial values, indicating that no more proteins are eluting from 

the column. The bound ETN was eluted with the elution buffer (0.1 M citric acid, pH 3). To each mL of 

eluted solution containing ETN, 200 μl of 1 M Tris-HCl, pH 9.0 was added. Those solutions were then stored 

at 4 °C. The column was washed with 10 column volumes of binding buffer until pH value has returned to 

the neutral, 10 column volumes of ultrapure water and finally with 10 column volumes of 20% etOH. 

 

3.6.5 Iso-electro focusing 

The isoelectric point of a protein molecule (pI) is the pH value at which the overall ionic charge of 

the molecule equals zero. This condition causes the protein to stop any form of migration in an electric 

field. For this reason, the isoelectric point of proteins has been widely employed to separate mixtures of 

proteins in the electrophoretic process termed isoelectric focusing (IEF). Furthermore, the pI value is 

specific and unique for a given protein; hence it has also been employed for analytical protein 

identification. In the case of EPO, composed of different isoforms as a result of the diverse degree of 

glycosylation, IEF constitutes an analytical process to determine the isoform composition of the purified 

EPO molecule thus assessing the quality. The number of charged molecules, such as the sialic acid content 

of the carbohydrates, influences the isoelectric point, which in turn determinates the final position of the 

isoforms on the gel. Within one lane, the denser the isoform, the more of that particular isoform is present 

in that lane. 

Iso-electrofocusing gels were prepared as detailed below in Table 21. 
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Table 21. Iso-electrofocusing gel preparation. 

Reagent Quantity 

Urea 3.15 g 

30% acrylamide/bisacrylamide (Protogel) (National Diagnostics #EC8901LTR) 2.1 mL 

pH 2.5 to 5 ampholyte (GE Healthcare #17-0451-01) 0.35 mL 

pH 3 to 10 ampholyte (GE Healthcare #17-0456-01) 0.175 mL 

Ultrapure water 4.725 mL 

Tetramethylethylenediamine (TEMED) (BioRad #1610800EDU) 5.25 µL 

100g/l ammonium persulphate (APS) (Thermo Scientific # 17874) 105 µL 

 

The lower part of the electrophoresis chamber was filled with anolyte buffer (pH around 2) (0.1 M 

glutamic acid (Sigma-Aldrich #G-6904), 0.5M phosphoric acid (Merck #573-1000)) and the upper part with 

the catholyte buffer (pH around 6) (0.89% beta-alanine (Sigma-Aldrich #A-7752)). The gel was pre-run for 

60 min at a constant power of 5 W, with maximum amperage of 50 mA followed by gel loading with 

samples prepared in 8 M urea with bromophenol blue (v:v=1:1). The focusing has been carried out for 

further 180 min at a constant power of 7 W, with maximum amperage of 50 mA. 

After the separation the gel was placed in the in equilibration buffer (125 mM Tris pH 6.8, 5% 2-

mercaptoethanol, 1% SDS) for 20 min at 4ºC and subsequently into transfer buffer (25 mM Tris, 192 mM 

Glycine) for 20 min at 4ºC. Separated EPO isoforms were then transferred to PVDF membrane (BioRad 

#1620177) and probed with primary anti-EPO antibody at the dilution 1:1000 (rabbit anti-EPO R&D #AB-

286-NA) for 1 hour at room temperature followed by incubation with anti-rabbit (HRP-conjugate) 

secondary antibody diluted 1:2000 (Dako #P0448) for additional 1 hour at room temperature. Finally, 

membranes were treated with the developing reagents ECL Western Blotting (Promega #W1001). 

 

3.7 Proteomic analysis 

In order to address the molecular characterization of process relevant miRNA in CHO cells, stable 

isotope labeling with amino acids in cell culture analysis (SILAC) with stable overexpressing miR-574-3p 

CHO-ETN/EPO cells was performed. SILAC is a labeling strategy for mass spectrometry-based quantitative 
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proteomics that relies on the metabolic incorporation of nonradioactive heavy isotopic forms of amino 

acids into cellular proteins, which can be readily distinguished using a mass spectrometer (Harsha, Molina, 

and Pandey 2008).  

 

3.7.1 SILAC labeling 

SILAC DMEM medium containing naturally abundant isotopic forms of amino acids (light medium) 

along with the same SILAC DMEM medium lacking the desired amino acids (Arg and Lys) to be substituted 

as heavy isotopic forms (heavy medium) plus heavy amino acids and dialyzed serum to avoid free amino 

acids that are potentially present in the serum, were purchased from SILANTES (#282926433). While CHO-

ETN/EPO control cells were adapted to the media containing heavy lysine (13C6H14N2O2 HCl) and heavy 

arginine (13C6H14N4O2 HCl), miR-574-3p expressing CHO-ETN/EPO clones were adapted to grow in normal 

DMEM medium (light state). The cells grown in heavy medium as well as cells grown in light medium 

underwent a minimum of five divisions to obtain near complete incorporation of heavy amino acids into 

the entire proteome. Subsequently, heavy isotope incorporation was checked by mass spectrometry and 

equal number of control CHO cells as well as miR-574-3p expressing CHO cells were seeded on 100 mm 

TC-treated Cell Culture Dish (Falcon, Corning Inc # 353003) (about 1*106 cells). After 4 days of cultivation, 

media was removed and the cells were trypsinized, washed three times in 1 X PBS and resuspended in 1 

mL of silac lysis buffer (6M UREA 100 mM Tris pH 8.5). Total proteins were extracted by 2 min sonication 

(9 watts, 30 sec pulses) (VialTweeter, Hielscher Ultrasound Technology). After 15 min top speed 

centrifugation to remove cell pellet, protein quantification by Bradford method was performed. Equal 

amounts of control labeled proteins (1.2 mg) and proteins extracted from unlabeled miR-574-3p 

expressing cells (1.2 mg) were mixed. Mixed proteins were reduced by 10 mM DTT for 1 hour at room 

temperature, alkylated with 40 mM 2-chloro-acetamide for 1 hour at room temperature, followed by the 

1-hour incubation with 20 mM DTT to inactivate 2-chloro-acetamide. Finally, the proteins were diluted 1:7 

with ultrapure water and digested using trypsin at the final protease:protein ratio 1:20 (Promega #V5111) 

overnight at 37 °C. Trypsin was inhibited by freezing the proteins were further fractionated into 18 

fractions using reversed phase chromatography.  
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3.7.2 1st dimension HPLC Fractionation (pH 9) 

The peptides in the protein digest were subjected to a first chromatographic separation   using 

reversed-phase high-performance liquid chromatography (RP-HPLC) on a C18 column (Agilent Eclipse Plus 

C18, 3.5 μm, 100 × 30 mm, PN: 959961-302, SN: USUXV01700) using a Gilson HPLC system containing a 

binary gradient pump, UV detector and a fraction collector. The peptides were eluted using a gradient (0 

to 100% in 60 minutes) from solvent A (20 mM ammonium formate pH 9) to solvent B (20 mM ammonium 

formate in 80% MeOH, pH 9) at a flowrate of 0.4 ml/min. The peptide elution volume was divided by 

automated collection in fractions of around 1.2 ml each.  

 

3.7.3 2nd dimension HPLC Fractionation and MS/MS analysis 

The fractions collected in the first HPLC dimension were completely dried in a Speed-Vac and 

reconstituted in 12 µl of 0.1% Formic Acid in water prior to reverse phase liquid chromatography based 

tandem mass spectrometry (LC-MS/MS) analysis.  LC-MS/MS analysis of SILAC labeled peptides was 

performed on an Agilent 6550 QTOF mass spectrometer interfaced with an Agilent 1290 HPLC with a 

nanoflow adapter.  The LC was developed over 130 minutes using a discontinuous gradient of 3% 

Acetonitrile in 0.1% Formic Acid to 80% Acetonitrile in 0.1% Formic acid at a flow rate of 500 nl/min.  The 

gradient rose to 20% Acetonitrile in the first 100 minutes and reached 44% Acetonitrile at 120 minutes, 

and 80% Acetonitrile at 125 minutes.  The peptides were separated using an in lab constructed 

nanocolumn packed with 2cm of 2.7 µm Ascentis RPA particles (Sigma Aldrich) followed by 18cm of 4 m 

Jupiter Peptide particles (Phenomenex).  The MS spectra were collected in dynamic range mode with each 

survey scan being followed by up to 20 CID based MS/MS scans.  The collisional energy for these scans was 

ramped using the formula: (3.1 x m/z / 100) + 1. Peak lists were extracted using MSConvert (Proteowizard) 

and searched and SILAC labels quantitated using theGPM (www.theGPM.org) software package (GPM Fury 

v. 2019-03-04) and the CHO-K1 protein database 

(https://chogenome.org/files/CHO_refseq_protein.fasta).  The search engine allowed for partial alkylation 

of cysteine (+57.0214), partial oxidation of Methionine (+15.999) and SILAC labeling of Arginine and Lysine 

(both +6.021) with an allowable mass error of 50 ppm for MS scans and 0.02 Da for MS/MS scans.  The 

resulting matches were filtered at an FDR < 1%. 
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3.7.4 Data analysis 

Protein annotation was performed using Uniprot Database against Cricetulus griseus (Chinese 

hamster) organism. Raw detection data was imported and analyzed in R/Bioconductor environment, 

version 4.0 (http://www.r-project.org/) with corresponding BioConductor packages 

http://www.bioconductor.org/). Briefly, in order to avoid inflated ratio between the red and green 

channel, we added to each protein for each sample the detected minimum value across the samples. Then 

we preformed scale normalization as method to contrast the possible different magnitude of signals 

between the samples. Normalized ratios from replicate expression measurements within the same sample 

were averaged to produce a final protein expression matrix (FPEM) containing 4649 molecules. Statistical 

analysis for differentially expressed protein was performed with limma (Smyth 2004). P-values were 

adjusted for multiple testing using the Benjamini and Hochberg's method to control the false discovery 

rate. Proteins with adjusted p-values below 0.05 and fold change greater than 2 (log 1) or lower than −2 

(−log 1) were considered differentially expressed. 

 

3.8 Statistical analysis 

All experiments were performed in biological triplicate, unless indicated otherwise. Data are 

shown as mean and standard error of the mean (SEM) and analyses were calculated using GraphPad Prism. 

To compare two groups, the Student’s t-test was performed, otherwise a 1way ANOVA calculation was 

followed by Bonferroni’s multiple comparison test. When two CHO-EPO and CHO-ETN were analyzed 

together against different miRNAs, 2way ANOVA statistical analysis was used. A p-value below 0.05 was 

considered statistically significant (* p<0.05, ** p<0.01). 
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4 Results 

4.1 The screening 

4.1.1 Screening setup 

With the goal of identifying miRNAs that interfere with cell pathways which lead to increase in 

protein production of pharmaceutical interest, a protocol for transient transfection of miRNA library into 

a CHO-cell line producing erythropoietin (CHO-EPO) needed to be set up. In order to facilitate high 

throughput transfections, reverse transfection using lipofection as transfection method on 384-well plates 

was applied. The protocols used were previously established and successfully applied in the laboratory in 

the past. However, parameters such as the length of incubation, determination of CHO cell number and 

adjustment of in-house ELISA for EPO concentration determination to a different plate format (384-well 

system) needed to be optimized. Based on the results from previous studies (Strotbek et al. 2013) we 

hypothesized that optimal period after transient transfection to evaluate the effects of miRNAs on the 

productivity and growth of an industrially relevant producer cell line is 72 hours. Based on the protocols 

already established and successfully applied in the laboratory, final miRNA concentration of 50 nM was 

chosen as concentration to work with to achieve molecular differences sufficient to see the effect. The 

protocol was briefly as follows: CHO-EPO cells were seeded in 384-well plates in DMEM supplemented 

with 10% FBS in wells already containing miRNA mimics and lipofectamine. After 48 hours in cell culture 

incubator at 37°C, media was replaced with DMEM only. After additional 24 hours, media was recovered 

and the amount of EPO quantified by sandwich EPO-ELISA developed in house and adapted to 384-well 

format. Additionally, viable cell density was determined by Hoechst fluorescent stain. The workflow of 

miRNA screening is presented in Figure 10 a.  

Cell concentration 1500 cells/well was chosen over 1000 cells/well and 2000 cells/well as the 

optimal seeding density, since the produced EPO concentration entered ELISA sensitivity range yet allowed 

measuring of final cell densities using Hoechst fluorescent stain followed by fluorescent microscope High-

Content Imaging system which cannot count cells at high confluence (data not shown). 
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A series of control siRNAs was used during protocol set-up; a) Mock-transfected cells as a 

reference system to determine any nonspecific effects that may be caused by the transfection reagent or 

process, b) toxic, UBC-targeting siRNA to check effectiveness of transfection and c) two commercially 

available negative controls negative control 1 (NC #1) and negative control 4 (NC #4) (Dharmacon Non-

targeting siRNA #1 and #4) as a reference system for observation of effects of miRNA overexpression. The 

reason we used human non-targeting control (NTC) siRNAs is that CHO specific negative control non-

coding RNAs were not available.  

The effect of controls on EPO levels was in the case of untreated and non-targeting control NC #4 

inside 10% deviation from mock and considered acceptable. The non-targeting control, NC #4 had similar 

cell number i.e. 108.9% in comparison to mock while the other non-targeting control, NC #1 decreased 

viable cell density to 87.8% in comparison to mock. For this reason, negative control NC #4 was chosen for 

the normalization of the data as control NC #1 was considered to be toxic (Figure 10 b). Final number of 

cells in wells treated with toxic, UBC-targeting siRNA was used to calculate transfection efficiency, which 

was compared to mock-transfected cells 90%. 

 

Figure 10. MicroRNA screen setup in EPO producing CHO cells.   
a) miRNA screening workflow. Reverse transfection of CHO-EPO cell line with microRNA library consisting of 2042 
mature sequences (miRIDIAN miRNA mimics or siRNAs) using lipofection as transfection method on 384-well plates 
followed by ELISA as a read out for EPO concentration and Hoechst fluorescent stain to determine viable cell density. 
b) Effects of transient transfection controls i.e. mock transfection (top panel), negative control siRNA 1 and 4 (middle 
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panel) and toxic, UBC-targeting siRNA to check effectiveness of transfection (bottom panel) on CHO-EPO cell growth. 
Representative images obtained by fluorescent microscope using Hoechst (blue) staining. Images were obtained at 
20x magnification. 

 

4.1.2 High-throughput screen results 

As the set up with the control microRNAs described above was considered successful, a microRNA 

library consisting of 2042 mature miRNA sequences (miRBase release v.19.0) (GE Healthcare Dharmacon) 

was used to transiently transfect CHO-EPO cell line using a screening method previously described. 

MicroRNA library consisting of 2042 mature miRNA mimics was selected as the largest available miRNA 

sequence database. MiRNA mimics are double-stranded RNA molecules designed to mimic endogenous 

mature miRNA molecules and were introduced into cells via reverse transfection using automated liquid 

handling workstation, Microlab STAR Line (Hamilton Company).  

CHO-EPO producing cells were seeded, transfected and grown on 384-well plates as described 

before. After 48 hours in cell culture incubator at 37°C, media was replaced with DMEM only. After 

additional 24 hours, media was recovered and the amount of EPO quantified by sandwich EPO-ELISA 

developed in house and adapted to 384-well format. Additionally, viable cell density was determined by 

Hoechst fluorescent stain. MicroRNA molecules were arranged on multiple plates, each consisting of 

multiple controls: mock-transfected control, untreated control and two commercially available negative 

controls NC #1 and NC #4 (Dharmacon Non-targeting siRNA #1 and #4) each in 8 replicates. Results were 

normalized to NC #4.  

Evaluation of the Hoechst staining results revealed that the majority of miRNAs (69%) decreased 

viable cell density below the threshold of 0.8-fold decrease, compared to the cells transfected with 

negative control 4, whereas 1% miRNAs increased viable cell density above the threshold of 1.2-fold 

increase compared to the cells transfected with NC #4. 30% of miRNAs did not change viable cell density 

(Figure 11 d, f). Bioprocess relevant parameters such as volumetric productivity i.e. product titer and 

specific productivity have been measured and calculated as well. Cell specific productivity is the quantity 

of the recombinant protein that is produced by single cell in 24 hours whereas product titer is the quantity 

of the recombinant protein per milliliter. ELISA readings revealed that 49% of miRNA increased while 35% 

decreased cell specific productivity of EPO above the threshold of 1.2-fold increase or 0.8-fold decrease 

compared to the cells transfected with NC #4, respectively (Figure 11 b, e). On the other hand, the 

percentage of the miRNAs that increased product titer above the threshold of 1.2-fold increase compared 
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to the cells transfected with NC #4 equaled 18%, while 61% of miRNAs decreased product titer below the 

threshold of 0.8-fold decrease, compared to the cells transfected with NC #4 (Figure 11 a, d). Since only 

18% of miRNAs increased product titer, it can be speculated that the reason for the increased specific 

productivity in the majority of cases lies in coinciding up-regulation of EPO production and decrease in 

CHO cell growth. 

 

 

 

Figure 11. MicroRNA screen in EPO producing CHO cells using microRNA library consisting of 2042 miRNA mimics 
mimicking mature miRNA sequences.  
Overview of the bioprocess relevant parameters – a) product titer, b) specific productivity and c) viable cell density 
from normalized results of all 2042 miRNA mimics from the primary screen in CHO-EPO cells. All the values are 
normalized to values obtained from cells transfected with negative control 4 (NC #4). Numbers in the pie charts 
correspond to the percentage of miRNAs resulting in 1.2-fold or more increase (blue), 0.8-fold or less decrease (red) 
or causing no change i.e. less than 1.2-fold increase or 0.8-fold decrease (grey) in d) product titer, e) specific 
productivity and f) viable cell density. 
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4.1.3 Top 124 miRNA transient transfection into CHO-EPO 

The panel of top miRNA molecules was subsequently verified with additional experiments. Top 

124 miRNA molecules from the first 2042 miRNAs screen were chosen based on criteria of highest specific 

productivity and the final cell density above 80% compared to the NC #4 transfected cells. 

Using same cells (CHO-EPO) and same protocol as used in the initial screen, these 124 miRNA 

molecules were transiently transfected into CHO-EPO cell line in two additional replicates. Each replicate 

contained multiple controls: mock-transfected control, untreated control and two commercially available 

negative controls NC #1 and NC #4 (Dharmacon Non-targeting siRNA #1 and #4) each in 8 replicates. 

Bioprocess relevant parameters such as viable cell density, product titer and specific productivity have 

been measured and calculated for this screen as well. All the values were normalized to the values 

obtained from cells transfected with NC #4.  

Considering the fact, that only miRNAs that did not decrease viable cell density for more than 80% 

and increased specific productivity were chosen for this screen, different distribution of the miRNA effects 

on bioprocess relevant parameters such as product titer, specific productivity and viable cell density from 

the first screen was expected. Indeed, the vast majority of miRNAs (86%) did not change viable cell density 

for more than 20% compared to the cells transfected with NC #4, whereas 14% miRNAs decreased viable 

cell density below the threshold of 0.8-fold decrease compared to the cells transfected with NC #4 (Figure 

12 c, f). 77% of miRNAs increased EPO specific productivity and 84% miRNAs increased EPO titer compared 

to the EPO produced by cells transfected with NC #4. None of selected miRNAs decreased specific 

productivity, nor EPO titer compared to the cells transfected with NC #4 (Figure 12 a, b, d, e). Of note, the 

observed fold-increases in specific productivity as well as in EPO titer were lower in the second screen with 

124 miRNAs in comparison to the first screen with 2042 miRNAs. 
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Figure 12. Top 124 miRNA screen in CHO-EPO - Overview of the bioprocess relevant parameters.  
a) specific productivity, b) product titer and c) viable cell density from normalized results of top 124 miRNA mimics 
from the primary screen. All the values are normalized to values obtained from cells transfected with NC #4. Numbers 
in the pie charts correspond to the percentage of miRNAs resulting in 1.2-fold or more increase (blue), 0.8-fold or 
less decrease (red) or causing no change i.e. less than 1.2-fold increase or 0.8-fold decrease (grey) in d) specific 
productivity, e) product titer and f) viable cell density. Data are presented as the means of three independent 
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experiments ± SEM. Statistical analysis was performed using one-way ANOVA followed by Bonferroni’s post-hoc 
comparisons tests (*P ≤ 0.05). 

 

4.1.4 Top 124 miRNA transient transfection into CHO-ETN 

To facilitate the discovery of hits that are not protein or sequence specific, thus reducing the 

possibility of cell line and recombinant product dependency of specific miRNA, CHO-cells producing ETN 

were chosen as a second model cell line and transiently transfected with same 124 top miRNA mimics in 

two sequential replicates.  

The transfection protocol was the same as in all experiments so far. Briefly, cells were seeded at 

cell concentration 1500 cells/well in 384-well plates in DMEM supplemented with 10% FBS in wells already 

containing miRNA mimics and lipofectamine. After 48 hours in cell culture incubator at 37°C, media was 

replaced with DMEM only. After additional 24 hours, media was recovered. Likewise, each replicate 

contained multiple controls: mock-transfected control, untreated control and two commercially available 

negative controls NC #1 and NC #4 (Dharmacon Non-targeting siRNA #1 and #4) each in 8 replicates. As a 

read out, direct in-house ETN-ELISA which I adapted to 384-well format was used. 

The effect of controls on ETN levels was in the case of, untreated and non-targeting control NC #4 

as well as for NC #1 inside 10% deviation from mock and considered acceptable (91% for NC #1 and 96% 

for NC #4). Both non-targeting controls, had similar cell number compared to mock transfected cells. While 

NC #4 increased viable cell density to 106% in comparison to mock, NC #1 decreased viable cell density to 

96% in comparison to mock. For this reason, negative control NC #4 was chosen for the normalization of 

the data (Figure 13 g). Final number of cells in wells treated with toxic, UBC-targeting siRNA was used to 

calculate transfection efficiency, which was compared to mock-transfected cells 97%. 

The majority of miRNAs (80%) did not change viable cell density for more than 20% compared to 

the cells transfected with NC #4, whereas 20% miRNAs decreased viable cell density below the threshold 

of 0.8-fold decrease compared to the cells transfected with NC #4 (Figure 13 c, f). ELISA readings revealed 

that 48% of miRNA increased while 2% decreased cell specific productivity of ETN above the threshold of 

1.2-fold increase or 0.8-fold decrease compared to the cells transfected with NC #4, respectively (Figure 

13 b, e). On the other hand, the percentage of the miRNAs that increased product titer above the threshold 

of 1.2-fold increase compared to the cells transfected with NC #4 equaled 18%, while 3% of miRNAs 
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decreased product titer below the threshold of 0.8-fold decrease, compared to the cells transfected with 

NC #4 (Figure 13 a, d). 

 

Figure 13. Top 124 miRNA screen in CHO-ETN - Overview of the bioprocess relevant parameters. 
a) specific productivity, b) product titer and c) viable cell density from normalized results of top 124 miRNA mimics 
from the primary screen transiently transfected into CHO-ETN cell line. All the values are normalized to values 
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obtained from cells transfected with NC #4. Numbers in the pie charts correspond to the percentage of miRNAs 
resulting in 1.2-fold or more increase (blue), 0.8-fold or less decrease (red) or causing no change i.e. less than 1.2-
fold increase or 0.8-fold decrease (grey) in d) specific productivity, e) product titer and f) viable cell density. g) Effects 
of transient transfection controls i.e. mock transfection (top panel), negative control 1 (NC #1) and 4 (NC #4) (middle 
panel) and toxic, UBC-targeting siRNA to check effectiveness of transfection (bottom panel) on CHO-EPO cell growth. 
Representative images obtained by fluorescent microscope using Hoechst (blue) staining. Images were obtained at 
20x magnification. Data are presented as the means of three independent experiments ± SEM. Statistical analysis 
was performed using one-way ANOVA followed by Bonferroni’s post-hoc comparisons tests (*P ≤ 0.05). 

 

4.1.5 Validation of the microRNA screen hits 

To additionally validate the data, best thirty-five miRNA mimics chosen from the previous 124 

miRNA screens increasing EPO and/or ETN productivity were tested in a scaled-up experiment in 96-well 

plate in both cell lines. Final miRNA concentration was kept 50 nM, whereas volumes were increased and 

seeding density was raised to 0.75*104 cells/well. 24 hours after transfection, the culture medium was 

replaced by fresh medium; 24 h later medium was collected and analyzed. Viable cell densities were not 

measured in this experiment due to excessive confluence of the cells in the wells. The results presented 

as mean fold-change in product titer compared to NC #4 are demonstrated in Figure 14. Out of thirty-five 

miRNAs, ten (hsa-miR-3667-5p, hsa-miR-574-3p, hsa-miR-143-3p, hsa-miR-132-5p, hsa-miR-4530, hsa-

miR-637, hsa-miR-602, hsa-miR-521, hsa-miR-18b-3p, hsa-miR-3926) boosted EPO as well as ETN titer for 

more than 1.30 fold. hsa-miR-1277-5p and hsa miR-3939-3p increased ETN titer for more than 1.5 fold, 

but demonstrated no (1.12 fold) or little increase (1.28 fold) in EPO titer, respectively. Of note, looking at 

the data from the previous transfections, where specific productivity was measured as well, miR-3939-3p 

increased specific productivity of ETN for 1.86 fold compared to NC #4 and was after miR-3667-5p and hsa-

miR-642a-3p, the third top miRNA to increase specific ETN productivity. 3 miRNAs, namely hsa-miR-513a-

3p, hsa-miR-1825 and hsa-miR-2277-5p increased EPO titer for more than 2 fold and but resulted in 

decrease in ETN titer. 

Taking results of all transient transfections together, six miRNA molecules boosting recombinant 

protein productivity have been identified (miR-18b-3p, miR-143-3p, miR-521-1, miR-574-3p, miR-3667-5p 

and miR-3939). miR-143 has been already reported to be able to induce a hyperproductive phenotype in 

CHO cells (Schoellhorn et al. 2017) which corroborates in part our experimental method.  

miRNA target recognition is determined by base pairing between the eight-base seed sequence of 

the miRNA from the 5’ end and the mRNA transcript (Lewis et al, 2005). Kehl et al found a positive 

correlation between seed similarity in miRNAs and target gene/pathway similarity (Kehl et al, 2017). 
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Interestingly multiple sequence alignment of seven miRNAs selected in our screening (miR-143-3p, miR-

18b-3p, miR-132-5p, miR-521-1-3p, miR-574-3p, miR-3667-5p and miR-3939-3p) shows a consensus seed 

.ACGC.CA that might indicate its involvement in gene silencing activity of similar targets (Figure 15).  
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Figure 14. The effect of selected 35 miRNA mimics transiently transfected in CHO-EPO and CHO-ETN cells in 96-
well plates.  
Fold increase in volumetric production of EPO and ETN provoked by transient transfections with indicated miRNA 
mimics normalized to ETN and EPO produced by CHO cells transfected with negative control #4 in 96-well plates. 
Normalized volumetric productivities are presented as fold-changes relative to the respective negative control. Data 
is presented as the mean of 3 independent experiments ± SEM. Statistical analysis was performed using two-way 
ANOVA with Fisher’s analysis (*p ≤0.05). 

 

 

Figure 15. Multiple sequence alignment of miR-143-3p, miR-18b-3p, miR-132-5p, miR-521-1-3p, miR-574-3p, miR-
3667-5p and miR-3939-3p. 
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4.2 Stable top 7 microRNA overexpression in CHO cells 

The successful utilization of the miRNAs as a tool to increase recombinant protein expression for 

industrial purposes relies on the stable expression of miRNAs in the producer cells, since it mediates 

prolonged phenotypic changes (Fischer et al. 2017). Despite the small size of miRNAs and easy use of 

miRNA mimics for transient transfections, their biogenesis mechanism is complex, requiring well-

characterized tools to achieve stable overexpression.  

 

4.2.1 Human pri-miRNA precursor genes in miRVec 

To achieve stable, vector based miRNA expression, mature miRNA needs to be embedded in a 

miRNA scaffold, which consists of pre-miRNA hairpin and its flanking regions. Those hairpin sequences 

together with flanking regions are usually cloned into a chosen miRNA expression vector directly after 

promoter or inside 3’ UTR of a GFP gene. In present study miRVec vector, the modified pMSCV-Blasticidin 

vector designed to express miRNAs under the CMV promoter (Voorhoeve et al. 2007) was used. Since all 

the screening experiments were done using human miRNA library, native miRNA precursor (pri-miR) 

sequences from the genome of Homo sapiens (hsa-pri-miR) were PCR amplified for stable cell line 

engineering. Of note, searching for seven selected miRNAs of interest (miR-18b-3p, miR-132-5p, miR-143-

3p, miR-521-1-3p, miR-574-3p, miR-3667-5p and miR-3939-3p) in the annotated CHO miRNA 

transcriptome and CHO genome, only miR-143-3p, miR-132-5p and miR-574-3p have been published so 

far.  

The PCR primers used to amplify pri-miRNA sequences from human genomic DNA were located 

around 200 nt upstream and 200 nt downstream of pre-miRNAs. The 500 bp inserts were inserted in the 

miRVec vector under the CMV promoter (Voorhoeve et al. 2007). MiRVec vectors containing scaffolds for 

the expression of chosen miRNAs as well as miRVec containing hairpin structure that is processed into 

mature miRNA, but is predicted not to target any known vertebrate gene (referred as neg. ctrl. herein) 

were transduced into CHO-ETN cells. The schematic presentation of the cloning procedure containing 

miRVec vector scheme are show in Figure 16 a.  

After transduction, 14 days of selection with blasticidin was performed. PCR analysis of the 

genomic DNA extracted from stable clones, using forward primer annealing to CMV promoter and reverse 
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primer annealing to the end of the insert (pri-miRNA), confirmed the presence of miRNA precursors in the 

genomic DNA of CHO-ETN cells since the gel bands lengths matched the expected lengths of the amplicons: 

hsa-pri-miR-143: 700 bp, hsa-pri-miR-18b: 558 bp, hsa-pri-miR-521: 728bp, hsa-pri-miR-574: 719bp, hsa-

pri-miR-3667: 734 bp and hsa-pri-miR-3939: 677 bp (Figure 16 b). Of note, one miRNA scaffold, namely, 

hsa-pri-miR-132, has not been inserted into miR-Vec due to unsuccessful PCR amplification of the given 

fragment. 

Furthermore, the levels of mature miRNAs were analyzed by qRT-PCR for all stable CHO clones 

containing pri-miRNA sequences of chosen miRNAs from human genomic DNA. Levels of each mature 

miRNA in the corresponding stable clone were compared to levels present in CHO-ETN control clone and 

normalized to miR-191-5p. Analysis of relative levels of mature miRNAs in stable CHO-ETN cells showed 

that only three out of six human pri-miRNAs were successfully produced in CHO cells. Compared to the 

control cells, the levels of the mature miRNAs were increased for miR-143-3p, miR-521-1-3p and miR-574-

3p, suggesting successful processing of these human pri-miRNA in CHO cells (Figure 17 a).  

Expression of mature miR-18b-3p, miR-3667-5p and miR-3939-3p was non detectable in CHO-ETN 

stable clones. In order to further investigate whether the problem was in the transcription or the 

processing of human pri-miRNAs, we performed RT-PCR analyses of the total RNA extracted from CHO-

ETN–hsa-miR-18b/3667/3939 stable clones and confirmed the presence of the primary and precursor 

transcripts (Figure 17 b). This result demonstrated that the transcription of human pri-miR-18b/3667/3939 

was not impaired and that the problem lay in the processing of exogenous human pri-miRNAs in CHO cells. 

One of the reasons for defective human pri-miRNAs processing in CHO cells could be the perturbation of 

the secondary structure, such as lack of formation of specific pri-miRNA hairpin.  
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Figure 16. Pri-miRNA sequences from human genomic DNA.  
a) miRNA expression vector generation work-flow consisting of human pri-miRNA sequences and flanking regions 
PCR amplification from human genomic DNA, cloning into miRVec and followed by viral retrotransduction into CHO 
cells. Schematic presentation of the miRVec vector can be seen. b) PCR analyses of the genomic DNA of CHO-ETN 
cells transduced with pri-miRNA-18b, pri-miRNA-521, pri-miRNA-574, pri-miRNA-3667, pri-miRNA-3939 and pri-
miRNA-143 amplified from human scaffold confirm the presence of the precursor sequences. Expected lengths of 
the amplicons: hsa-pri-miR-143: 700 bp, hsa-pri-miR-18b: 558 bp, hsa-pri-miR-521: 728bp, hsa-pri-miR-574: 719bp, 
hsa-pri-miR-3667: 734 bp and hsa-pri-miR-3939: 677 bp  
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a)                                                                                      b) 

   

Figure 17. Mature miRNAs in stable CHO-ETN cells expressed from human pri-miRNAs. 
a) Analysis of the relative level of mature miRNAs in stable CHO-ETN cells expressed from human pri-miRNAs. MiRNAs 
expression is shown as fold-change relative to the CHO-ETN control cells transduced with non-targeting miRNA and 
normalized to miR-191-5p. Data is presented as the mean of three independent experiments ± SEM b) RT-PCR 
analyses of the total RNA extracted from CHO-ETN stable clones overexpressing hsa-miR-18b/3667/3939 confirmed 
the presence of the precursor miRNA transcripts in the CHO cells.  

 

4.2.2 The effect of different pri-miRNA precursor genes on mature 

miRNA expression in stable vector based miRNA overexpression 

Since only three out of six exogenous human pri-miRNA constructs were properly processed in 

CHO cells it became clear that miRNA scaffolds have important implications for their processing and 

biogenesis. For this reason, we decided to try different pri-miRNA scaffolds to achieve stable, vector based 

mature miRNA expression. Knowing the complexity and importance of miRNAs flanking regions for the 

mature miRNA biogenesis, the best way to generate the miRNA overexpressing stable CHO cell line would 

be to use an endogenous CHO scaffold. Indeed, it has already been shown that the substitution of chimeric 

murine sequences with CHO-specific sequences for expression of miRNAs in CHO cells yields significantly 

higher expression levels of the mature miR–221/222 and miR–15b/16 (Klanert et al., 2014).  

For the purpose of testing differences in mature miRNA levels caused by the use of different 

miRNA scaffolds, two different species-specific genomic sequences (human and hamster) have been 
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chosen. As miR-143-3p has been already identified amongst others to improve protein production in CHO 

cells (Schoellhorn et al. 2017), we have decided to use it in order to test the best scaffold for vector based 

mature miRNA expression in CHO cell line engineering.  

We amplified human pri-miR-143 (hsa-pri-miR-143) directly from human genomic DNA using 

primers located cca. 200 nt upstream and 200 nt downstream miR-143 genomic location, found in the 

latest release of the miRBase repository (Kozomara and Griffiths-Jones 2014). PCR amplified cca. 500 bp 

long fragment spanning miR-143 was inserted in miRVec. Likewise, genomic location of miR-143 in CHO 

genome was found in miRBase database and sequence containing 500 nt surrounding region was amplified 

by PCR from CHO gDNA. Such Chinese hamster endogenous pri-miR-143 (cgr-pri-miR-143) was as well 

cloned into miRVec. Chinese hamster endogenous pri-miR-143 (cgr-pri-miR-143) and human (hsa-pri-miR-

143) cloned into miRVec plasmid were then transduced into CHO-ETN cells.  

The conservation of mature miR-143 between Chinese hamster and human is 100% whereas 

precursor (pri-miR-143) sequences show significant differences (Figure 18 a). 

These stable cell lines were grown in triplicates for 5 days simultaneously with control CHO-ETN 

cell line. The levels of expression of mature miR-143-3p were determined by RT-qPCR for both stable CHO 

clones and compared to CHO-ETN control clone. Being evolutionary optimized for the Chinese hamster 

miRNA processing machinery, Chinese hamster endogenous pri-miRNA sequences resulted in the higher 

mature miRNAs expression in comparison to miRNA precursor sequences from human genomic DNA. 

Strong, more than 2.5-fold increase in mature miR-143-3p levels was observed in CHO cells containing 

miRVec with Chinese hamster endogenous pri-miRNA scaffold compared to miRNA levels achieved using 

miRNA precursor sequences from human genomic DNA (Figure 18 b). Furthermore, the impact of miR-

143-3p overexpression levels on phenotypic changes in CHO cells has been tested as well. Stable 

overexpression of miR-143 resulted in an average 1.4-fold increase of ETN specific productivity in CHO cells 

with endogenous CHO pri-miRNA scaffold and 1.3-fold increase of ETN specific productivity in CHO cells 

with human pri-miR scaffold. Only the higher levels of mature miR-143-3p were adequate to achieve 

molecular differences sufficient to see the effect statistically significant comparing to the control (Figure 

18 c). These results demonstrate that the Chinese hamster pri-miRNA sequence is the method of choice 

for stable miRNA overexpression in CHO cells. 
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a) 

 

b)                                                                                                      c) 

 

Figure 18. Mature miR-134-3p expression in CHO-ETN transcribed from different pri-miRNA scaffolds.  
a) Sequence alignment of hsa-pri-miR-143 and cgr-pri-miR-143 sequences using EMBOSS WATER software. Mature 
miRNA sequence is highlighted in grey b) qRT-PCR analysis of relative levels of mature miR-143-3p expressed from 
different scaffolds in CHO-ETN cells. MiRNA expression is shown as fold-change relative to the CHO-ETN control cells 
and normalized to miR-191-5p (SEM as error bars, n = 3). Statistical analysis is done using ONE-way ANOVA test 
followed by Bonferroni post hoc test: *, P < 0.05. c) Effects of stable overexpression of miR-143-3p on CHO-ETN cell 
specific productivity. Data are presented as mean of cell specific productivity ± SEM. Statistical analysis was done 
using one-way ANOVA followed by Bonferroni post-hoc test (*p ≤ 0.05).  
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4.2.3 Novel microRNA expression platform for CHO cells 

Since we demonstrated an outperformance of endogenous CHO pri-miRNA sequence over human 

pri-miRNA sequence in CHO cells and knowing the complexity and importance of miRNAs flanking regions 

for the mature miRNA biogenesis, it became clear the best way to generate miRNA overexpressing stable 

CHO cell line would be an endogenous CHO scaffold. Limited sequence availability of hamster endogenous 

pri-miRNAs sequences and the respective genomic loci resulted in the absence of a genomic CHO reference 

sequence for most of the miRNAs of interest (in the annotated CHO miRNA transcriptome and CHO 

genome, only miR-143-3p, miR-132-5p and miR-574-3p have been published so far). Thereupon, we 

decided to employ the use of an “artificial chimeric miRNA constructs” comprising of mature CHO miRNAs 

and endogenous flanking Chinese hamster sequences. CHO miR-143 flanking sequence was chosen for the 

expression of all other six selected miRNAs. With site-directed mutagenesis approach we exchanged the 

mature miRNA-143 sequences with the selected miRNAs within miRVec plasmid.  

Pri-miRNA transcript secondary structure i.e. specific pre-miRNA hairpin formation is very 

important for mature miRNA biogenesis. According to the literature, secondary structure in terms of 

unpaired flanking regions and double-stranded stem are critical in the step of DGCR8 binding and Drosha 

cleavage. The terminal loop itself and specific sequences are less important in this step(Zeng and Cullen 

2003, 2005; Jinju Han et al. 2006). Recently, Roden et al. investigated the role of stem length and sequence 

mismatches location in pri-miRNA processing. They summarized that changes in stem length and sequence 

mismatches location might alter RNA secondary structure and thereby lead to processing defects (Roden 

et al. 2017). Taking all these findings into account we have decided to keep constant the length of miR-

143 stem as well as the location and size of three bulges within it while designing primers for quick-change 

PCR. In the final constructs we included the sequence of the desired miRNA strand and introduced 

sequence mismatches in the opposite one. With this strategy we kept the correct miRNA sequence in the 

desired strand (3p or 5p) for each of six miRNA of interest. By mutating the opposite strands, we aimed to 

prevent their loading into Ago complexes and to promote “correct” strand incorporation by RISC. Figure 

19 shows our approach for creating artificial chimeric miRNA constructs using the endogenous pre-miR-

143 in which the cassette coding for mature miR-143 in exchanged by cassette encoding mature miR-3939. 

The asterisks mark the positions of three bulges within the stem (Figure 19 a). An example of primers used 

for site-directed mutagenesis approach and their annealing is demonstrated in Figure 19 b. All primers and 

site-directed mutagenesis procedure are detailed in section Materials and Methods (3.5.13). 
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Figure 19. Strategy of site-directed mutagenesis for expression of miRNAs from hamster-specific flanking 
sequences in CHO cells.  
a) Our approach for creating artificial chimeric miRNA constructs by modifying endogenous pre-miR-143 in which the 
cassette coding for mature miRNA in exchanged by cassette encoding mature miR-3939. The asterisks mark the 
positions of three bulges within the stem. b) An example of primers used for site-directed mutagenesis approach and 
their annealing 

 

Secondary structure prediction of the miRNA precursor sequences was done using UnaFold 

software to check whether sequence alterations resulted in changed secondary structure. As shown in the 

Figure 20 the most probable secondary structure of pri-miRNAs of interest shows a preserved hairpin, 

double-stranded stem formation and the bulge-location within miRNA stem. 
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Figure 20. Predicted pri-miRNA secondary structures.  
The most probable secondary structure of a) of cgr-pri-miR-143 b) cgr-pri-miR-(143→18b) c) cgr-pri-miR-(143→132) 
d) cgr-pri-miR-(143→521) e) cgr-pri-miR-(143→574) f) cgr-pri-miR-(143→3667) g) cgr-pri-miR-(143→3939) done 
using UnaFold software. Preserved hairpin, double-stranded stem formation and the bulge-location (asterisk) within 
miRNA stem can be observed. 
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Furthermore, as miRNA-574 was one of a few miRNAs that have been identified in the CHO 

genome, we were interested to investigate whether relative mature miRNA-574-3p expression in CHO-

ETN and CHO-EPO stable clones are comparable with pri-miR-574 and pri-miR-143 Chinese hamster 

flanking sequences. To address this question, we amplified Chinese hamster endogenous pri-miR-574 (cgr-

pri-miR-574) from the CHO genome and prepared CHO-ETN and CHO-EPO stable clones overexpressing 

miRNA-574-3p. qRT-PCR analysis showed comparable levels of mature miRNAs expression from two 

Chinese hamster flanking sequences (Figure 21). Therefore, based on our findings, we suggest a new 

strategy in CHO cell engineering for any miRNA stable expression using the Chinese hamster pri-miR-143 

flanking motifs. 

  

 

 

Figure 21. Comparison of relative mature miRNA-574-3p expression in CHO-ETN and CHO-EPO stable clones from 
pri-miR-574 and pri-miR-143 Chinese hamster flanking sequences.  
qRT-PCR analysis of the relative level of mature miRNAs shown as a fold-change relative to the respective control 
cells and normalized to miR-191-5p. Data is presented as the mean ± SEM. Statistical analysis was performed using 
one-way ANOVA followed by Bonferroni’s post-hoc comparisons tests (*p ≤ 0.05) 

  

C H O -E T N

R
e

la
t
iv

e
 n

o
r

m
a

li
z

e
d

 m
a

t
u

r
e

m
iR

N
A

 e
x

p
r

e
s

s
io

n
 [

f
o

ld
-
c

h
a

n
g

e
]

n
e
g

.c
tr

l.

c
g

r -
m

iR
-5

7
4
-3

p

c
g

r -
m

iR
(1

4
3
 t

o
  
5
7
4
-3

p
)

0

5

1 0

1 5

2 0
***

***

n .s .



105 
 

4.3 Stable expression of seven miRNAs from Chinese 

hamster pri-miR-143 flanking motifs in CHO cells 

Newly prepared plasmids containing seven miRNAs embedded into Chinese hamster pri-miR-143 

flanking motifs were sequenced and transduced into CHO-EPO and CHO-ETN cell line. Finally, all stable cell 

lines were grown in triplicates for 4 days together with control CHO cell line.  

The stable expression of all seven mature miRNAs of interest from Chinese hamster pri-miR-143 

flanking motifs in CHO-EPO or ETN clones was confirmed by qRT-PCR (Figure 22 a e). By demonstrated 

overexpression of all 6 miRNAs (miR-18b-3p, miR-132-5p, miR-521-1, miR-574-3p, miR-3667-5p and miR-

3939) we can claim that a new strategy in CHO cell engineering for any miRNA stable expression using the 

Chinese hamster pri-miR-143 flanking motifs was successfully employed. 

While most of the tested miRNAs significantly increased the production of EPO, only miRNA-574-

3p was able to increase CHO-ETN titer. Stable overexpression of miRNA-574-3p resulted in the increase in 

EPO titer for 1.33-fold ±SD 0.04 and in ETN titer for 1.41-fold ±SD 0.17 compared to non-targeting miRNA 

control. This miRNA increased cell specific productivity of CHO-EPO for 1.55-fold ±SD 0.08 and cell specific 

productivity of CHO-ETN 1.48-fold ±SD 0.1. Beside miR-574-3p, miR-143-3p (positive control) was the only 

miRNA, that induced increase in ETN titer. MiR-3667-5p increased EPO titer for 1.29-fold ±SD 0.1 and CHO-

EPO cell specific productivity for 1.51-fold ±SD 0.11. However, we did not observe increase in ETN titer and 

CHO-ETN cell specific activity was increased for 1.16-fold ±SD 0.02. MiR-3939 increased cell specific 

productivity in both cell lines, 1.51-fold ±SD 0.19 in CHO-EPO cell line and 1.17-fold ±SD 0.16 in CHO-ETN 

cell line and decreased EPO as well as ETN product titer for approximately 10%. None of 7 miRNAs 

decreased cell specific productivity, whereas decrease in product titer was observed as a result of miR-

321-5p for EPO and miR-18b-3p for ETN (Figure 22 c d g h). 

Viable cell densities were in the majority of the cases slightly decreased or remained unaffected. 

Mir-3939-3p decreased viable cell density in both cell lines. CHO-EPO viable cell density was decreased for 

51% and CHO-ETN viable cell density was decreased for 34% due to miR-3939-3p overexpression (Figure 

22 b f). 
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Figure 22. Effects of stable overexpression of seven miRNAs on EPO and ETN production.  
a) qRT-PCR analysis of relative level of mature miRNAs in stable CHO-EPO cells expressed from novel microRNA 
expression platform for CHO cells. MiRNA expression is shown as fold-change relative to the CHO-EPO neg. ctrl. cells 
and normalized to miR-191-5p. b) Effect of stable overexpression of seven miRNAs on CHO-EPO viable cell density, 
c) EPO titer and d) EPO cell-specific productivity. e) qRT-PCR analysis of relative level of mature miRNAs in stable 
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CHO-ETN cells expressed from novel microRNA expression platform for CHO cells. MiRNA expression is shown as 
fold-change relative to the CHO-ETN neg. ctrl. cells and normalized to miR-191-5p. f) Effect of stable overexpression 
of seven miRNAs on CHO-ETN viable cell density, g) ETN titer and h) ETN cell-specific productivity. Data on graphs b) 
c) d) f) g) and h) are presented as mean of fold change in specific productivity, product titer or viable cell density ± 
SEM normalized to the CHO-EPO/CHO-ETN neg. ctrl. cells. One-way ANOVA followed by Bonferroni’s post-hoc 
comparisons tests were performed (*p ≤ 0.05). 

 

To sum up, all the results demonstrated that miR-574-3p, being able to enhance total product 

yield of 1.3-fold and cell-specific productivity of 1.5-fold compared to the control in two recombinant CHO 

cell lines producing EPO and ETN is the good candidate to boost the EPO and ETN production in CHO cells. 

However, even though enhancing total product yield of 1.3-fold and cell-specific productivity of 1.5-fold 

compared to the control only in recombinant stable CHO cell lines producing EPO under given batch 

conditions, miR-3667-5p seemed a candidate to be further studied as well. 

 

4.4 Scaled-up production in CHO cells stably expressing 

miR-574-3p or miR-3667-5p  

Today, most industrial cell culture based processes do not use fetal bovine serum due to its 

undefined composition, the risk of transmitting adventitious agents (e.g. bovine viruses and prions) and 

its high cost (Wurm 2004). In order to test the effect of mir-574-3p and miR-3667-5p in the scaled-up 

setting, we scaled up the EPO production in stable overexpressing miR-574-3p and miR-3667-5p CHO cells 

using serum-free media. 

CHO-EPO stably overexpressing miR-574-3p, miR-3667-5p and miR-negative control have been 

seeded in T175 flasks at final cell density of 5 million cells per flask. When the cells reached 90% 

confluence, media was exchanged for production serum-free media (DMEM-GlutaMAX, 5ug/mL insulin, 

50 mg/mL dextrane sulphate 5000) and collected and replaced every three days. Collected media from 

three T175 flasks (each containing cells from a separate vial) was pooled and analyzed with ELISA. 

After 12 days of EPO production, more than 2-fold increase in total EPO yield has been measured 

in CHO cells stably overexpressing miR-574-3p and 1.7-fold increase in miR-3667-5p overexpressing cells 

in comparison to CHO-EPO control cells (Figure 23). These results confirmed that miR-574-3p and miR-
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3667-5p are good candidates for CHO optimization for the production of human recombinant EPO under 

industrially relevant conditions. 

 

 

Figure 23. Effect of stable overexpression of miR-574-3p, miR-3667-5p on EPO production in serum-free media 
over 12-days.  
CHO-EPO stably overexpressing miR-574-3p, miR-3667-5p and miR-negative control have been seeded in T175 flasks. 
When the cells reached 90% confluence, media was exchanged for production serum-free media and collected and 
replaced every three days. In order to have enough material for consecutive chromatographic purifications, media 
from three T175 flasks (each containing cells from a separate vial) was pooled and analyzed together.  

 

4.5 Purification  

Supernatants obtained during scaled-up productivity experiments (See Results chapter 4.4. and 

4.4.2) were used to assess whether miRNA overexpression had an impact on EPO integrity in general.  

For this purpose, the filtered supernatant containing recombinant human EPO was first purified 

by affinity chromatography using a Blue Sepharose resin and desalted. Recombinant human EPO is a 

glycoprotein which in vivo activity is strongly influenced by the degree of glycosylation. EPO has 3 N-linked 

carbohydrate chains and a maximum of 14 sialic acids that confers its overall acid property in solution. The 

principal selection for these acidic isoforms is achieved using the anion exchange chromatography. Thus, 

the desalted solution of EPO was purified with anion exchange chromatography using Q-Sepharose High 

Performance column. We observed that after anion-exchange chromatography stable mir-574-3p 

overexpressing cells yielded more than 2-fold of EPO compared to the control cells (Figure 24 a). 
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After anion exchange chromatography EPO samples were desalted, concentrated using a 10 KDa 

filter and analyzed by SDS-PAGE and IEF followed by Western blotting using anti-EPO antibody.  

For the SDS-PAGE analysis the same amount (1 µg) of EPO produced in each clone (miR-574-3p 

and negative control) was loaded on the SDS-PAGE gel and Western blot analysis was performed using 

polyclonal rabbit anti-EPO antibody and goat anti-rabbit alkaline phosphatase-conjugated secondary 

antibody. The electropherograms obtained with miR-574-3p overexpressing CHO-EPO cells shows a single 

diffused band corresponding in position to the expected single band seen in the electropherogram 

obtained with EPO produced in control CHO cells, indicating that the produced glycoprotein remains intact, 

independent of the stable miRNA overexpression (Figure 24 b).  

As EPO biological activity is heavily dependent on glycosylation (Wasley et al. 1991), we decided 

to look at the isoform profile of EPO purified from miR-574-3p or miR-3667-5p versus control cells by IEF 

(isoelectric focusing). IEF separates the proteins based on the pI value which is specific and unique for a 

given protein; hence it has also been employed for analytical protein identification. In the case of EPO, 

composed of different isoforms as a result of the diverse degree of glycosylation, IEF constitutes an 

analytical process to determine the isoform composition of the EPO. The number of charged molecules, 

such as the sialic acid content of the carbohydrates, influences the isoelectric point, which in turn 

determinates the final position of the isoforms on the gel. For IEF the same amount (1 µg) of EPO produced 

in each clone (miR-574-3p, miR-3667-5p and negative control) was loaded on the IEF gel, then transferred 

to a membrane where Western blot analysis was performed using polyclonal rabbit anti-EPO antibody and 

goat anti-rabbit alkaline phosphatase-conjugated secondary antibody. The iso-electropherogram obtained 

with miR-574-3p and miR-3667-5p overexpressing CHO-EPO cells shows three most abundant EPO 

isoforms that are qualitatively and quantitatively similar to EPO produced in control CHO cells (Figure 24 

c).  
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Figure 24. Purification and quality control of EPO produced in serum-free media over 12-days in stable 
overexpressing miR-574-3p and miR-3667-5p. 
a) Chromatogram of EPO purification by Anion Exchange Q-Sepharose column. Biologically active EPO with desired 
isoforms is shown in red. b) Western blot analysis of EPO produced in serum-free media over 12-days in stable 
overexpressing miR-574-3p and control CHO cells (anti-EPO antibody). Lane 1. Prestained molecular weight marker 
(Biolabs); lane 2. EPO from miR-574-3p CHO-EPO cells; lane 3. EPO from control CHO-EPO cells. c) Isoelectric focusing 
pattern of EPO in CHO-EPO-miR-574-3p cells and control CHO-EPO cells. 
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4.6 MiR-574-3p targets identification in CHO cells 

Since transient and stable overexpression of miR-574-3p significantly improved ETN and EPO 

protein production, we were interested to identify putative target genes of miR-574-3p in CHO cells. 

Therefore, we decided to investigate if some of already validated miR-574-3p targets in human mouse and 

rat cells are involved in enhanced heterologous protein expression in CHO cells through qRT-PCR of total 

RNA extracted from the treated versus non-treated cells.  In order to identify some new direct or indirect 

targets we applied a proteomic approach through the Stable Isotope Labeling with Amino acids in cell 

Culture (SILAC) on CHO-ETN clone stably engineered to overexpress miR-574-3p.  

 

4.6.1 Effect of miRNA-574-3p overexpression on ETN titer after single 

clone selection 

Since all our previous experiments regarding recombinant protein productivity have been done 

using polyclonal pools of cells, single clone selection of CHO cells expressing miR-574-3p and ETN has been 

done in order to isolate the best producing clone to be used in the further studies. Limiting dilution 

technique has been employed where the cells were diluted and plated at cell densities of half-cell per well 

in 96 well plates. Single cell clones were tested for ETN production with ELISA assay and the best clone, 

namely ETN-miR-574-3p-QC 3D8 has been chosen. Further on, CHO-ETN-miR-574-3p-QC 3D8 clone and 

CHO-ETN control cells were tested for ETN production in the supernatant after 4 days with ELISA assay. A 

1.4-fold increase in total ETN yield has been measured in CHO-ETN-miR-574-3p-QC 3D8 clone in 

comparison to CHO-ETN control cells that is 10% more than in the polyclonal cells pool (Figure 25).  
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Figure 25. Effect of miRNA-574-3p overexpression on ETN titer after single clone selection. 
 a) Effect of stable overexpression of miR-574-3p on ETN volumetric productivity in CHO-ETN-miR-574-3p-QC 3D8 
clone compared to CHO-ETN control cells. Data are presented as mean of volumetric productivity ± SEM. Statistical 
values were calculated using an unpaired, two-tailed t-test (*p ≤ 0.05). b) Effect of stable overexpression of miR-574-
3p on ETN cell specific productivity in CHO-ETN-miR-574-3p-QC 3D8 clone compared to CHO-ETN control cells. Data 
are presented as mean of volumetric productivity ± SEM. Statistical values were calculated using an unpaired, two-
tailed t-test (*p ≤ 0.05). 

 

4.6.2 miR-574-3p targets validation in CHO cells 

Using miRTarBase search tool we collected a list of experimentally discovered miR-574-3p targets 

in human, mouse and rat cells. These targets are listed in the Table 22 as the targets with strong evidence 

i.e. targets validated with western blot, luciferase reporter assay, GFP reporter assay or qRT-PCR and 

targets with weak evidence, which are targets discovered using screening techniques such as microarray, 

next-generation sequencing, SILAC and others (Chou et al. 2018).  
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Table 22. MiRTarBase list of already experimentally discovered miR-574-3p targets in human cells. 

  Abbreviation Full protein name Synonyms 
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CUL2 Cullin-2   

RAC1 Ras-related C3 botulinum toxin 
substrate 1 

  

EGFR epidermal growth factor receptor ERBB, ERBB1, HER1, NISBD2, PIG61, 
mENA 

EP300 E1A binding protein p300   

RXRA retinoid X receptor alpha   

SMAD4 SMAD family member 4 DPC4, JIP, MADH4, MYHRS 

TGFB1 transforming growth factor beta 1 CED, DPD1, LAP, TGFB, TGFbeta 

CLTC clathrin heavy chain CHC, CHC17, CLH-17, CLTCL2, Hc 

ERH enhancer of rudimentary homolog   

Bcl-Xl B-cell lymphoma-extra large   
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MKRN1 makorin ring finger protein 1 RNF61 

USP31 ubiquitin specific peptidase 31   

IGLON5 IgLON family member 5   

CKS2 CDC28 protein kinase regulatory 
subunit 2 

CKSHS2 

IRF4 interferon regulatory factor 4 LSIRF, MUM1, NF-EM5, SHEP8 

TLNRD1 talin rod domain containing 1 MESDC1 

PHEX phosphate regulating endopeptidase 
homolog X-linked 

HPDR, HPDR1, HYP, HYP1, LXHR, PEX, 
XLH 

LHFPL3 LHFPL tetraspan subfamily member 3 LHFPL4 

PDZD2 PDZ domain containing 2 AIPC, PAPIN, PDZK3, PIN1 

Marveld3 MARVEL (membrane-associating) 
domain containing 3 

AI642133, Marvd3, Mrvldc3 

Slc10a2 solute carrier family 10, member 2 ASBT, IBAT, ISBT 

Ctif CBP80/20-dependent translation 
initiation factor 

Gm672 

Tbc1d22b TBC1 domain family, member 22B BC045600 

Crim1 cysteine rich transmembrane BMP 
regulator 1 (chordin like) 

AU015004 

KCNK10 potassium two pore domain channel 
subfamily K member 10 

K2p10.1, PPP1R97, TREK-2, TREK2 

C2orf72 chromosome 2 open reading frame 72   

TMEM178B transmembrane protein 178B   

PEAK1 pseudopodium enriched atypical kinase 
1 

SGK269 

CPLX2 complexin 2 921-L, CPX-2, CPX2, Hfb1 

AMOTL1 angiomotin like 1 JEAP 

MUM1 melanoma associated antigen 
(mutated) 1 

EXPAND1, HSPC211, MUM-1 
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PRMT1 protein arginine methyltransferase 1 ANM1, HCP1, HRMT1L2, IR1B4 

LHFPL4 LHFPL tetraspan subfamily member 4   

PIN1 peptidylprolyl cis/trans isomerase, 
NIMA-interacting 1 

DOD, UBL5 

 

We decided first to look for the putative binding sites of miR-574-3p within 3’ UTRs of 9 targets 

(listed in the Table 22) using the RNAhybrid prediction program, which directly predicts multiple potential 

binding sites of miRNAs in large target RNAs. In general, the program finds the energetically most favorable 

hybridizations of a small RNA to a large RNA. Intramolecular hybridizations, that is, base pairings between 

target nucleotides or between miRNA nucleotides are not allowed (Rehmsmeier et al. 2004). Three 

energetically most favorable hybridizations between miR-574-3p and each of 9 CHO homologs of plausible 

targets are demonstrated in the Figures 26-34.  At least one putative binding site for miR-574-3p has been 

identified for each 3’UTR of selected cgr-target genes. 

 

 
 

Figure 26. Putative miR-574-3p binding sites in the 3’UTR of CHO BCL2L1.  
Three energetically most favorable hybridizations between miR-574-3p and 3’UTR of CHO BCL2L1 are demonstrated. 
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Figure 27. Putative miR-574-3p binding sites in the 3’UTR of CHO CLTC.  
Three energetically most favorable hybridizations between miR-574-3p and 3’UTR of CHO CLTC are demonstrated. 
 
 

     
 
Figure 28. Putative miR-574-3p binding sites in the 3’UTR of CHO CUL2.  
Three energetically most favorable hybridizations between miR-574-3p and 3’UTR of CHO CUL2 are demonstrated. 
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Figure 29. Putative miR-574-3p binding sites in the 3’UTR of CHO EP300.  
Three energetically most favorable hybridizations between miR-574-3p and 3’UTR of CHO EP300 are demonstrated. 
 

 
 
Figure 30. Putative miR-574-3p binding sites in the 3’UTR of CHO ERH.  
Three energetically most favorable hybridizations between miR-574-3p and 3’UTR of CHO ERH are demonstrated. 
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Figure 31. Putative miR-574-3p binding sites in the 3’UTR of CHO RAC1.  
Three energetically most favorable hybridizations between miR-574-3p and 3’UTR of CHO RAC1 are demonstrated. 
 
 

 
 
Figure 32. Putative miR-574-3p binding sites in the 3’UTR of CHO RXRA.  
Three energetically most favorable hybridizations between miR-574-3p and 3’UTR of CHO RXRA are demonstrated. 
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Figure 33. Putative miR-574-3p binding sites in the 3’UTR of CHO SMAD4.  
Three energetically most favorable hybridizations between miR-574-3p and 3’UTR of CHO SMAD4 are demonstrated. 
 
 

  
 
Figure 34. Putative miR-574-3p binding sites in the 3’UTR of CHO TGFB.  
Three energetically most favorable hybridizations between miR-574-3p and 3’UTR of CHO TGFB are demonstrated. 
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Furthermore, we checked whether CUL2, RAC1, p300, RXRA, SMAD4, TGFB1, Clathrin, ERH and BclXl 

genes were downregulated in miR-574-3p overexpressing CHO cells. Relative mRNA levels of eight out of 

nine selected annotated miR-574-3p target genes showed statistically significant downregulation in CHO-

ETN cells overexpressing miR-574-3p (Figure 35).  
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Figure 35. MiR-574-3p targets. 
Relative mRNA levels of nine annotated miR-574-3p target genes in CHO-ETN cells overexpressing miR-574-3p shown 
as fold-change relative to the control cells and normalized to MMADHC mRNA. Data is presented as the mean of 
three independent experiments ± SEM. Statistical analysis was done using one-way ANOVA followed by Bonferroni’s 
post-hoc comparisons tests (*P ≤ 0.05) 

 

Western blot analysis confirmed significant downregulation of at least five selected target proteins: 

p300 (14.7% of the control cells), Clathrin (82.4% of the control cells), SMAD4 (44.7% of the control cells), 

BclXl (79.9% of the control cells), ERH (100% of the control cells) and RXRA (67.4% of the control cells) 

(Figure 36). We were not able to find anti-TGFB1 (Transforming growth factor beta 1) and anti-RAC1 (Ras-

related C3 botulinum toxin substrate 1) antibodies that recognize CHO proteins. We therefore identified 

p300, SMAD4 and RXRA as the most prominent downregulated proteins upon miR-574-3p overexpression 

in CHO cells. 
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Figure 36. Protein expression levels of 6 miR-574-3p targets in CHO cells.  
CHO stable cell line expressing miR-574-3p and control cell line lysates were separated on SDS-PAGE and Western 
blotting was performed with specific antibodies as indicated on the left. Western blot analysis shows downregulation 
of p300, SMAD4 and RXRA in CHO-EN stable cells overexpressing miR-574-3p. 

 

4.6.3 MiR-574-3p is increasing the mRNA levels of EPO and ETN in CHO 

cells 

To achieve higher product yield, different cell pathways, such as glycosylation, apoptosis, 

autophagy, cell cycle, cellular protein biosynthesis machinery, metabolism and secretory pathways can be 

targeted (J. Y. Kim, Kim, and Lee 2012; Krämer, Klausing, and Noll 2010; Fischer, Handrick, and Otte 2015). 
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To investigate the level of mRNA of two heterologous genes EPO and ETN in the miR-574-3p 

overexpressing CHO cells we performed a qRT-PCR analysis. In both cells CHO-ETN and CHO-EPO, an 

increased mRNA levels upon miR-574-3p overexpression has been observed as demonstrated in Figure 37. 

On this way we were able to demonstrate that the main reason of the higher EPO and ETN titers in miR-

574-3p overexpressing cells is a higher level of mRNA in comparison to the non-treated cells most probably 

due to the higher transcription rate. 
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Figure 37. MiR-574-3p is increasing the mRNA levels of EPO and ETN in CHO cells.  
Relative ETN and EPO mRNA levels in stable overexpressing miR-574-3p CHO clones. Quantitative RT-PCR analysis of 

the relative levels of ETN and EPO mRNAs. MMADHC mRNA was used for normalization and results are ex-pressed 

as the mean of fold change in expression in CHO-ETN/EPO-miR-574-3p cells compared to the control cells (SEM as 

error bars, n = 3). Statistical analysis is performed using T-test followed by Bonferroni post hoc test 

 

4.6.4 P300 and SMAD4 siRNA knockdown effect on ETN mRNA level in 

CHO cells  

As previously shown, miR-574-3p was able to reduce p300 and SMAD4 mRNA and protein levels 

in CHO-ETN expressing cells at the significant level, we decided to further investigate if the targeted 

knockdown of p300 or SMAD4 in CHO-ETN cells was sufficient to increase the ETN titers. Therefore, we 

transiently transfected CHO-ETN cells with a negative (non-targeting) control siRNA, positive control siRNA 

(cell death inducing, UBC siRNA) or siRNAs directed against p300 (EP300 siRNA) or SMAD4 (SMAD4 siRNA).  
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Phase contrast photographs of CHO-ETN cells at 72-hours post-transfection are presented in the 

Figure 40 a. Negative (non-targeting) control siRNA, had similar viable cell density compared to mock 

transfected cells, and was therefore used for the normalization of the data. Final number of cells in wells 

treated with toxic, UBC-targeting siRNA, was used to calculate the transfection efficiency which was 90% 

(Figure 38 a). qRT-PCR was used to determine siRNA-silencing efficiency against EP300 and SMAD4 in CHO-

ETN cells at 72-hours post-transfection. SMAD4 mRNA levels were abrogated to 10% of the control cells 

(Figure 40 c) while EP300 mRNA levels were reduced to 53% of the control (Figure 38 b). In addition, with 

Western blot analysis we demonstrated that silencing was able to decrease p300 protein level by 88% 

relative to the control (Figure 38 e and f). 

Once we demonstrated that EP300 and SMAD4 silencing was efficient we were interested to see 

if this was enough to induce changes in the ETN mRNA levels in CHO cells. EP300 silencing was able to 

increase ETN mRNA level by 2-fold in comparison to the control, whereas no change was observed upon 

SMAD4 silencing (Figure 38 d).  

 Interestingly, while EP300 silencing reduced viable cell density of CHO-ETN cells for 49%, 

SMAD4 suppression resulted in 42% increase in CHO-ETN viable cell density (Figure 38 a). 
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Figure 38. Impact of P300 or SMAD4 knockdown on ETN mRNA levels in CHO cells. 
a) Phase contrast photographs of mock-transfected CHO-ETN cells or CHO-ETN cells transfected with a negative 
control siRNA, positive control siRNA (UBC siRNA) or siRNAs directed against p300 (EP300 siRNA) or SMAD4 (SMAD4 
siRNA) at 72 h of post-transfection. b) qRT-PCR analyses showing the mRNA levels of EP300 relative to MMADHC in 
CHO-ETN siRNA treated cells at 72 h post-transfection. c) qRT-PCR analyses showing the mRNA levels of SMAD4 
relative to MMADHC in CHO-ETN siRNA treated cells at 72 h post-transfection. d) qRT-PCR analyses showing the 
mRNA levels of ETN relative to MMADHC in siRNA treated cells at 72 h post-transfection. Graphs show mean ± SEM 
values from three independent experiments. e) Western blot showing the p300 protein levels in siRNA treated cells. 
GAPDH and Tubulin were used as loading controls. (f) Western blots quantification. Graphs show mean ± SEM values 
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from three independent experiments. Statistical significance was calculated with an unpaired t-test; ns: not 
significant; *p < 0.05, **p < 0.01. 

 

4.6.5 miR-574-3p overexpression induces p53 downregulation in CHO 

cells 

p300 and SMAD4 have been associated with transcriptional regulation where p300 

acetyltransferase acetylates around 100 protein substrates and binds over 400 protein ligands (Dancy and 

Cole 2015). It is known that p300 acts as a major acetyltransferase for transcription factor p53 that 

acetylates p53 in a C-terminal domain, known to be critical for the regulation of p53 DNA binding activity 

(L. Liu et al. 1999; Gu and Roeder 1997; Ito et al. 2001). It has been demonstrated that p53 acetylation on 

its C-terminus by p300 enhances its DNA-binding affinity for promoters. Overall, p53 acetylation strongly 

correlates with protein stabilization while ubiquitination, which occurs on the same lysine residues, causes 

the degradation of p53 (Brooks and Gu 2011). There is considerable evidence demonstrating that p53 

represses transcription from several cellular and viral promoters including CMV and SV40 through 

interference with TATA motif and basal transcription machinery (MacK et al. 1993; Perrem et al. 1995; Wu 

et al. 2001; Rodova et al. 2013). Therefore, we aimed to investigate whether downregulation of p300 by 

mir-574-3p decreases p53 level (through lower acetylation and therefore lower stability) alleviating CMV 

promoter repression and consequently increasing the recombinant protein expression (ETN gene is under 

the CMV promoter). Thus, we checked the p53 expression level in miR-574-3p overexpressing CHO-ETN 

cells in comparison to the control cells. In order to stabilize and visualize p53 in the Western blot, we 

treated the cells with 250 μM etoposide. Western blot analysis demonstrated that the p53 protein level in 

CHO-ETN cells overexpressing miR-574-3p decreased by about 30% in comparison to CHO-ETN control cells 

(Figure 39 a and b).  
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Figure 39. MiR-574-3p downregulates p53. 
a) CHO cells stably expressing miR-574-3p were exposed to etoposide (ETO 250 μM) for 16 hours. Western blot 
analysis shows significant downregulation of p53 in CHO-ETN cells. b) The graph shows the mean ± SEM from three 
independent experiments (unpaired t-test, ***p < 0.001).  

 

 

On the basis of the results obtained, we propose a model of miR-574-3p action that involves p300 

and p53 as effector proteins. Overexpression of miR-574-3p induces a drastic reduction in p300 expression 

that consequently results in p53 downregulation, destabilization and degradation. Lower p53 levels de-

repress the CMV promoter and result in higher heterologous protein expression. Figure 40 represents a 

schematic representation of the proposed model. 
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Figure 40. Proposed miR-574-3p mode of action through p300 and p53 downregulation. 
1) In the wt cells, under different stresses, such as prolonged cell cultivation and nutrient deprivation, p300 is 
activated as well as p53. p300 is a major acetyltransferase for p53 that acetylates p53 and therefore stabilizes it. p53 
suppresses viral promoter activity interfering with the basal transcription machinery. 2) Upon miR-574-3p 
overexpression, p300 is downregulated resulting in a lower p53 acetylation, destabilization and degradation 
removing the viral promoter repression and increasing heterologous gene transcription. 

 

4.6.6 Cell cycle analysis 

Since one of the biological processes in which four validated miR-574-3p targets are involved is 

the cell cycle and it’s known that the longer lasting period of cells in G1 phase positively correlates with 

protein production, we decided to look at the cell cycle profile of miR-574-3p CHO-ETN cells. We quantified 

cell cycle phases of miRNA-574-3p versus control cells, by combined propidium iodide and BrdU staining 

and analysis by flow cytometry. Cell cycle analysis showed no significant difference in the percentage of 

cells in any phase of cell cycle in miR-574-3p CHO-ETN cells versus control cells. The only significant 

difference was observed in the apoptotic and early apoptotic fractions (subG0/G1) where miR-574-3p 

shows an anti-apoptotic effect (Figure 41). 

 



127 
 

 

 
Figure 41. Cell cycle analysis of CHO-ETN cells stably expressing miR-574-3p.  
a) Cell-cycle analysis by flow cytometry after BrdU and propidium iodide staining of miR-574-3p CHO-ETN cells after 
4 days of cultivation. b) miR-574-3p overexpression induces less apoptosis (less subG0/G1 cells) in CHO-ETN cells. 
Percentage of cells in each phase is shown as fold-change relative to the CHO-ETN control cells.  All data is expressed 
as the mean ± SEM. * p < 0.05, t-test. 

 

4.6.7 Identification of miR-574-3p targets in CHO-ETN cells using SILAC-

based proteomic approach  

In order to identify new miR-574-3p targets at the protein level in CHO-ETN cells we decided to 

perform Stable Isotope Labeling with Amino acids in cell Culture analysis (SILAC). SILAC is a labeling 
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strategy for mass spectrometry-based quantitative proteomics that relies on the metabolic incorporation 

of nonradioactive heavy isotopic forms of amino acids into cellular proteins (Harsha, Molina, and Pandey 

2008). We adapted CHO-ETN cells to the media containing heavy 2H4 lysine and 13C6 arginine amino acids 

(heavy state) while miR-574-3p overexpressing CHO-ETN cells were grown in normal DMEM medium (light 

state). After 4 days of cultivation total proteins were extracted from both cells and equal amount were 

mixed, digested with trypsin and fractionated into 18 fractions using reversed phase chromatography as 

illustrated in Figure 42. LC-MS/MS analysis of the fractions was carried out using a high-resolution Fourier 

Transform mass spectrometer. The fold changes were calculated from the ratio of intensity of peptide MS 

spectrum obtained from control samples to miR-574-3p overexpressing cells.  

 

 

Figure 42. SILAC-based proteomic analysis of stable overexpressing miR-574-3p CHO-ETN cells versus control cells. 
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A total of 4649 proteins were identified and quantified. The distribution of normalized ratios (log2) 

of all identified proteins in three independent experiments is shown in Figure 43, which contains MA plot 

a) and volcano plot b). Since previous studies showed that global effects of miRNAs on protein expression 

levels are often moderate and subtle, with average changes in protein expression being as small as 10 to 

35%, we looked at the proteins with a ratio of ≥2 as upregulated and ≤0.5 as downregulated (Baek et al. 

2008; Hendrickson et al. 2009; Selbach et al. 2008; Marimuthu et al. 2014). The list of identified proteins 

filtered to be statistically significant (p≥ 0.01) is provided in Table 23.  

 

 

 

Figure 43. Distribution of normalized ratios (log2) of all identified proteins in three independent SILAC 
experiments.  
a) MD plot showing the average fold change (log2 scale, y axis) and the average expression (log2 scale, x-axis) of all 
features in the Silac experiment and b) Volcano plot displaying differentially expressed proteins between control cells 
and treated cells. The vertical axis (y-axis) corresponds to the mean expression value of log 10 (q-value), and the 
horizontal axis (x-axis) displays the log 2-fold change value. The green dots represent the proteins whose expression 
is differential expressed. Positive x-values represent up-regulation and negative x-values represent down-regulation.  
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Table 23. The list of upregulated and downregulated proteins identified by SILAC. 
ratio of ≥2 was considered uoregulated and ≤0.5 was considered downregulated. All proteins identified by SILAC 

were filtered to be statistically significant (p≥ 0.01). 

Downregulated proteins  Upregulated proteins 
       
Gene name LogFC P.Value  Gene name LogFC P P.Value 
ENY2 -6.7 0.001  PLP2 8.7 0.006 

POLRMT -6.4 0.003  RAB12 7.0 0.001 

NDRG3 -6.1 0.001  SMDT1 7.0 0.001 

NDUFA8 -6.0 0.001  XRCC5 6.9 0.0003 

PLCB3 -5.9 0.002  TM9SF4 6.9 0.001 

GSTM3 -5.8 0.005  MRPL45 6.8 0.0004 

ITPRIP  -5.7 0.004  RPP38 6.7 0.004 

ZNF330 -5.7 0.004  TOMM7 6.6 0.002 

VPS37C -5.6 0.003  NTPCR 6.6 0.001 

LMF2 -5.4 0.034  ERAP1 6.5 0.003 

PEBP1 -5.0 0.006  FITM2 6.4 0.001 

NSA2 -4.8 0.039  PDHX 6.4 0.004 

IMP3 -4.4 0.035  GTF3C4 6.4 0.032 

VKORC1L1 -2.4 0.002  MAN1A2 6.3 0.002 

ATOX1 -1.9 0.012  KDELC1 6.2 0.001 

NQO1 -1.8 0.025  AAR2 6.2 0.002 

PCYOX1 -1.7 0.014  SHCBP1 6.2 0.002 

VAC14 -1.6 0.018  EIF2D 6.2 0.002 

RNASET2 -1.5 0.007  RBPJ 6.1 0.002 

ACSF2 -1.4 0.026  RPUSD2 6.1 0.002 

SLC1A4 -1.4 0.008  MAPRE3 6.0 0.002 

EIF4A2 -1.4 0.012  DDX52 4.3 0.045 

RBMS1 -1.3 0.017  FANCD2 4.1 0.050 

ALG2 -1.3 0.028  ZER1 4.0 0.049 

TUBB3 -1.3 0.016  TUBA8 3.0 0.001 

PBXIP1 -1.3 0.021  TMCO1 2.7 0.023 

PUM1 -1.3 0.021  DPY30 2.6 0.006 

SDF2L1 -1.2 0.049  COX2 2.4 0.010 

DCAKD -1.2 0.010  PRKCDBP 2.0 0.011 

PGAM5 -1.2 0.030  HERC4 1.5 0.006 

ACTN3 -1.2 0.010  KPNA3 1.4 0.001 

UBTF -1.1 0.045  DHFR 1.2 0.015 

RPS6KA3 -1.1 0.013  S100A11 1.2 0.013 

ARF6 -1.1 0.046  VWA8 1.1 0.019 

TOMM20 -1.1 0.014  NUP58 1.1 0.019 

NDUFV3 -1.1 0.018  ABCF3 1.1 0.020 

DNAJA3 -1.0 0.021  MLH1 1.1 0.019 

    RBM7 1.1 0.020 

    PPP1R8 1.1 0.021 
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Further on, in order to look for biological relevance of newly identified putative miR-574-3p targets 

a gene enrichment analysis was performed. Significantly downregulated genes were analyzed in the 

context of several databases, such as the Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www. 

genome.ad.jp), gene ontology (GO) terms and BioCarta (http://www.biocarta.com) using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID; https://david.ncifcrf.gov/). The candidate 

target genes were assigned to different categories of the functional annotation tool, namely UCSC_TFBS 

and UP_KEYWORDS. UCSC_TFBS category is one of the options of the functional annotation tool, which 

provides a list of transcription factors (TFs) that bind subsets of the given genes. For each identified TF, 

genes containing its binding site and corresponding P values are provided (Table 24). The results shown in 

Table 24 demonstrate that the highest number of miR-574-3p targets contain binding site for CREB 

transcription factor. Interestingly p300 acts, together with nuclear protein CBP (CREB-binding protein), as 

a coactivator for the transcription factor CREB (Kwok et al. 1994), Second most enriched group in this 

category are targets with binding site for p53 (Table 24). Again, these finding is in accordance with our 

data of p53 downregulation in miR-574-3p overexpressing CHO cells. In addition, according to UniProtKB 

keywords (UP_KEYWORDS) most of the putative miR-574-3p targets are annotated to the phosphoprotein 

and acetylation functions (Table 25). It’s interesting to note that previously demonstrated mir-574-3p 

effector protein p300 is an acetyltransferase known to acetylate around 100 different protein substrates 

(Dancy and Cole 2015). 
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Table 24. Functional pathway analysis in DAVID for Category UCSC_TFBS. 
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Table 25. Functional pathway analysis in DAVID for Category UP_KEYWORDS. 

 

 

In order to experimental validate some of the identified putative targets of miR-574-3p, we 

performed a qRT-PCR analysis on total RNA extracted from miR-574-3p overexpressing cells versus control. 

Target gene mRNA levels were normalized to MMADHC mRNA. Results are expressed as a mean of fold 

change in CHO-ETN-miR-574-3p cells compared to ETN control cells. Our results show significant 

downregulation of 6 proteins: PEBP1, VKORC1, VAC14, NSA2, PLCB3 and SLC14A (Figure 44).  

n
e g

. 
c tr

l .

P
E

B
P

1

V
K

O
R

C
1

V
A

C
1
4

N
S

A
2

P
L

C
B

3

S
L

C
1
4
A

L
M

F
2

P
O

L
R

M
T

R
B

M
S

1

E
N

Y
2

P
C

Y
O

X
1

R
N

A
S

E
T

2

E
lf

4
A

2

N
D

R
G

3

IT
P

R
IP

V
P

S
3
7
C

0 .0

0 .5

1 .0

1 .5

2 .0

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
r
e

s
s

io
n

 l
e

v
e

l

[f
o

ld
-c

h
a

n
g

e
]

**** ****
***

** **
*

 

Figure 44. qRT-PCR validation of the SILAC identified miR-574-3p targets.  
mRNA level was normalized with MMADHC mRNA. Results are expressed as mean of fold change in CHO-ETN-miR-
574-3p cells compared to ETN control cells (SEM as error bars, n = 3). Statistical analysis is done using Two-way 
ANOVA test followed by Bonferroni post hoc test: *, P < 0.05. 
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4.6.8 Identification of miR-3667-5p targets in CHO cells  

Since transient and stable overexpression of miR-3667-5p significantly improved EPO production 

(see Figures 22 and 24), we aimed to identify putative targets of miR-3667-5p in CHO cells. Therefore, we 

searched the miRTarBase database for miR-3667-5p-targets. All putative miR-3667-3p targets found in 

human cells derive from next generation sequencing experiments and were not validated experimentally 

so far. Using qRT-PCR, we checked whether TRPS1, CRKL, FABP2, C18orf32 and ORC1 genes were 

downregulated in miR-3667-3p overexpressing CHO cells. mRNA levels for miR-3667-5p target genes 

quantified by qRT-PCR were normalized with MMADHC mRNA. Results are expressed as a mean of fold 

change in CHO-EPO-miR-3667-5p cells compared to EPO control cells after 4 days in culture. Relative mRNA 

levels of four (namely, CRKL, FABP2, C18orf32 and ORC1) out of five selected annotated miR-3667-3p 

target genes showed statistically significant downregulation in CHO-EPO cells overexpressing miR-574- 3p 

(Figure 45).  

 

 

Figure 45. qRT-PCR analysis of putative miR-3667-5p targets in CHO-EPO cells overexpressing miR-3667-5p.  
mRNA levels for miR-3667-5p target genes were assessed by qRT-PCR and normalized with MMADHC mRNA. Results 

are expressed as a mean of fold change in CHO-EPO-miR-3667-5p cells compared to EPO control cells (SEM as error 

bars, n = 3). Statistical analysis is done using ONE-way ANOVA test followed by Bonferroni post hoc test: *, P < 0.05. 
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5 Discussion  

5.1 High-throughput miRNA mimics screening 

The construction of highly productive CHO cell lines is still a challenging task in biotech engineering. 

Cell engineering can substantially benefit from miRNAs as a tool which regulates nearly all 

biotechnologically important cellular processes such as proliferation, metabolism, cell death, transcription 

and protein production (Jadhav V et al, 2013). In the present study, we aimed to identify miRNAs that are 

able to boost production in CHO cells in a product-independent manner. We successfully established a 

screen of 2042 human miRNA mimics, designed to mimic endogenous mature miRNA molecules, 

transiently transfected into the CHO EPO and ETN producing cells with the help of an automated liquid 

handling workstation (Microlab STAR Line, Hamilton).  We have relied our research on human sequences 

as CHO specific miRNAs array product was not commercially available and because of the fact that human, 

mouse and rat sequences are highly conserved in CHO as well. Nevertheless, there is a possibility to 

identify  additional miRNA sequences that have not yet been identified in CHO cells  (Johnson et al. 2010). 

Cross-species miRNA may have conserved targets and function despite of lack of its homolog expression 

in CHO cells (Müller, Katinger, and Grillari 2008). In fact, the work of Strotbek et al. identified two human 

miRNAs able to increase productivity in recombinant CHO-IgG1 cell line that were not found in CHO 

(Strotbek et al. 2013).  

In order to monitor a range of bioprocess relevant parameters such as viable cell density, product 

titer and specific cell productivity we had to set up a time window for the experiment. On the base of the 

previously published observations of Jadhav et al. and Fisher et al. we decided to survey an effect of 

miRNAs 72 h post transfection (Jadhav et al. 2012; Fischer et al. 2014). In addition, in the last 24h, DMEM 

supplemented with FBS was exchanged for basic DMEM in order to mimic the most favorable conditions 

in biopharmaceutical production. Today the use of FBS is omitted in the production of recombinant 

proteins of pharmaceutical interest due to safety issues, batch-to-batch variability and high cost (Wurm 

2004).  

We used a series of controls including mock-transfected cells, two non-targeting control miRNA 

mimics and toxic siRNA targeting the Ubiquitin C (UBC) transcript to optimize the screen in a 384-well 
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plates format. Mock-transfected cells were a control for any unspecific effect that may be caused by the 

transfection reagent or the procedure itself, toxic siRNA targeting the Ubiquitin C (UBC) transcript served 

to check effectiveness of transfection while two non-targeting control miRNA mimics were used as a 

reference system for an effect of miRNA overexpression. Following manufacturer’s instructions for these 

negative miRNA controls, no homology to known human, mouse and rat gene sequences was found. One 

of two non-targeting control miRNA mimics (NC #4) showed similar effect on the cell number as the mock 

control while the other NC #1 decreased viable cell density to 87.8% in comparison to mock. Therefore, 

we used NC #4 for normalization of data. On the base of toxic siRNA targeting the Ubiquitin C (UBC) 

transcript transfection efficiency was calculated as 90%.  

Seventy-two hours post-transfection we measured a range of bioprocess relevant parameters 

such as viable cell density, product titer and specific cell productivity. The majority of miRNAs (69%) 

decreased viable cell density below the threshold of 0.8-fold whereas 1% miRNAs increased viable cell 

density above the threshold of 1.2 fold. Viable cell density was increased by 14 miRNAs while 615 miRNAs 

had no effect on cell proliferation. Similar distribution pattern was observed by Fischer et al. in a 

multiparametric high-content screening using CHO-SEAP cells and murine 1139 microRNA library with just 

5% of all miRNAs being able to increase viable cell content (Fischer et al. 2014). In order to measure direct 

effect of the miRNAs on the productivity we developed in house ELISA test for EPO and ETN and measured 

directly product titer in the media. The percentage of miRNAs that increased product titer above the 

threshold of 1.2-fold was 18%, while 61% of miRNAs decreased product titer below the threshold of 0.8-

fold. Whilst 370 miRNAs resulted in higher volumetric productivity 1015 miRNAs enhanced cell-specific 

EPO productivity. Since only 370 miRNAs increased product titer, it can be speculated that the reason for 

the increased specific productivity in the majority of cases lies in coinciding up-regulation of EPO 

production and decrease in CHO cell growth. Again, similar observation was made by Fisher et al. where 

comparable 16% of miRNAs increased volumetric productivity (Fischer et al. 2014).  

Several groups wondered why every screening identify new set of miRNAs that can rarely relate 

to each other (Maccani et al. 2014; Klanert et al. 2016). Beside different screening design, it appears that 

miRNA profile and function is protein- and/or clone dependent (Maccani et al. 2014). In order to validate 

the high-throughput screening results and identify miRNAs that increase recombinant protein production 

in CHO cells in a product-independent manner, we chose 124 miRNAs with the highest product titer and 

viable cell density for a secondary screening in CHO-EPO and CHO-ETN cells as well. The majority of miRNAs 

(80%) did not change viable cell density of CHO-ETN cells for more than 20%. This was expected, since the 
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miRNAs used in this screen were preselected from the first screening based on criteria of highest specific 

productivity and the final cell density above 80%. In terms of productivity, 48% of miRNAs increased while 

2% decreased cell specific productivity of ETN over 1.2-fold, whereas the percentage of the miRNAs that 

increased product titer over 1.2-fold equaled 18%, while 3% of miRNAs decreased product titer below the 

threshold of 0.8-fold. Next, we scaled-up our experiment to a 96-well plate format and transiently 

transfected both, CHO-EPO and CHO-ETN cells with 35 best-performing miRNA mimics. We selected seven 

miRNA mimics (miR-143-3p, miR-18b-3p, miR-132-5p, miR-521-1-3p, miR-574-3p, miR-3667-5p and miR-

3939-3p), which significantly improved both EPO and ETN production in CHO cells. The best miRNA 

candidates resulted in 2-fold increase in product titer, which is in line with other similar screening studies 

conducted elsewhere (Fischer et al. 2014; Strotbek et al. 2013). As we used a human miRNA library in our 

screening, we were able to detect a positive effect on recombinant protein production for as yet unknown 

miRNAs in the CHO genome, such as miR-18b-3p, miR-521-1-3p, miR-3667-5p and miR-3939-3p. 

Moreover, we identified miR-574-3p as the best candidate amongst 2042 candidates, which is able to 

increase cell-specific and overall production of EPO and ETN in CHO cells.  

MiRNA target recognition is determined by base pairing between the eight-base seed sequence of 

the miRNA from the 5’ end and the mRNA transcript (Lewis, Burge, and Bartel 2005). Kehl et al found a 

positive correlation between seed similarity in miRNAs and target gene/pathway similarity (Kehl et al. 

2017). Interestingly, multiple sequence alignment of seven miRNAs selected in our screening (miR-143-3p, 

miR-18b-3p, miR-132-5p, miR-521-1-3p, miR-574-3p, miR-3667-5p and miR-3939-3p) shows a consensus 

seed .ACGC.CA that might indicate its involvement in gene silencing activity of similar targets. 

 

5.2 miRNAs stable expression platform 

Whilst transient overexpression is useful for identification of promising miRNAs, successful use of 

miRNAs as a tool for CHO cell engineering in industrial applications relies on the stable integration of the 

pre-miRNAs’ sequence into the host genome. Furthermore, generation of stable overexpressing cells is 

necessary in order to address miRNA biogenesis complexity. Mature miRNA biogenesis is a complex multi-

step process starting from primary miRNA transcript (pri-miRNA), cleaved by Drosha-DGCR8 protein 

complex, to form a hairpin precursor miRNA (pre-miRNA). Pre-miRNA is exported to the cytoplasm and 
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cleaved by Dicer to form a short double-stranded miRNA duplex (Yoontae Lee et al. 2003; Gregory et al. 

2005; Winter et al. 2009; Bartel 2018).  

As four out of seven miRNAs of interest were not present in the CHO miRBase, we decided to use 

human pri-miRNA homologs and their flanking sequences for the stable clone generation. We successfully 

amplified six out of seven selected pri-miRNAs from human genomic DNA using primers located around 

200 bp upstream and 200 bp downstream of pre-miRNAs. We cloned pri-miRNAs into the MiRVec plasmid 

that is a modified pMSCV-Blasticidin retroviral vector for miRNA expression under the CMV promoter 

instead of PGK-promoter created by Voorhoeve et al. (Voorhoeve et al. 2007). Analysis of relative levels of 

mature miRNAs in CHO-ETN cells showed that miR-143-3p, miR-521-1-3p and miR-574-3p human pri-

miRNAs are successfully processed in CHO cells whereas mature miR-18b-3p, miR-3667-5p and miR-3939-

3p were not detected in the cytoplasm of CHO cells. We further demonstrated that the transcription of 

human pri-miR-18b/3667/3939 was not impaired and that the problem lay in the processing of pri-miRNAs 

in CHO cells. One of the reasons for defective human pri-miRNAs processing in CHO cells could be the 

perturbation of the secondary structure, such as a loss of specific pri-miRNA hairpin formation in CHO cells. 

Our results suggest that human flanking sequences, which are not completely homologous to those in 

hamsters are not efficiently processed by Drosha.  

It has been previously reported that one of seven miRNAs of interest, miR-143-3p, can induce a 

hyper-productive phenotype in CHO cells (Schoellhorn et al. 2017). Therefore, we used miR-143-3p to 

further investigate stable miRNA overexpression in CHO cells. The conservation rate of mature miR-143 in 

Chinese hamster sequence compared to human is 100% whereas precursor (pri-miR-143) sequences show 

significant differences. Indeed, being evolutionary optimized for the Chinese hamster miRNA processing 

machinery, Chinese hamster endogenous pri-miRNA sequences resulted in higher mature miRNAs 

expression in comparison to miRNA precursor sequences from human genomic DNA. Significant increase 

in ETN production (1.4-fold) was only observed in the stable overexpression of miR-143 in CHO cells with 

an endogenous CHO scaffold. These results demonstrated that the Chinese hamster pri-miRNA sequence 

is the method of choice for stable miRNA overexpression in CHO cells and outperforms human flanking 

sequences.  

We used a CHO pri-miRNA-143 scaffold to drive the expression of the other miRNAs of interest. 

Up to now, several structural features have been identified to regulate pri-miRNA processing such as a 

hairpin stem length of 36 ± 3 nt, apical loop size ≥10 nt and the location of unpaired bases along the stem 

(bulge position)(Nguyen et al. 2015; Ma et al. 2013; Roden et al. 2017). These features are enriched in pri-
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miRNAs, discriminating them from other hairpin-containing transcripts and govern efficient processing. 

Double-stranded stem, hairpin structure and single-stranded flanking regions of pri-miRNA are critical for 

microprocessor complex binding and cleavage (Yeom et al. 2006; Zeng and Cullen 2005, 2003). Although 

it has been shown for several sequences, such as the CNNC and basal UG,  to be processing-enhancing 

motifs in pri-miRNAs (Nguyen TA et al, 2015) an overall view is that nucleotide identity has less impact on 

pri-miRNA processing than the secondary structure features (Zeng & Cullen, 2005, Winter et al., 2009).  

Taking all this into account, we replaced the mature miR-143 encoding region with miR-18b, miR-

132, miR-521, miR-574, miR-3667 and miR-3939 sequences in miRVec plasmid while maintaining hamster-

specific flanking sequences of pri-miR-143. The length of the stem was kept constant as well as the location 

and size of three bulges by the introduction of three sequence mismatches in the 5p strand. By mutating 

the opposite strands, we aimed to prevent their loading into Ago complexes and to promote “correct” 

strand incorporation by RISC. The most probable secondary structure of newly prepared chimeric pri-

miRNAs of interest, obtained using UnaFold software, demonstrated preserved hairpin, double-stranded 

stem and three bulges location within the miRNA stem. Finally, we demonstrated that all six pri-miRNA 

constructs were successfully processed by Drosha and exported from the nucleus. 

Although the work of Zeng and Cullen showed that efficient Drosha processing of a pri-miRNA in 

vitro, on the long flanking ssRNA sequences to stem-loop structure, occurs in a sequence-independent 

manner (Zeng and Cullen, 2005), the principal findings of our study are that pri-miRNA processing in 

hamster flanking sequences is more efficient than that of human sequences in CHO cells. Similar 

observations were provided by Klanert et al. who demonstrated inefficient processing of chimeric pri-

miRNAs (mature CHO miRNA with mouse pri-miR-155 flanking and loop sequences) in comparison with 

endogenous mir-221 and mir-222 constructs (Klanert et al. 2014). In addition to the importance of the 

flanking sequence in pri-miRNA metabolism, and in correlation with the findings of Roden et al. (Roden et 

al., 2017) our data suggests that several structural features, such as preserved hairpin stem length, apical 

loop and the number and location of bulges along the stem, contribute to efficient pri-miRNA processing. 

Additionally, we propose our design strategy of site-directed mutagenesis, maintaining hamster-specific 

flanking sequences of pri-miR-143, the length of the miR-143 stem, the location and size of bulges within 

the stem, for the replacement of a mature miRNA-143-3p sequence with any miRNA of choice in CHO cells.  
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5.3 Effects of stable overexpression of seven miRNAs on 

EPO and ETN production 

Stable expression of all seven mature miRNAs of interest from Chinese hamster pri-miR-143 scaffold 

in CHO-EPO or CHO-ETN clones was confirmed by qRT-PCR. EPO and ETN concentration was measured in 

the supernatant after 4 days of production. While most of the tested miRNAs significantly increased the 

production of EPO, only miRNA-574-3p increased both EPO and ETN production. Stable overexpression of 

miRNA-574-3p resulted in a 1.33-fold increase of EPO titer and 1.41-fold increase of ETN titer. Our 

observations are in line with several other studies with miR-17, miR-19b or miR-92a (Loh et al. 2014). Also, 

previous report demonstrated that miR-143 can increase production of difficult-to-express proteins MAbs 

and SEAP for more than 20% compared to the mock CHO cells (Schoellhorn et al. 2017).  

By measuring ETN and EPO gene expression levels in two miRNA-574-3p overexpressing stable CHO 

clones, we demonstrated that miR-574-3p enhances recombinant proteins titer mainly due to mRNA 

transcript abundance. On the other hand, CHO-EPO cells showed increased EPO productivity after stable 

expression of other three miRNAs as well (miR-18b-3p, miR-521-1-3p and miR-3667-5p). Therefore, we 

decided to test the effect of mir-574-3p and miR-3667-5p in the scaled-up setting.  

Today, most large-scale cell culture processes are performed in a serum-free media in the absence 

of serum-provided peptides, growth factors and an undetermined collection of proteins, lipids, 

carbohydrates and small molecules. Some reasons for excluding serum are its undefined character, the 

risk of transmitting adventitious agents (for example bovine viruses and prions) and its cost (Wurm 2004). 

In order to test the effect of mir-574-3p and miR-3667-5p in the scaled-up setting, we grew CHO-EPO-miR-

574-3p and CHO-EPO-miR-3667-5p stable clones in a serum-free production media for 12 days. A positive 

trend in cell survival and protein production was even more pronounced after prolonged cultivation (12 

days) in a serum-free media as stable mir-574-3p overexpressing cells yielded more than 2-fold of EPO 

compared to the control cells. On the other hand, miR-3667-5p increased EPO titer for 1.7-fold in 

comparison to CHO-ETN control cells.  
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Product quality is an important factor of recombinant protein production and miRNAs seem to 

play a role in the control of relevant mechanisms and pathways (Jadhav et al. 2013). It has been previously 

suggested, single miRNAs and miRNA clusters can impact O-glycosylation of recombinant proteins (Jadhav 

et al. 2013). As EPO biological activity is heavily dependent on glycosylation (Wasley et al. 1991), we 

decided to look at the isoform profile of EPO purified from mir-574-3p versus control cells. The quality of 

purified EPO was comparable in both clones as estimated by the SDS-PAGE and IEF analysis. Our results 

show that miR-574-3p is a good candidate to boost heterologous protein production in CHO cells without 

impact on its quality. 

 

5.4 Validation of miR-574-3p targets in CHO cells 

Although miRNAs are highly conserved, CHO-cell-specific confirmation of function is still necessary 

(Müller, Katinger, and Grillari 2008). There are plenty miR-574-3p targets discovered in different cells 

described in literature. Nonetheless, due to complex and numerous interactions between miRNAs and 

their targets, observed results are often in contrast. To date, no information is available about miR-574-

3p function in CHO cells.  

Identifying complex and diverse miRNA-mRNA target interactions is still a major challenge that is 

further hampered by the unavailability of data for the Chinese hamster genome. Hence, while searching 

for experimentally validated miR-574-3p-targets in the literature, we assumed a high preservation of 

miRNA and target mRNA interactions between Chinese hamster, mouse and human cells. Additionally, we 

performed in silico analysis for the putative binding sites of miR-574-3p within CHOs 3’ UTRs of 9 target 

genes collected from the miRTarBase. It is known, that after being loaded into Ago protein, miRNA guides 

the complex to target mRNAs. Ago-miRNA complex generally first recognizes target mRNAs through 

Watson-Crick base pairing between a part of miRNA named seed region and target site usually found in 3’ 

UTR of the target mRNA (Bushati and Cohen 2007). Another important aspect of miRNA-mRNA binding, is 

the fact that seed regions inside mature miRNAs are between 6 and 8 nt long and consist of miRNA 

nucleotides from 2 to 8 (counting from 5’ end). The pairing of the seed region (miRNA nucleotides from 2 

to 8, counting from 5’ end) is enough for mRNA silencing and it is the most common way of pairing (S. Ding 

et al. 2005; Jonas and Izaurralde 2015). This huge number of possible bindings as a result of loops of 

unpaired nucleotides, makes prediction of miRNA targets by simple pattern matching or BLAST searches 
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impossible. For this reason, we looked for the putative binding sites of miR-574-3p using the RNAhybrid 

prediction program, which directly predicts multiple potential binding sites of miRNAs in large target RNAs. 

The program finds the energetically most favorable hybridizations of a small RNA to a large RNA while 

excluding intramolecular hybridizations, between target nucleotides or between miRNA nucleotides 

(Rehmsmeier et al. 2004). We identified energetically most probable binding sites of miR-574-3p in the 

3’UTR of all 9 selected cgr-target genes. This gave us confidence to further check whether CUL2, RAC1, 

p300, RXRA, SMAD4, TGFB1, Clathrin, ERH and BclXl genes were downregulated in miR-574-3p 

overexpressing CHO cells. We demonstrated, at RNA and protein level, a significant downregulation of 

p300, SMAD4 and RXRA following miRNA-574-3p overexpression in CHO cells. p300 and SMAD4 have been 

associated with regulation of transcription where p300 acetyltransferase acetylates around 100 protein 

substrates and binds over 400 protein ligands (Dancy and Cole 2015). For SMAD4 and RXRA are known to 

be p300 binding partners (Janknecht, Wells, and Hunter 1998). Moreover, it has been demonstrated that 

p300 acetylates RXRA on lysine 145 (Zhao et al. 2007). 

 

5.4.1 Effect of p300 and SMAD4 knockdown on heterologous gene 

expression 

 To examine the functional role of p300 and SMAD4 proteins in increased ETN production, we 

performed a loss-of-function experiment in CHO cells using p300 and SMAD4 siRNAs. We were able to 

knockdown p300 mRNA to 53% and p300 protein level to 12% of the control, which was comparable to 

miR-574-3p overexpression effect on p300 (p300 mRNA downregulation to 35% and p300 protein level to 

15%). On the other hand, miR-574-3p overexpression reduced SMAD4 mRNA for 51% whereas p300 siRNA-

mediated knockdown reduced SMAD4 mRNA for 90%. Our loss-of-function experiment, where 

endogenous p300 expression was silenced by siRNA, demonstrated an average of 2-fold increase in ETN 

production. This suggests that miRNA-574-3p might regulate p300 acetyltransferase directly involved in 

recombinant protein expression. Interestingly, the work of Zebung Hu et al, demonstrated that p300 was 

a direct target of miR-132-3p as well, which was one of the seven miRNAs identified in our screening 

(Zebing Hu et al, 2015). The same effect on ETN production was absent in SMAD4 silenced cells. 

Curiously, while EP300 silencing reduced viable cell density of CHO-ETN cells for 49%, SMAD4 

suppression resulted in 42% increase in CHO-ETN viable cell density. It is known that SMAD4 plays a key 
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role in TGF-β signaling pathways and has been reported as a tumor suppressor (Ullah et al. 2018). The 

previous studies show that 55% of pancreatic cancers have inactivated SMAD4 (Singh, Wig, and Srinivasan 

2011; Van Heek et al. 2002). SMAD4 is also commonly inactivated in gastrointestinal carcinomas and 

adenocarcinomas. Analysis of colon carcinoma shows that there are 47 proteins species depend on SMAD4 

expression and these proteins are usually involved in the process of apoptosis, proliferation, and 

differentiation (Stühler et al. 2006). It has been reported that the loss of SMAD4 expression in vascular 

endothelial cells progress the invasion of ovarian cancer as well (Jie et al. 2017). The overexpression of 

SMAD4 suppresses glioma cell proliferation and increases apoptosis by promoting cell cycle arrest at G1 

phase (Ullah et al. 2018), whereas SMAD4 loss results in the activation of Akt pathways that cause the 

upregulation of antiapoptotic protein Bcl-w, Bcl-2, and survivin, thus inducing tumorigenicity, 

angiogenesis, metastasis, invasion and migration (B. Zhang et al. 2014). Taking all those findings in 

consideration, one possibility could be that miR-574-3p induces increase in recombinant cell titer while 

keeping viable cell density unaffected due to synergistic effects of p300 and SMAD4 downregulation. 

Particularly, decreases in viable cell density caused by the downregulation of p300 which increases 

recombinant protein expression gets annihilated by the downregulation of SMAD4 which induces 

proliferation and inhibits apoptosis. 

Moreover, as it is well documented that p300 is associated with cell-cycle pathway and has pro-

apoptotic function in cells under different types of stress (Zhi-Min Yuan et al, 1999), we asked the question 

whether miR-574-3p induced p300 downregulation might have an effect on cell cycle and apoptosis in 

CHO cells overexpressing ETN. Our cell cycle experiment, with flow cytometry after BrdU and propidium 

staining, indeed shows that miR-574-3p has an anti-apoptotic effect in CHO-ETN cells. 

Taken together, our evidences suggest that p300 might be a valuable tool for future interventions 

in the improvement of cell productivity.  

 

5.4.2 miR-574-3p overexpression and p53 downregulation in CHO cells 

Viral promoters such as CMV and SV40 frequently drive recombinant gene expression in 

biopharmaceutical processes. Indeed, our two constructs, ETN and EPO, include CMV and SV40 promoters 

respectively. Although p53 is a well-known tumor suppressor which is able to activate gene transcription 

by binding to specific palindromic sequences (two copies of the sequence PuPuPuC(A/T) arranged head-
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to-head and separated by 0–13 base pairs), there are other modes of p53 binding to target DNA sequences 

that had been shown to repress transcription (Venot et al. 1998). One way in which p53 represses gene 

transcription is through an interaction with a promoter-bound transcriptional activator such as C/EBPbeta, 

Sp1, NF-Y, C/EBPbeta and AP-1 (Kanaya et al. 2000; J. Yun et al. 1999; Kubicka et al. 1999; Sun et al. 2004). 

Likewise, experimental evidence demonstrates that p53 can reduce promoter activity by interacting 

directly with the TATA-binding factor TBP, as well as with the TBP associated factors dTAFII40 and dTAFII60 

and other factors involved in basal transcriptional machinery. It has been shown that suppression by p53 

of the minimal promoter containing only initiator element and TATA motif depends on p53 binding with 

TBP, since TBP bound to p53 is unable to bind with other proteins of the basal transcription machinery 

(Farmer et al. 1996; Crighton et al. 2003). Comparable mechanisms of repression by p53 have been 

reported for Bcl-2 and Cox-2 promoters. In these promoters, gradual deletions up to the minimal region 

containing TATA box maintained repression by p53, suggesting that TATA sequence in the basal promoter 

is responsible for the p53 mediated repression (Seto et al. 1992; MacK et al. 1993; Ragimov et al. 1993; 

Subbaramaiah et al. 1999; Wu et al. 2001). Rodova et al. demonstrated more than 3-fold increased activity 

in cells with ablated p53 in comparison to the promoter activity in the wild type cells (p53+/+). These and 

earlier results demonstrated that p53 specifically represses CMV promoter through a site located in the 

87 bp of proximal promoter (Rodova et al. 2013). Taking all this into account we assumed that P53 is able 

to repress both promoters interfering with basal transcription machinery and the stable binding of TBP 

and TFIIA to the TATA motif, required for efficient transcriptional initiation.  

P53 is known as a p300-binding partner that interacts with acetyltransferase p300 to become 

acetylated (Dancy BM and Cole PA, 2015). In fact, p300 is one of a major acetyltransferase (together with 

CREB-binding protein) for transcription factor p53 that acetylates p53 in a C-terminal domain, known to 

be critical for the regulation of p53 DNA binding activity (Ito et al. 2001; Gu and Roeder 1997; L. Liu et al. 

1999). C-terminal lysins in human p53 that are acetylated by these two acetyltransferases are K370, K372, 

K373, K381, K382, K164 and K305 (Gu and Roeder 1997). In response to cellular stresses, such as DNA 

damage, p53 activity is modulated by acetylation, which is responsible for its stabilization (Brooks and Gu 

2011). Furthermore, it has been shown that acetylation of p53 abrogates its ubiquitination by Mdm2 and 

therefore its ubiquitination-dependent proteasome proteolysis (Li et al. 2002). In investigating the p53 

level and its acetylation status in miRNA-574-3p overexpressing cells, we suggested that p300 

downregulation decreases p53 acetylation. This results in p53 destabilization, degradation and releases 

repression of the viral promoter.  
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 There is increasing evidence that the control of transcription and regulation of mRNA stability are 

interconnected. One of the other ways in which p300 acetyltransferase might interfere with protein 

production in miRNA-574-3p CHO cells could be through the regulation of mRNA stability.  p300, and its 

closely related acetyltransferase CBP, promote the removal of poly (A) tails from mRNAs and mRNA 

degradation through acetylation of the CCR4-CAF1-NOT deadenylation complex (Sharma et al. 2016). This 

complex plays a central role in the decay of eukaryotic mRNAs (Wahle and Winkler 2013). In fact, 

pharmacological inhibitors of p300 and CBP were found to stabilize poly (A) mRNAs suggesting that protein 

acetylation directly affects the RNA degradation machinery. 

 

5.5 Proteomic profiling of stable overexpressing miR-

574-3p CHO-ETN cells 

In order to identify new miR-574-3p targets we performed a proteomic profiling of the miR-574-3p 

overexpressing CHO-ETN cells.  

Proteomic profiling using Stable Isotope Labeling with Amino acids in Cell culture analysis (SILAC), 

unveiled a snap shot of mature molecular pathways under direct or indirect functional interference from 

miR-574-3p. We chose a threshold of 2-fold for a protein to be considered upregulated or downregulated, 

since previous studies showed that global effects of miRNAs on protein expression levels are often 

moderate and subtle, with an average change in protein expression being as small as 10 to 35% (Baek et 

al. 2008; Hendrickson et al. 2009; Selbach et al. 2008; Marimuthu et al. 2014). We consider this criterion 

to be sufficiently stringent to exclude false positives even with the known risk of losing some real 

candidates as false negatives. 

Interestingly, even though miRNAs are largely known to downregulate gene expression, proteomic 

profiling of CHO cells overexpressing miR-574-3p revealed more upregulated than downregulated 

proteins. Namely, out of 4649 proteins identified, 34 proteins were found to be downregulated for more 

than 2-fold and 39 proteins were found to be upregulated for more than 2-fold.  It’s understandable that 

upregulated proteins are indirect targets of miR-574-3p. However, several studies have recently 

demonstrated that miRNAs can also upregulate their targets under certain circumstances (Tsai, Lin, and 
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Wei 2009; Henke et al. 2008; Ørom, Nielsen, and Lund 2008; Vasudevan, Tong, and Steitz 2007; Yang et al. 

2010). In fact, Vasudevan et al. have shown that miR-369-3, miRNA let-7 and synthetic miRNA miRcxcr4 

could increase translation of their targets upon cell cycle arrest (Vasudevan, Tong, and Steitz 2007). They 

proposed that translation regulation by microRNPs oscillates between repression and activation during 

the cell cycle. In another study, Tsai at al have found that miR-346 increased the expression of its target, 

RIP14 (Tsai, Lin, and Wei 2009).  

Gene enrichment analysis demonstrated that the highest number of proteins downregulated in 

CHO-ETN-miR-574-3p cells contain a binding site for CREB transcription factor. This is particularly 

interesting knowing that p300 is together with CBP transcriptional co-activator of the CREB transcription 

factor. The second most enriched group in this category included genes with a binding site for p53 

transcription factor. All these findings are in accordance with our experimental data discussed before, 

suggesting that p53 might plays an important role in CHO-ETN cells overexpressing miR-574-3p. According 

to the UniProtKB keywords (UP_KEYWORDS) database most of the identified proteins in SILAC are involved 

in phosphorylation and acetylation pathways. This data additionally supports our experimental evidence 

of an important role of p300 acetyltransferase in miR-574-3p hyperproductive effect in CHO cells.  

Even though Yang et al. noticed that  miRNAs can regulate many of its targets at the translational 

level without affecting mRNA abundance (Yang et al. 2010), we were able to experimentally demonstrate 

significant downregulation of six novel putative targets (PEBP1, VKORC1, VAC14, NSA2, PLCB3 and SLC14A) 

at mRNA level. Four out of six validated genes (VAC14, NSA2, PLCB3 and SLC14A) contain CREB 

transcription binding site. One could speculate that upon miRNA-574-3p overexpression, and p300 

downregulation, CREB transcription factor activation is diminished and therefore expression of VAC14, 

NSA2, PLCB3 and SLC14A genes. PEBP1 and VKORC1 mRNA transcripts were downregulated for more than 

85% in comparison to the control. PEBP1 (phosphatidylethanolamine binding protein 1, also RKIP) is a 

highly conserved protein and acts as an endogenous inhibitor of the RAF-MEK-MAPK/ERK pathway by 

directy blocking RAF1 (K. Yeung et al. 1999; Hagan et al. 2006). It also functions as a cellular controller for 

G protein-coupled receptor signaling, as well as NFKB activator (Lorenz, Lohse, and Quitterer 2003; K. C. 

Yeung et al. 2001). Altogether, PEBP1 interplays with many pivotal intracellular signaling cascades that 

control cellular growth, proliferation, division, differentiation, motility, apoptosis, genomic integrity, and 

therapeutic resistance (Al-Mulla et al. 2013). It has been reported that within the full promoter region of 

PEBP1, there is one cAMP-responsive element that responds to the transcription factor CREB, and one 

docking site for the histone acetylase p300. In fact, Zhang et al. demonstrated that a knockdown of CREB 
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or p300 decreases PEBP1 promoter activity suggesting their positive roles in the regulation of PEBP1 

transcription (B. Zhang et al. 2013). Therefore, we might think of an indirect action of miRNA-574-3p on 

the PEBP1 downregulation in CHO production cells through p300. Another interesting putative miR-574-

3p target NSA2 is a nucleolar protein involved in cell proliferation and cell cycle regulation. It has been 

shown that NSA2 overexpression promotes cell growth and regulates the G1/S transition in the cell cycle, 

while knockdown of the NSA2 transcript blocks the cell cycle in G1/S transition (H. Zhang et al. 2010). 

Whether and how these newly identified putative miR-574-3p targets are involved in increased 

recombinant protein production in CHO cells still needs to be further investigated. In order to investigate 

if these are direct miR-574-3p targets further studies are necessary including a luciferase assay.  

Nevertheless, we demonstrated that the application of mass spectrometry-based quantitative proteomics 

SILAC is extremely useful approach in identifying novel microRNA targets and miRNA-mediated regulations 

in general, for which is known that cause rather modest decreases in protein amounts, and may be difficult 

to detect by other proteomic methods. 
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6 Conclusions 

In this study, we established a functional screening for miRNAs able to increase recombinant 

protein production in CHO cells. We identified miRNAs that are able to boost production of EPO and ETN 

including miRNAs that have not been yet characterized in the CHO cells (miR-18b-3p, miR-521-1-3p, miR-

3667-5p and miR-3939-3p). Moreover, we identified miR-574-3p as the best candidate amongst more than 

2000 candidates, which was able to increase (from 1.3 to 2-fold) cell-specific and overall production of 

both proteins of pharmaceutical interest in CHO cells. We also demonstrated that this is mainly due to 

mRNA transcript abundance.  

We successfully established CHO cell lines that continuously and stably overexpresses selected 

miRNAs. Out findings highlight the importance of flanking genomic sequences, and their secondary 

structure features (such as preserved hairpin stem length, apical loop and the number and location of 

bulges along the stem), on pri-miRNA processing where hamster flanking sequences are more efficient 

than that of human sequences in CHO cells. Therefore, we developed a new platform for efficient stable 

expression of any miRNA in CHO cells that uses hamster pri-miRNA-143 flanking regions.  

In addition, we validated several targets of miR-574-3p and identified p300 as a main target of 

miR-574-3p in CHO cells. Our data suggest that miR-574-3p and p300 might represent novel genetic 

elements to enhance production in CHO cells, which may be mediated by down-regulation of p53. On the 

basis of the results obtained, we proposed a model of miR-574-3p action that involves p300 and p53 as 

effector proteins. Overexpression of miR-574-3p induces a drastic reduction in p300 expression that 

consequently results in p53 downregulation, destabilization and degradation. Lower p53 levels de-repress 

the CMV promoter and result in higher heterologous protein expression. Therefore, our evidences suggest 

that p300 might be a valuable tool for future interventions in the improvement of cell productivity. 

Additionally, we have identified and validated several novel putative targets of miR-574-3p (PEBP1, 

VKORC1, VAC14, NSA2, PLCB3 and SLC14A) using mass spectrometry-based approach termed SILAC and 

qRT-PCR assay.  

Taken together, the results in the present study help us to understand the biogenesis of miRNAs 

and the regulatory mechanism of miR-574-3p in CHO cells as a necessary prerequisite for the successful 

application of miRNAs in cell line engineering.  
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