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List of abbreviations 

Abbreviation Long text description 
ADCC antibody dependent cellular 

cytotoxicity 
immune reaction 

ambr 15 advanced microscale bioreactor 15 robotic bioreactor system 
CDC complement dependent cytotoxicity immune reaction 
CHO chinese hamster ovary n.a. 
DCP2 decapping protein 2 enzyme 
DHFR dihydrofolate reductase enzyme and selection marker 

DO dissolved oxygen n.a. 
EMS ethyl methanesulfonate mutagenic compound 
F Fluorescence n.a. 
FACS fluorescence assisted cell sorting  method for sorting cells 
FDA food and drug agency US american agency for drug 

approval 
FUT8 Alpha-(1,6)-fucosyltransferase enzyme 
GFP green fluorescent protein n.a. 
GS glutamine synthase enzyme 
hCMV human cytomegalovirus promoter 
IVCC Integral of viable cell concentration n.a. 

mCMV modified cytomegalovirus  promoter 
MGAT3 Beta-1,4-mannosyl-glycoprotein 4-

beta-N-acetylglucosaminyltransferase 
enzyme 

MGB minor groove binder improves binding to DNA in 
qPCR 

MSX methionine sulfoximine Glutamine synthase inhibitor 
MTX methotrexate chemotherapeutic agent/DHFR 

inhibitor 
MWCO molecular weight cut-off n.a. 
NADPH nicotinamide adenine dinucleotide n.a. 

NFQ non-fluorescent quencher quencher used in qPCR 
NTC no template control water control in qPCR 
OPLS-DA orthogonal partial least square 

discriminant analysis 
analysis approach to identifiy 
variables with the most 
influence on class 
discriminators 

PCA principal component analysis separates data into groups 
PM Production medium Medium for cultivation in fed-

batch medium and production 
of recombinant proteins 

R emission intensity signal generated in qPCR 
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Rn emission intensity normalized to ROX 
signal 

normalized signal generated in 
qPCR 

shRNA small hairpin RNA n.a. 

SIMCA soft independent modeling of class 
analogy 

software for multivariate data 
analysis 

SKP2 S-phase kinase-associated protein 2 substrate recognition 
component of a E3 ubiquitin-
protein ligase complex 

Slc35c1 GDP-fucose transporter 1 protein 
SMD Selective medium Dhfr In-house medium without HT 

for selection; used with Dhfr 
deficient cells 

SV40 simian virus 40 promoter 
TCC total cell concentration n.a. 

TSAP termosensitive alkaline phosphatase enzyme 

TWF1 twinfillin-1 (also protein tyrosin kinase 
9) 

actin binding protein 

VCC Viable cell concentration n.a. 

ΔRn Rn with basline signal substracted baseline substracted signal in 
qPCR 
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1. Introduction 

General 

Insulin was the first commercially manufactured pharmaceutical recombinant protein, 

starting its production in E. coli in 1982. Since then, 294 recombinant biopharmaceuticals 

have been approved by the Food and Drug Administration (FDA)12, treating mainly 

metabolic, hematologic or immunological disorders and cancer 82. The first recombinant 

protein produced in a chinese hamster ovary (CHO) cell line to be approved by the FDA was 

the human tissue plasminogen activator 42. Today, CHO cells are predominantly used as 

host cells for the production of therapeutic proteins, due to their capacity of proper protein 

folding, assembly and post-translational modification 84 as well as their robust growth and 

ease of DNA integration into the genome 85. There are different CHO host cell lines 

available, of which CHO-K1, CHO-S and CHO DG44 are mainly used for production purposes 
53. All cell lines originate from the CHO cell line isolated by Theodore Puck in 1957 (Figure 

1)47,81. Auxotrophy for specific metabolites made it possible to select for cells producing a 

recombinant protein. To increase the production efficiency of recombinant proteins, the 

focus was on improving overall yields by increasing specific productivity and/or cell mass. 

Therefore, media 

composition, cultivation 

strategies and the cell line 

development process 

itself were continuously 

optimized and titers up to 

10 g/L are achieved 

nowadays 50. In recent 

years, also the 

glycosylation pattern of 

the recombinant proteins, 

mainly monoclonal 

antibodies, have become 

more and more important 

Figure 1 Overview on a CHO family tree. CHO-K1 is a subclone of the proline-
requiring original CHO cell line. CHO-MTXRIII mutants were generated by 
inducing amplification of the DHFR gene via methotrexate (MTX) addition and 
DHFR gene mutation via addition of ethyl methanesulfonate (EMS). CHO-
MTXRIII cells carry an amplified MTX resistant DHFR gene on one allele and a 
wildtype DHFR on the other allele. CHO-MTXRIII were exposed to γ-radiation 
and selected for MTX sensitive clones (MTX resistant DHFR gene deleted). The 
MTX sensitive cells were again exposed to γ-radiation and selected for cells 
completely deficient in DHFR activity (double deletion of DHFR) resulting in the 
CHO DG44 cells. CHO-S cells are CHO cells which were adapted to growth in 
suspension. 
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due to both its biological function and its importance for the production of biosimilars. 

Cell line development 

With regard to the generation of production cell lines for the manufacturing of 

biopharmaceuticals, the first choice to be made is the selection of a suitable host cell line. 

As mentioned above, CHO cell lines are favorable, as they come with efficient selection 

systems, such as the DHFR/MTX (dihydrofolate reductase/methotrexate) and the GS/MSX 

(glutamine synthase/methionine sulfoximine) system, which are most widely used. Those 

systems lack a specific enzyme (e.g. DHFR or GS) important for cell growth that is re-

introduced into the cell via plasmid transfection. The cells are then exposed to selection 

pressure by cultivating in selective medium lacking the metabolite produced by the 

re-introduced enzyme, in that way forcing the cell to stably integrate the plasmid into the 

genome. Selection stringency can be elevated by adding inhibitors for those enzymes 

(MTX/MSX). After stable integration of the selective marker, the cells also produce the 

recombinant protein, as its sequence information is also carried on the same plasmid. The 

obtained stable cell pools show high variability in expression levels, as the plasmid 

integrates randomly into the genome with varying copy numbers. Thus, clonal cell lines are 

generated and screened for high performing clones. This mainly includes product yield but 

also cell line stability, product quality and robustness (e.g. high viability, beneficial 

metabolism)50. Cell lines used in the present study were generated by applying a cell line 

development platform developed by Sartorius Stedim Cellca GmbH (former Cellca GmbH) 

(Figure 2). The technology uses random integration of plasmids transfected into CHO DG44 

cells adapted to suspension growth and subsequent selection based on the dihydrofolate 

reductase (DHFR) selection system. DHFR reduces 7,8-dihydrofolate to 5,6,7,8-

tetrahydrofolate with NADPH as hydrogen source 25,80,87 and is therefore essential for 

purine, thymidylate and glycine synthesis. The CHO DG44 host cell line is lacking the DHFR 

gene 81 and therefore cannot perform de-novo synthesis of these metabolites. As the 

transfected plasmid carries the DHFR gene as well as the coding sequence of the 

recombinant protein, an integration of the plasmid recovers DHFR function and 

simultaneously introduces the gene information of the protein of interest. Selective 

pressure is applied by using a selective medium that does not contain hypoxanthine and 

thymidine, allowing only cells which express sufficient levels of DHFR to survive. 
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Methotrexate (MTX), a DHFR inhibitor, can be applied to further elevate the selection 

pressure as it is a structural analog of folic acid and inhibits DHFR competitively. The 

plasmid is integrated randomly, and the integration sites heavily influence the product 

expression level of the cells. In order to generate clonal cell lines, single cell clones are 

isolated using fluorescence assisted cell sorting (FACS) and selected in a screening process, 

including productivity and titer evaluation during batch and fed-batch cultivation. Finally, 

the best clones are tested for genetic stability by cultivating the cell lines over eight weeks 

and evaluating growth and product titer performance over that period of time.  

 

Figure 2 Schematic overview on the Sartorius Stedim Cellca GmbH cell line development process. CHO DG44 cells lacking 
DHFR are transfected with the plasmid carrying the information for the recombinant protein and DHFR by 
nucleofection. The cells are then cultivated in medium without hypoxanthine and thymidine 

There are many approaches to improve cell line development platforms by cell line 

engineering: Those include modifications of the protein of interest, such as the 

optimization of the protein sequence to achieve better folding and increased expression 

levels as well as modifications of the host cell line. Host cell modifications include genetic 

alterations in pathways involved in apoptosis, proliferation and cellular metabolism to 

increase growth rate and biomass or in pathways involved in secretion, protein folding, 

transcription and translation to increase cell specific productivity 50. In recent years, a 

further focus has been the optimization of expression plasmids by using stronger 

promoters, modifying the UTRs to improve mRNA stability, optimizing signal peptides to 

enhance the transport into the endoplasmic reticulum or adding internal ribosomal entry 

sites (IRES) to increase ribosomal binding. Furthermore, plasmids have been modified with 

Ubiquitous Chromatin Opening Elements (UCOEs) 61 to open up the chromatin or Scaffold 

Matrix Attachment (S/MAR) 29,56 regions that attach the chromatin to proteins of the 

nuclear matrix. Both UCOEs and S/MARs are supposed to prevent the integrated plasmid 
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from gene silencing. An approach evaluated in the present study is to improve the 

performance of production cell lines by the overexpression of miRNAs. 

MiRNAs as engineering tool 

MiRNAs are regulatory RNA molecules with a mean length of 22 nucleotides. They are 

encoded in the genome and, after processing, mature miRNAs bind to argonaute proteins 

(AGO) to form the RNA induced silencing complex (RISC). RISC mainly binds to the 3’ UTR 

of mRNA leading to translational repression and/or mRNA decay. Thus, miRNAs are key 

regulators of robust gene expression and highly conserved between species 28. 

MiRNAs are coded intragenically, with most miRNAs found in introns rather than in exons 

as well as intergenically, under control of their own promoter. Several miRNAs can be found 

on one RNA transcript, so called clusters. MiRNAs can be classified into different families 

sharing the same seed region. With regard to miRNA processing, it can be distinguished 

between the canonical and the non-canonical pathway (Figure 3). Most miRNAs are 

processed via the canonical pathway: after transcription, the microprocessor complex, a 

combination of DGCR8 (DiGeorge Syndrome Critical Region 8) and Drosha (ribonuclease III 

enzyme), transforms the pri-miRNA to pre-miRNA by cleaving off the base of the pri-miRNA 

stem. This leads to a characteristic 2 nt 3’ overhang. The pre-miRNA is then transported 

from the nucleus to the cytosol by exportin 5/RanGTP, where Dicer (RNase II endonuclease) 

cleaves off the terminal loop. The resulting product is a mature RNA duplex with the 

5’ strand originating from the 5’ end of the precursor and the 3’ strand originating from the 

3‘ end of the precursor. One of the strands is loaded into an Argonaute protein (AGO1-4) 

to form the minimal RISC. The incorporated strand is then referred to as guide strand, the 

remaining one as passenger strand. AGO prefers the strand with lower thermodynamic 

stability at the 5’ end or with a 5’ Uracil at position 1. The unloaded passenger strand is 

either directly cleaved by AGO if it is fully complementary to the guide strand or it is 

released from AGO and passively degraded if the passenger strand shows mismatches. This 

can lead to a strong strand bias within the cell. Non-canonical miRNA processing can be 

divided in Drosha independent and Dicer independent processing. Drosha independent 

pre-miRNAs are for example mirtrons, which are directly spliced from an RNA, or 

7-methylguanosine capped miRNAs. Both are directly exported into the cytoplasm and 

processed by Dicer. Dicer independent pre-miRNAs are cleaved from small hairpin RNAs 
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(shRNA) and are fully processed to mature miRNAs by AGO 62. The minimal RISC binds to 

miRNA recognition elements (MRE) located on mRNAs. One miRNA can bind to several 

targets and as one mRNA can have multiple MREs, also several miRNAs can bind to one 

mRNA, making miRNA regulation even more complex. Binding of miRNAs is mostly 

determined by the 5’ seed region (nucleotides 2-8), however, additional 3’ binding 

increases stability and specificity. In most cases, the mRNA:minimal RISC interaction is not 

fully complementary. In this case, minimal RISC recruits GW182, which then itself recruits 

PAN2-PAN3 and CCR4-NOT that de-adenylates the bound mRNA, followed by decapping 

through decapping protein 2 (DCP2). The destabilized mRNA is then degraded. It was also 

found that bound minimal RISC can mediate translational repression or, if the miRNA binds 

without mismatches, AGO2 can directly degrade the mRNA. Minimal RISC has been found 

in several cell compartments, including the nucleus, the cytosol, mitochondria, endosomes, 

lysosomes, the Golgi apparatus, the rough ER or in processing bodies which leads to an 

enrichment of minimal RISC associated proteins at those sites. Additionally, miRNAs have 

also been located extracellularly in exosomes or bound to AGO and some findings indicate, 

that they have signal molecule functions on target cells 62. 

 

Figure 3 MiRNA processing and mRNA regulation. Description see running text. Based on O’Brian et al., 201862 

MiRNAs have been also exploited as engineering tool, so-called ‘engimiRs’, for CHO cells 33, 

with a focus on increasing specific productivity, growth or viability. For example, transient 
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transfection of miR-30 family mimics increased cell specific productivity in CHO SEAP cells 
18 and a stable plasmid based overexpression of miR-557 in CHO-GS cells cultivated in 

fed-batch mode increased product levels of difficult-to-express proteins 20. Strotbek et al., 

2013 transiently screened human miRNAs in an IgG1 producing cell line and discovered that 

miR-557 together with miR-1287 increased productivity. This observation was confirmed 

during plasmid based stable overexpression when cultivated in batch mode. Other studies 

on miRNA expression and function in a bioprocess environment include investigations 

showing that miRNA expression patterns were dependent on the growth phase during 

bioreactor cultivation and that let-7e, miR-3072 and miR-330 increased productivity upon 

transient mimic transfection in CHO-SEAP cells 77. On the other hand, also effects of miRNA 

knockdowns were investigated, e.g. by using the so called sponge technology. Sanchez et 

al., 2014 demonstrated that reduced miR-7 levels increased final product concentration in 

CHO-SEAP cells during fed-batch cultivation. Using the same technology, Kelly et al., 2015 

found that sponge based knockdown of miR-23b increased final product concentration in 

CHO-SEAP cells during batch cultivation. Furthermore, a stable CRISPR/Cas9 mediated 

knockout of miR744-3p in IgG producing CHO DG44 cells significantly raised volumetric 

productivity 68.  

N-Glycosylation of antibodies 

For the production of biopharmaceutical proteins, product quality is important as it affects 

safety and efficacy of a therapeutic drug, including pharmacokinetics, pharmacodynamics 

and immunogenicity. The main quality attributes involve product-related impurities such 

as oxidation, de-amidation, fragmentation, aggregation and glycosylation and 

process-related impurities such as host cell proteins and DNA 50. N-Glycosylation of 

therapeutic antibodies plays a significant role in downstream effect mediation after binding 

to its specific target. N-glycans are linked to asparagine 297 in the Fc part (fragment 

crystallizable) of the antibody (Figure 21). N-glycosylation is a post-translational 

modification process taking place in the endoplasmic reticulum (ER) and the Golgi 

apparatus and involves multiple enzymatic reactions. They can be subdivided in 1) building 

of a high mannose glycan attached to an ER membrane anchored dolicholphosphate, 2) 

transfer of the high mannose precursor to the Asn residue of a protein, 3) trimming of the 

high mannose precursor to form the glycan core structure and 4) extension of the core 
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structure to complex glycans. A detailed description of the N-glycosylation pathway is 

provided in Figure 41,11,45. 

Figure 4 N-glycan biosynthesis; numbers indicate order of sugar attachment. A: Synthesis starts with the transfer of 
two GlcNac to the membrane anchored dolicholphosphate (ALG7, ALG13, ALG14), followed by adding five mannose 
residues (ALG1, ALG2, ALG11). A Man5GlcNAc2-P-P-Dol Flippase (RFT1) transfers the glycan from the cytosolic side of 
the ER membrane to the ER lumen side B: Four mannose are added (ALG3, ALG9, ALG12) and form two additional 
branches; three glucose residues are added (ALG6, ALG8, ALG10). An oligosaccharyl-transferase (OST) transfers the 
glycan tree to the Asn residue of a protein. C: Start of the trimming process: Glucose residues 14, 13 and 12 are cleaved 
(MOGS, GANAB). During Glucose removal, the glycosylated protein is folded with help of chaperones. Mannose residue 
9 (MAN1B) and 11, 7 and 6 are removed (MAN1A) and the glycoprotein is transported to the Golgi apparatus D: GlcNac 
is added (MGAT1), the mannose residues 8 and 10 are removed (Man2) and another molecule of GlcNac is added 
(MGAt2) to form the G0 type glycan. E: Several modifications of the G0 type glycan are possible: adding a bisecting 
GlcNac (17, MGAT3); or adding galactosyl-residues to one or both antennas (B4GALT1) as well as sialylation at one or 
both antennas. Also, core fucosylation is possible (FUT8). (Information obtained from 45 

Human N-linked glycosylation patterns are classified into high mannose, hybrid and 

complex glycans. CHO cells produce mainly bi-antennary glycans. According to their 

biological function, those glycan structures can be grouped into glycans which are 

fucosylated, glycans with terminal galactose (galactosylation) and in glycans with terminal 

mannose. Fucosylation plays a role in antibody dependent cellular cytotoxicity (ADCC) with 

low fucosylation enhancing the binding of an antibody to the FcγR on natural killer cells and 

therefore promoting ADCC 36. 

Terminal galactosylation is important for the mediation of complement dependent 

cytotoxicity. Decreasing terminal galactosylation leads to reduced CDC. However, the 

impact of galactosylation on this process is less clear than the impact of fucoslyation on 

ADCC. Antibodies with a higher proportion of mannose residues can have a shorter half-life 
37,69., which is, however, antibody dependent. Consequently, controlling N-glycan patterns 
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is important during biopharmaceutical production. The N-glycan profile is dependent on 

host cell line, cultivation mode, bioprocess settings and cell culture media. For example, 

the addition of galactose to the medium in combination with manganese, increased 

galactosylation of IgG by CHO cells or addition of dexamethasone increased the portion of 

sialylated IgG 17. Dissolved oxygen, pH and temperature can also have major impacts on 

glycosylation 38. Also, a number of cell line engineering approaches have been applied to 

modify glycan profiles in a targeted manner: β(1,4) Galactosyltransferase and α(2,3) 

Sialyltransferase were overexpressed in TNFR-IgG producing CHO cells resulting in 

increased sialylation and a prolonged half-life. Introduction of MGAT3 (Beta-1,4-mannosyl-

glycoprotein 4-beta-N-acetylglucosaminyltransferase) produced bisecting N-glycans 

leading to increased ADCC. Another approach was to knock-out FUT8 (Alpha-(1,6)-

fucosyltransferase) in CHO cells, which resulted in afucosylated IgG with increased ADCC. 

However, so far there has been no systematic approach that lead to control strategies of 

the full glycan profile. 

There is evidence, that also miRNAs can influence glycosylation. MiR-122 and miR-34a, for 

example, have been shown to reduce FUT8 levels upon mimic transfection of 

hepatocarcinoma cells, resulting in reduced core fucosylation of secreted proteins 8. 

Additionally, miR-30b/30d and miR_378 have been found to target GalNAc transferase 

GALNT7, an enzyme involved in O-glycosylation 27,44. Identifying miRNAs that target 

enzymes relevant for N-glycosylation holds great potential for positively influencing the N-

glycosylation pattern of monoclonal antibodies leading to increased efficacy. Furthermore, 

such approaches could be also beneficial for the development of biosimilars that require 

an exact match of the glycosylation profile with the originator product. 

Next generation sequencing 

High throughput sequencing or Next generation sequencing (NGS) has evolved from Sanger 

sequencing. The principle of Sanger sequencing is incorporating fluorescence labelled 

dideoxyribonucleotides that terminate strand elongation during polymerase chain 

reaction, separating the resulting fragments by gel electrophoresis and detecting the 

fluorescent signal of each dideoxynucleotide. Although Sanger sequencing has been 

optimized over the years, NGS is capable of sequencing several thousand genes at a time, 

which makes sequencing more cost-effective and much faster therefore enabling the 
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sequencing of whole genomes or transcriptomes in a few days. This also holds great 

potential for cell line engineering, as knowing the genome sequence of a specific cell line 

enables for example the identification of expression hot spots which can be exploited for 

recombinant protein integration or the analysis of genomic rearrangements resulting in a 

favorable cell phenotype. NGS generally comprises three different steps: 1) During library 

preparation, the DNA is randomly fragmented and linked to synthetic adapters. 2) The 

library is amplified. 3) The amplified DNA is sequenced. 76. The leading technology of the 

second generation sequencing technique used in this work is based on bridge-amplification 

and sequencing by synthesis: Adapters are ligated with their blunt ends to the 5’ and 

3’ ends of the randomly fragmented DNA or cDNA. The fragments are then loaded into a 

flow cell and the sticky ends of the adapters bind to complementary primers attached to 

the flow cell surface. As the adapters were ligated to both ends, the fragments also bind on 

both ends to primers, forming a loop or ‘bridge’. The fragments are PCR amplified and the 

amplicons are clustering around the original fragment. Sequencing is done by adding 

reversible terminators dNTPs, with each base type labelled with a different fluorescence 

marker. The fluorescence signal of each bound dNTP is measured per cluster, the reversible 

terminator is removed and a new nucleotide can be incorporated 40 

NGS can also be used to sequence the transcriptome and it is also possible to only sequence 

the small RNA transcriptome which includes miRNA. The major advantage over other 

technologies like microarrays is, that also previously unknown miRNA sequences can be 

identified. Small RNA sequencing data can be used to identify miRNA expression patterns 

in a cell which are related to parameters important to cell line development, e.g. cell 

productivity or glycosylation of the recombinant protein. 

Aims of the thesis 

Increasing productivity of cell lines has been one of the thriving parameter in cell line 

development for the last years, as a high productivity in combination with reasonable 

growth rates result in a high yield of recombinant protein per production batch and 

therefore lowers the cost per kg recombinant protein. However, in recent years, it has been 

also focused onthe quality of the recombinant protein. One of the most important quality 

parameters of recombinantly produced antibodies is the N-glycosylation of the Fc-part, as 

it determines pharmacokinetics and -dynamics of an antibody and is also an important 
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criterium when it comes to the development of biosimilars. Currently, there is a high 

screening effort to find a clonal cell line that shows the desired glycosylation pattern and 

often, the cell line with the most suitable glycosylation pattern is not the highest producing 

one. One tool to increase the productivity of cell lines and to actively influence the N-

glycosylation pattern of recombinant antibodies might be miRNAs. MiRNAs are small 

regulatory RNA molecules that play a crucial role in the regulation of gene expression. They 

have been shown to play a role in glycosylation in hepatocarcinoma cells8,14 and to be a 

useful tool for the improvement of productivity or growth in CHO cells. However, most 

studies in CHO rely on transient experiments 48,73,77,78 or, when miRNAs are stably 

overexpressed, CHO cell lines with extremely low productivity were used18. Therefore, this 

study focuses on investigating whether miRNAs can be used as engineering tool to improve 

cell specific productivity in clones with production relevant titers in a stable fed-batch 

environment, the current gold standard in biopharmaceutical production 66. Furthermore, 

a potential application of miRNAs as a tool to influence N-glycosylation in CHO cells will be 

evaluated. To the author’s knowledge, there is no information available how miRNAs are 

involved in the regulation of N-glycosylation of antibodies in CHO cells. In detail, NGS of 

small RNAs is performed on 24 CHO production cell lines producing recombinant 

monoclonal antibodies at different levels and with different glycosylation profiles. The 

resulting miRNA expression patterns are subjected to bioinformatic analysis in order to find 

correlations with high productivity as well as low galactosylation, fucosylation or 

mannosylation of the antibody. MiRNAs identified to correlate with the target parameters 

are stably overexpressed in CHO and the cells are cultivated in fed-batch mode for the 

evaluation of the cell performance and the glycosylation pattern.
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2. Materials 

2.1. Reagents and consumables 

Product Supplier Product no./Type 
1 kb DNA Ladder/1kb plus ladder New England Biolabs N3232S 
1 mL disposable tips (presterilised) Sartorius  A-0040 
1.5 mL tube Sarstedt 72706 
1.5 mL tubes, low-binding Eppendorf AG 30108051 
1.8 mL tube Nunc 375418 
10x DPBS  Lonza  BE17-515Q 
125 mL shake flasks Sigma Aldrich CLS431143 
15 mL tube Sarstedt 62.554.502 
24 bioreactors with sparger Sartorius  001-01B80 
24 High Resolution (Glycan) 
LabChip 

Perkin Elmer #CLS138951 

2-LOG DNA Ladder New England Biolabs N3200S 
2-propanol Carl Roth CP41.1 
384-well F-bottom plates Corning 3985 
5 mL disposable tips (presterilised) Sartorius  A-0039 
50 mL tube Sarstedt 62.559.001 
96-WELL fast thermal cycling 
plates, 10 

Thermo Fisher 4346907 

Acetic Acid 100 % Mol. biol. grade AppliChem A3686 
Agar-Agar, Kobe I Carl Roth 5210.1 
Agarose NEEO Ultra-Qualität Carl Roth 2267.4 
ambr consumables kit 
(2 x Box ambr vessels, 2 x 
Box 1 mL tips, 1 x Box 5 mL 
tips, 1 x Box 24 well plates) 

Sartorius  001-1B86 

Ampicillin Sigma A5354-10mL 
Arium Pro Ultrapure Water Sartorius Stedim Cellca n.a. 
Biosphere Filter Tips 10 µL Sarstedt 701.116.210 
Biosphere Filter Tips 100 µL Sarstedt 70.760.212 
Biosphere Filter Tips 1250 µL Sarstedt 701.186.210 
Biosphere Filter Tips 2.5 µL Sarstedt 701.130.212 
Blasticidin (solution) Invitrogen ant-bl-1 
Box of 1 well plates Sartorius  A-0068 
Box of 24 well plates Sartorius  A-0038 
Box of 4 row plates Sartorius  A-0067 
CASY clean Roche 43008 
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CASY cups Roche 43003 
CASY ton Roche 43001 
CD CHO Medium Invitrogen 10743-029 
CD DG44 Medium Life Technologies 12616-010 
Cell freezing medium Sigma C6295 
Citrate Sigma C2404 
Deoxynucleotide Solution mix NEB N0447S 
D-Glucose Sigma G7021 
Dimethyl sulfoxide (DMSO) Sigma-Aldrich D2438 
di-Potassiumhydrogenphosphate Omnilab 1051041000 
Dispenser tips (PD-tips 0.1 mL) Brand 702683 
Dispenser tips (PD-tips 12.5 mL) Brand 702378 
Dispenser tips (PD-tips 2.5 mL) Brand 702374 
Dispenser tips (PD-tips 25 mL) Brand 702380 
Dispenser tips (PD-tips 50 mL) Brand 702696 
Ethanol 70% Carl Roth T868.1 
Ethanol 99.8% Carl Roth 9065.3 
Feed Medium A Sartorius Stedim Cellca 

GmbH 
Diverse 

Feed Medium B Sartorius Stedim Cellca 
GmbH 

Diverse 

G0/NGA2 ProZyme #GKC-004300 
G0f/NGA2F ProZyme #GKC-004301 
G1/NA2G1 ProZyme #GKC-014300 
G1f/NA2G1F ProZyme #GKC-0143001 
G2/NA2 ProZyme #GKC-024300 
G2f/NA2F ProZyme #GKC-024301 
Gel Loading Dye Purple (6x) New England Biolabs B7024S 
Glucose/Lactate-Hämolyselösung EKF-Diagnostic GmbH 0209-0100-122 
Glycerin 87 % for molecular biology AppliChem A3739.0500 
Glycine, pH1.5 Bio-Rad 176-2220 
Greiner multiwell plate sealer Sigma #Z617571 
Hardshell PCR Plate-96 Perkin Elmer #6008870 
Human HeLa Cell Total RNA 50 µg Clonetech 636543 
Inoculation loop  Sarstedt  861.567.050 
Isopropanol 99.8 % Carl Roth 6752.1 
LB Medium Powder Carl Roth 1552 
L-Glutamine (200 mM) Sigma G8540 
Low Molecular Weight DNA Ladder NEB N3233S 
Man5 ProZyme #GKM-002500 
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MBP DNA AWAY™ Molecular BioProducts #7010 
MicroAmp™ Optical Adhesive Film, 
25 films 

Thermo Fisher 4360954 

Microplates, f-Bottom, blacK Greiner bio-one 655209 
MluI NEB R3198S 
MTX Pfizer “Lederle” L01BA01 
Multi-Standard 12 mmol/L EKF-Diagnostic GmbH 5211-3017 
NEB 5-alpha Competent E.coli high 
effeciency 

New England Biolabs B2987H 

NucleoSpin® miRNA Kit: Macherey-Nagel 740971 
Peptone (soy) Carl Roth 2832.1 
pH and reference electrode 
for analysis module 

Sartorius  001-4B80 

Phusion High-Fidelity DNA 
Polymerase 

NEB F-530S 

Pipette tips (serological) Sarstedt AG Diverse 
Pluronic F-68, 10 % (100x) Life Technologies 24040-032 
Potassiumdihydrogenphosphate Omnilab 1048731000 
PreDictor MabSelect SuRe plates GE Healthcare 28-9258-25 
Production medium Sartorius Stedim Cellca 

GmbH 
Diverse 

Protein-A Biosensors fortéBIO (Pall Life Sciences) Dip and Read 
Quick Ligation Kit NEB M2200L 
RNase A, lyophilized, 30 mg Macherey Nagel 740505.30 
RNase AWAY® and DNA AWAY™ Molecular BioProducts #7000 
Rotiphorese 10x TBE-Puffer Carl Roth 3061.2 
Rotiphorese TBE buffer Carl Roth 3061 
SacI NEB R3156S 
Serological Pipettes Sarstedt Diverse 
SMD Medium Sartorius Stedim Cellca 

GmbH 
Diverse 

Sodium acetate Sigma-Aldrich 55638 
Sodium Acetate Solution, (3 M), pH 
5.2 

Thermo Fisher R1181 

Spectinomycin dihydrochloride 
pentahydrate 

Sigma-Aldrich S4014-5G 

SpeI NEB R3133S 
ssRNA Ladder NEB N0362S 
Sterile Denatured Ethanol Premier 
Klercide 70/30 

Shield Medicare 3035340 

Sterile Pipette Tips Sarstedt and Eppendorf Diverse 
Surgical Scalpel blades Swann Morton 3016 
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SYBR Safe DNA Gel Stain Invitrogen S33102 
syringe 20 mL VWR 720-2525 
syringe 50 mL VWR 612-3355 
T4 DNA Ligase Kit Fermentas EL0014 
Tris – Puffer pH 8 (1 M) for 
molecular biology 

AppliChem A4577.0500 

Trizma-HCl solution 1M, pH 9.0 Sigma-Aldrich T2819 
TSAP (termosensitive alkaline 
phosphatase) 

Promega M9910 

UV-transparent cuvettes Sarstedt 67.759 
Vicell sample cups Beckman Coulter 383721 
Vivaspin 500, 30000 MWCO Sartorius VS0121 
Water for molecular biology, 
DEPC treated, 50 x 1 ml 

Carl Roth T143.4 

Watson tips Reload1200 μL, sterile Watson 701.186.210 
Well plates Thermo Fisher Scientific Nunc cell culture 

dishes 
WFI Rentschler Biotechnology N/A 
Yeast extract Carl Roth 2363.1 

2.2. Kits 
Product Supplier Product no./Type 
Amaxa Cell Line Nucleofactor KitV (CHO 
suspension) 

Lonza VCA-1003 

analysis module reagent kit 
for pH module 

 001-4B60 

E.Z.N.A Plasmid Mini Kit I (Q-Column) Omega Bio-tek OMEGA6942-02 
E.Z.N.A. Gel Extraction Kit (Q-Column) Omega Bio-tek OMEGD2501-02 
Glycan Release and Labelling Kit Perkin Elmer #760523 
HT Glycan LabChip Reagent Kit Perkin Elmer #760525 
miRCURY LNA RT Kit QIAGEN 339340 
miRCURY SYBR Green PCR Kit QIAGEN 339345 
PureLink HiPure Plasmid Filter Maxiprep 
Kit 

Invitrogen K2100-17 

QIAamp® DNA Mini Kit Qiagen 51304 
QIAquick Gel Extraction Kit Qiagen 28704 
QuantiNova Probe RT-PCR Kit  QIAGEN 208352/208354 

 

2.3. DNA/RNA oligonucleotides and primer assays 
Product Supplier Sequence Product no/Cat. no 
 
mCMV2267SV4
01235_for 

biomers CTATGAGCTCTTGACATGTAGGCAGCCAGTTG  
DNA oligo 
synthesis 
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Product Supplier Sequence Product no/Cat. no 
106_miRNA1_to
p biomers UGGAAUGUAAAGAAGUAUGUAU RNA oligo synthesis 

107_miRNA1_b
ot biomers AUACAUACUUCUUUACAUUCCA RNA oligo synthesis 

153_ID:101_top biomers TGCTGACCACGAGGACGAGACGTAGTGTTTTGG
CCACTGACTGACACTACGTCGTCCTCGTGGT 

DNA oligo 
synthesis 

153_ID_101_to
p_1 miRCURY 
LNA miRNA 
custom PCR 
Assay 

QIAGEN ACCACGAGGACGAGACGTAG YCP0040845 

154_ID:101_bot biomers CCTGACCACGAGGACGACGTAGTGTCAGTCAGT
GGCCAAAACACTACGTCTCGTCCTCGTGGTC 

DNA oligo 
synthesis 

155_ID:111_top biomers 
TGCTGGTGCACATTTGATTGTCTTTTTTCGTTTTG
GCCACTGACTGACGAAAAAAGAATCAAATGTGC
AC 

DNA oligo 
synthesis 

155_ID_111_to
p_1 miRCURY 
LNA miRNA 
custom PCR 
Assay 

QIAGEN GTGCACATTTGATTGTCTTTTTTC YCP0040845 

156_ID:111_bot biomers 
CCTGGTGCACATTTGATTCTTTTTTCGTCAGTCA
GTGGCCAAAACGAAAAAAGACAATCAAATGTG
CACC 

DNA oligo 
synthesis 

157_ID:114_top biomers TGCTGTCCCACATGGTCTAGCGGTTAGGTTTTG
GCCACTGACTGACCTAACCGCGACCATGTGGGA 

DNA oligo 
synthesis 

158_ID:114_bot biomers CCTGTCCCACATGGTCGCGGTTAGGTCAGTCAG
TGGCCAAAACCTAACCGCTAGACCATGTGGGAC 

DNA oligo 
synthesis 

159_ID:151_top biomers TGCTGATGCAATGATGTCAGCTGAGCGTTTTGG
CCACTGACTGACGCTCAGCTCATCATTGCAT 

DNA oligo 
synthesis 

160_ID:151_bot biomers CCTGATGCAATGATGAGCTGAGCGTCAGTCAGT
GGCCAAAACGCTCAGCTGACATCATTGCATC 

DNA oligo 
synthesis 

161_ID:227_top biomers TGCTGAGGGCTCGGGCTCTACTCCAGGGTTTTG
GCCACTGACTGACCCTGGAGTAGCCCGAGCCCT 

DNA oligo 
synthesis 

162_ID:227_bot biomers CCTGAGGGCTCGGGCTACTCCAGGGTCAGTCAG
TGGCCAAAACCCTGGAGTAGAGCCCGAGCCCTC 

DNA oligo 
synthesis 

163_ID:228_top biomers TGCTGGGTACAAGCCGAGCCCGACTGGTTTTGG
CCACTGACTGACCAGTCGGGCGGCTTGTACC 

DNA oligo 
synthesis 

164_ID:228_bot biomers CCTGGGTACAAGCCGCCCGACTGGTCAGTCAGT
GGCCAAAACCAGTCGGGCTCGGCTTGTACCC 

DNA oligo 
synthesis 

165_ID:238_top biomers TGCTGCTCGCTGCGATCTATTGAAAGGTTTTGG
CCACTGACTGACCTTTCAATATCGCAGCGAG 

DNA oligo 
synthesis 

166_ID:238_bot biomers CCTGCTCGCTGCGATATTGAAAGGTCAGTCAGT
GGCCAAAACCTTTCAATAGATCGCAGCGAGC 

DNA oligo 
synthesis 

167_ID:268_top biomers TGCTGTTCTGCCCAGTGCTCTGAATGTGTTTTGG
CCACTGACTGACACATTCAGCACTGGGCAGAA 

DNA oligo 
synthesis 
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Product Supplier Sequence Product no/Cat. no 

168_ID:268_bot biomers CCTGTTCTGCCCAGTGCTGAATGTGTCAGTCAGT
GGCCAAAACACATTCAGAGCACTGGGCAGAAC 

DNA oligo 
synthesis 

169_ID:271_top biomers TGCTGGGCGATGATGACCTCTGGTGATGTTTTG
GCCACTGACTGACATCACCAGGTCATCATCGCC 

DNA oligo 
synthesis 

170_ID:271_bot biomers CCTGGGCGATGATGACCTGGTGATGTCAGTCAG
TGGCCAAAACATCACCAGAGGTCATCATCGCCC 

DNA oligo 
synthesis 

171_ID:292_top biomers TGCTGCTACATGATGTTGGGACCTGACGTTTTG
GCCACTGACTGACGTCAGGTCAACATCATGTAG 

DNA oligo 
synthesis 

172_ID:292_bot biomers CCTGCTACATGATGTTGACCTGACGTCAGTCAG
TGGCCAAAACGTCAGGTCCCAACATCATGTAGC 

DNA oligo 
synthesis 

173_ID:329_top biomers 
TGCTGATCCAATGATTAAACCTTTCACTGTTTTG
GCCACTGACTGACAGTGAAAGTTAATCATTGGA
T 

DNA oligo 
synthesis 

174_ID:329_bot biomers 
CCTGATCCAATGATTAACTTTCACTGTCAGTCAG
TGGCCAAAACAGTGAAAGGTTTAATCATTGGAT
C 

DNA oligo 
synthesis 

175_ID:361_top biomers TGCTGGATGGATGATGCATGCTGACTCGTTTTG
GCCACTGACTGACGAGTCAGCGCATCATCCATC 

DNA oligo 
synthesis 

176_ID:361_bot biomers CCTGGATGGATGATGCGCTGACTCGTCAGTCAG
TGGCCAAAACGAGTCAGCATGCATCATCCATCC 

DNA oligo 
synthesis 

177_ID:378_top biomers 
TGCTGGTTGGTGGAGCGATTTGTCTGGTTGTTTT
GGCCACTGACTGACAACCAGACATCGCTCCACC
AAC 

DNA oligo 
synthesis 

178_ID:378_bot biomers 
CCTGGTTGGTGGAGCGATGTCTGGTTGTCAGTC
AGTGGCCAAAACAACCAGACAAATCGCTCCACC
AACC 

DNA oligo 
synthesis 

179_let-7a_top biomers TGCTGTGAGGTAGTAGGTTGTATAGTGTTTTGG
CCACTGACTGACACTATACACTACTACCTCA 

DNA oligo 
synthesis 

180_let-7a_bot biomers CCTGTGAGGTAGTAGTGTATAGTGTCAGTCAGT
GGCCAAAACACTATACAACCTACTACCTCAC 

DNA oligo 
synthesis 

181_let-
7b.ID:360_top biomers TGCTGTGAGGTAGTAGGTTGTGTGGTTGTTTTG

GCCACTGACTGACAACCACACCCTACTACCTCA 
DNA oligo 
synthesis 

182_let-
7b.ID:360_bot biomers CCTGTGAGGTAGTAGGGTGTGGTTGTCAGTCAG

TGGCCAAAACAACCACACAACCTACTACCTCAC 
DNA oligo 
synthesis 

183_miR101b_t
op biomers TGCTGTACAGTACTGTGATAACTGAAGGTTTTG

GCCACTGACTGACCTTCAGTTCACAGTACTGTA 
DNA oligo 
synthesis 

184_miR101b_b
ot biomers CCTGTACAGTACTGTGAACTGAAGGTCAGTCAG

TGGCCAAAACCTTCAGTTATCACAGTACTGTAC 
DNA oligo 
synthesis 

185_miR130b_t
op biomers TGCTGCAGTGCAATGATGAAAGGGCATGTTTTG

GCCACTGACTGACATGCCCTTATCATTGCACTG 
DNA oligo 
synthesis 

186_miR130b_b
ot biomers CCTGCAGTGCAATGATAAGGGCATGTCAGTCAG

TGGCCAAAACATGCCCTTTCATCATTGCACTGC 
DNA oligo 
synthesis 

187_miR130b_t
op biomers TGCTGCAGTGCAATGATGAAAGGGCATGTTTTG

GCCACTGACTGACATGCCCTTATCATTGCACTG 
DNA oligo 
synthesis 

188_miR130b_b
ot biomers CCTGCAGTGCAATGATAAGGGCATGTCAGTCAG

TGGCCAAAACATGCCCTTTCATCATTGCACTGC 
DNA oligo 
synthesis 
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Product Supplier Sequence Product no/Cat. no 
189_miR132_to
p biomers TGCTGTAACAGTCTACAGCCATGGTCGTTTTGG

CCACTGACTGACGACCATGGGTAGACTGTTA 
DNA oligo 
synthesis 

190_miR132_bo
t biomers CCTGTAACAGTCTACCCATGGTCGTCAGTCAGT

GGCCAAAACGACCATGGCTGTAGACTGTTAC 
DNA oligo 
synthesis 

191_miR146a_t
op biomers TGCTGTGAGAACTGAATTCCATGGGTGTTTTGG

CCACTGACTGACACCCATGGTTCAGTTCTCA 
DNA oligo 
synthesis 

192_miR146a_b
ot biomers CCTGTGAGAACTGAACCATGGGTGTCAGTCAGT

GGCCAAAACACCCATGGAATTCAGTTCTCAC 
DNA oligo 
synthesis 

193_miR148b_t
op biomers TGCTGTCAGTGCACTACAGAACTTTGGTTTTGGC

CACTGACTGACCAAAGTTCTAGTGCACTGA 
DNA oligo 
synthesis 

194_miR148b_b
ot biomers CCTGTCAGTGCACTAGAACTTTGGTCAGTCAGT

GGCCAAAACCAAAGTTCTGTAGTGCACTGAC 
DNA oligo 
synthesis 

195_miR151.ID:
309_top biomers TGCTGCTAGACTGAGGCTCCTTGAGGGTTTTGG

CCACTGACTGACCCTCAAGGCCTCAGTCTAG 
DNA oligo 
synthesis 

196_miR151.ID:
309_bot biomers CCTGCTAGACTGAGGCCTTGAGGGTCAGTCAGT

GGCCAAAACCCTCAAGGAGCCTCAGTCTAGC 
DNA oligo 
synthesis 

197_miR184_to
p biomers TGCTGTGGACGGAGAACTGATAAGGGGTTTTG

GCCACTGACTGACCCCTTATCTTCTCCGTCCA 
DNA oligo 
synthesis 

198_miR184_bo
t biomers CCTGTGGACGGAGAAGATAAGGGGTCAGTCAG

TGGCCAAAACCCCTTATCAGTTCTCCGTCCAC 
DNA oligo 
synthesis 

199_miR194_to
p biomers TGCTGTGTAACAGCAACTCCATGTGGGTTTTGG

CCACTGACTGACCCACATGGTTGCTGTTACA 
DNA oligo 
synthesis 

200_miR194_bo
t biomers CCTGTGTAACAGCAACCATGTGGGTCAGTCAGT

GGCCAAAACCCACATGGAGTTGCTGTTACAC 
DNA oligo 
synthesis 

201_miR27b_to
p biomers TGCTGTTCACAGTGGCTAAGTTCTGCGTTTTGGC

CACTGACTGACGCAGAACTGCCACTGTGAA 
DNA oligo 
synthesis 

202_miR27b_bo
t biomers CCTGTTCACAGTGGCAGTTCTGCGTCAGTCAGT

GGCCAAAACGCAGAACTTAGCCACTGTGAAC 
DNA oligo 
synthesis 

203_miR30a_to
p biomers 

TGCTGTGTAAACATCCTCGACTGGAAGCGTTTT
GGCCACTGACTGACGCTTCCAGGAGGATGTTTA
CA 

DNA oligo 
synthesis 

204_miR30a_bo
t biomers 

CCTGTGTAAACATCCTCCTGGAAGCGTCAGTCA
GTGGCCAAAACGCTTCCAGTCGAGGATGTTTAC
AC 

DNA oligo 
synthesis 

205_miR429_to
p biomers TGCTGTAATACTGTCTGGTAATGCCGGTTTTGGC

CACTGACTGACCGGCATTAAGACAGTATTA 
DNA oligo 
synthesis 

206_miR429_bo
t biomers CCTGTAATACTGTCTTAATGCCGGTCAGTCAGTG

GCCAAAACCGGCATTACCAGACAGTATTAC 
DNA oligo 
synthesis 

207_miR883b.ID
:208_top biomers TGCTGTAACTGCAACCTCTCTCGGTATGTTTTGG

CCACTGACTGACATACCGAGAGGTTGCAGTTA 
DNA oligo 
synthesis 

208_miR883b.ID
:208_bot biomers CCTGTAACTGCAACCTCTCGGTATGTCAGTCAGT

GGCCAAAACATACCGAGAGAGGTTGCAGTTAC 
DNA oligo 
synthesis 

209_miR9_top biomers TGCTGTCTTTGGTTATCTAGCTGTATGTTTTGGC
CACTGACTGACATACAGCTATAACCAAAGA 

DNA oligo 
synthesis 

210_miR9_bot biomers CCTGTCTTTGGTTATAGCTGTATGTCAGTCAGTG
GCCAAAACATACAGCTAGATAACCAAAGAC 

DNA oligo 
synthesis 
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Product Supplier Sequence Product no/Cat. no 

211_SNORD93_
top biomers 

TGCTGGCCAAGGATGAGAACTCTAACCTGGTTT
TGGCCACTGACTGACCAGGTTAGTTCTCATCCTT
GGC 

DNA oligo 
synthesis 

212_SNORD93_
bot biomers 

CCTGGCCAAGGATGAGAACTAACCTGGTCAGTC
AGTGGCCAAAACCAGGTTAGAGTTCTCATCCTT
GGCC 

DNA oligo 
synthesis 

213_hsa-miR-
557_top biomers 

TGCTGGTTTGCACGGGTGGGCCTTGTCTGTTTT
GGCCACTGACTGACAGACAAGGCACCCGTGCA
AAC 

DNA oligo 
synthesis 

214_hsa-miR-
557_bot biomers 

CCTGGTTTGCACGGGTGCCTTGTCTGTCAGTCA
GTGGCCAAAACAGACAAGGCCCACCCGTGCAA
ACC 

DNA oligo 
synthesis 

215_hsa-miR-
34a-5p_top biomers TGCTGTGGCAGTGTCTTAGCTGGTTGTGTTTTG

GCCACTGACTGACACAACCAGAAGACACTGCCA 
DNA oligo 
synthesis 

216_hsa-miR-
34a-5p_bot biomers CCTGTGGCAGTGTCTTCTGGTTGTGTCAGTCAGT

GGCCAAAACACAACCAGCTAAGACACTGCCAC 
DNA oligo 
synthesis 

225_antiOTS1H
C_657_top_3p 
miRCURY LNA 
miR custom PCR 
assay 

QIAGEN GACCTACATGCAACGTGAA YCP0043211 

225_antiOTS1H
C_657_top_5p 
miRCURY LNA 
miR custom PCR 
assay 

QIAGEN TTCACGTTGCAGATGTAGGTC YCP0043214 

227_antiOTS1H
C_1226_top biomers TGCTGTCTTGTAGTTGTTCTCGGGCTGTTTTGGC

CACTGACTGACAGCCCGAGCAACTACAAGA 
DNA oligo 
synthesis 

227_antiOTS1H
C_1226_top_3p
miRCURY LNA 
miR custom PCR 
assay 

QIAGEN AGCCCGAGCAACTACAAGA YCP0043672 

227_antiOTS1H
C_1226_top_5p 
miRCURY LNA 
miR custom PCR 
assay 

QIAGEN TCTTGTAGTTGTTCTCGGGCT YCP0043217 

228_antiOTS1H
C_1226_bottom biomers CCTGTCTTGTAGTTGCTCGGGCTGTCAGTCAGT

GGCCAAAACAGCCCGAGAACAACTACAAGAC 
DNA oligo 
synthesis 

269_>227_antiO
TS1HC_1226_to
p_5p 

biomers UCUUGUAGUUGUUCUCGGGCU RNA oligo synthesis 

270_227_antiOT
S1HC_1226_top
_3p 

biomers AGCCCGAGCAACUACAAGA RNA oligo synthesis 
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Product Supplier Sequence Product no/Cat. no 

273 bactin_for1 biomers GAGTACTAGTTGGCCATTGCAGACCAGAC 
DNA oligo 
synthesis 

274 bactin_rev1 biomers GACTGAGCTCTCCATGGCGAACTATATCAGG 
DNA oligo 
synthesis 

319_cgr-mir-
1_2_for biomers CTTAGGATCCAGGGTGCAGAGTGGTAGAGATG 

DNA oligo 
synthesis 

320_cgr-mir-
1_2_rev biomers GATAGCTAGCACCTGCTGACACAGGCAAAG 

DNA oligo 
synthesis 

331_miR350_to
p biomers UUCACAAAGCCCAUACACUUUC RNA oligo synthesis 

332_miR92a_to
p biomers UAUUGCACUUGUCCCGGCCUG RNA oligo synthesis 

333_MiR182_to
p biomers UUUGGCAAUGGUAGAACUCACACC RNA oligo synthesis 

334_MiR92b_to
p biomers UAUUGCACUCGUCCCGGCCUC RNA oligo synthesis 

335_miR9_top biomers UCUUUGGUUAUCUAGCUGUAU RNA oligo synthesis 
336_miR883b_t
op biomers UAACUGCAACCUCUCUCGGUAU RNA oligo synthesis 

337_miR148b_t
op biomers UCAGUGCAUCACAGAACUUUGU RNA oligo synthesis 

338_miR34c_to
p biomers AGGCAGUGUAGUUAGCUGAUUG RNA oligo synthesis 

339_ID:45_top biomers CAAGACUGGAAAGAUGGCUUGC RNA oligo synthesis 
340_ID:227_top biomers AGGGCUCGGGCUCUACUCCAGG RNA oligo synthesis 
341_ID:228_top biomers GGUACAAGCCGAGCCCGACUG RNA oligo synthesis 
342_hsa-
miR557_top biomers GUUUGCACGGGUGGGCCUUGUCU RNA oligo synthesis 

343_miR16_top biomers UAGCAGCACGUAAAUAUUGGC RNA oligo synthesis 
344_miR27b_to
p biomers UUCACAGUGGCUAAGUUCUGC RNA oligo synthesis 

345_miR30c_to
p biomers UGUAAACAUCCUACACUCUCAGC RNA oligo synthesis 

346_miR30e_to
p biomers UGUAAACAUCCUUGACUGGAAGC RNA oligo synthesis 

347_miR298_to
p biomers GGCAGAGGAGGGCUGUUCUUCCC RNA oligo synthesis 

348_miR296_to
p biomers GAGGGUUGGGUGGAGGCUCUC RNA oligo synthesis 

349_ID:174_top biomers UGCAGAUUGUGGGUGUUGUGU RNA oligo synthesis 
350_miR350_bo
t biomers AAAGUGCAUGCGCUUUGGGACA RNA oligo synthesis 

351_miR92a_bo
t biomers AGGCUGGGAUUUGUUGCAAUGCU RNA oligo synthesis 
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Product Supplier Sequence Product no/Cat. no 
352_MiR182_bo
t biomers AUGGUGUAAGUGCUGAGCUGCUG RNA oligo synthesis 

353_MiR92b_bo
t biomers AGGGACGGGACGCGGUGCAGUGUU RNA oligo synthesis 

354_miR9_bot biomers UUCAUAAAGCUAGAUAACCGAA RNA oligo synthesis 
355_miR883b_b
ot biomers UGCUGAGAGAAGUAGCAGUCA RNA oligo synthesis 

356_miR148b_b
ot biomers GAAGUUCUGUUAUACACUCAGGC RNA oligo synthesis 

357_miR34c_bo
t biomers AAUCACUAACCACACGGCCAGG RNA oligo synthesis 

358_ID:45_bot biomers GAGUCAUCUCUCCACCCCUGU RNA oligo synthesis 
359_ID:227_bot biomers UGGGUAUAACCCGAGCCCUAC RNA oligo synthesis 
360_ID:228_bot biomers GUCGGGCUCGGCUAUACUCCA RNA oligo synthesis 
361_hsa-
miR557_bot biomers AGGCCUGGGGCCCUCCCUGC RNA oligo synthesis 

362_miR16_bot biomers CCAGUAUUAACUGUGCUGCUGAA RNA oligo synthesis 
363_miR27b_bo
t biomers AGAGCUUAGCUGAUUGGUGAAC RNA oligo synthesis 

364_miR30c_bo
t biomers UGGGAGAAGGCUGUUUACUCU RNA oligo synthesis 

365_miR30e_bo
t biomers CUUUCAGUCGGAUGUUUACAGC RNA oligo synthesis 

366_miR298_bo
t biomers GAGGAACUAGCCUUCUCUCUGC RNA oligo synthesis 

367_miR296_bo
t biomers GGCCCCCCCUCAAUCCUGUUG RNA oligo synthesis 

368_ID:174_bot biomers GCCACCCUCUCUCUGCCAGA RNA oligo synthesis 
AllStars 
Negative 
Control siRNA 
(20 nmol) 

Qiagen n.a. 1027281/1027281 

AllStars 
Negative 
Control siRNA (5 
nmol) 

Qiagen n.a. 1027280/1027280 

cfa-miR-30a 
miRCURY LNA 
miRNA PCR 
Assay 

QIAGEN n.a. 
339306/YP021011
82 

dme-let-7-5p 
miRCURY LNA 
miRNA PCR 

QIAGEN n.a. 
339306/YP021066
50 
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Product Supplier Sequence Product no/Cat. no 
Assay (cgr-let-
7a-5p) 
dre-miR-101a 
miRCURY LNA 
miRNA PCR Assa 

QIAGEN n.a. 
339306/YP002059
67 

Fut8 TaqMan 
gene expression 
assay FAM-MGB 

ThermoF
isher 

n.a. 
4448892/Cg04433
064_m1 

GFP TaqMan 
copynumber 
assay FAM-MGB 

ThermoF
isher 

n.a. 
4400291/Mr00660
654_cn 

hsa-let-7a-5p 
miRCURY LNA 
miRNA Mimic 

Qiagen UGAGGUAGUAGGUUGUAUAGUU 
339173/YM004704
08 

hsa-let-7b-5p 
miRCURY LNA 
miRNA Mimic 

Qiagen UGAGGUAGUAGGUUGUGUGGUU 
339173/YM004707
75 

hsa-let-7b-5p 
miRCURY LNA 
miRNA PCR 
Assay (cgr-let-
7b-5p) 

QIAGEN n.a. 
339306/YP002047
50 

hsa-miR-1-3p 
miRCURY LNA 
miRNA Mimic 

Qiagen UGGAAUGUAAAGAAGUAUGUAU 
339173/YM004728
18 

hsa-miR-1-3p 
miRCURY LNA 
miRNA PCR 
Assay 

QIAGEN n.a. 
339306/YP002043
44 

hsa-miR-184 
miRCURY LNA 
miRNA PCR 
Assay 

QIAGEN n.a. 
339306/YP002046
01 

hsa-miR-30a-5p 
miRCURY LNA 
miRNA Mimic 

Qiagen UGUAAACAUCCUCGACUGGAAG 
339173/YM004722
55 

hsa-miR-34a-5p 
miRCURY LNA 
miRNA Mimic 

Qiagen UGGCAGUGUCUUAGCUGGUUGU 
339173/YM004732
12 

hsa-miR-34a-5p 
miRCURY LNA 
miRNA PCR 
Assay 

QIAGEN n.a. 
339306/YP002044
86  
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Product Supplier Sequence Product no/Cat. no 
hsa-miR-557 
miRCURY LNA 
miRNA PCR Assa 

QIAGEN n.a. 
339306/YP002043
46 

mCMV2267SV4
01235_for biomers GAATACTAGTGGACCGGCTATCGTACGTTC  

DNA oligo 
synthesis 

miRNASelect 
pEGP-miR 
Cloning &, 
Expression 
Vector 

Cell 
Biolabs 

see appendix 

kindly provided by 
Kerstin Otte, 
Hochschule 
Biberach 

mirVana™ 
miRNA Mimic, 
miR-1 Positive 
Control 5nmol 

ThermoF
isher 

n.a. 4464062 

mmu-miR-34b-
3p miRCURY 
LNA miRNA PCR 
Assay 

QIAGEN n.a. 
339306/YP002050
86 

SKP2 TaqMan 
gene expression 
assay FAM-MGB 

ThermoF
isher 

n.a. 
4448892/Cg04592
640_m 

Slc35c1 TaqMan 
gene expression 
assay FAM-MGB 

ThermoF
isher 

n.a. 
4448892/Cg04423
236_g1 

Twf1 Taqman 
gene expression 
assay FAM/MGB 

ThermoF
isher 

n.a. Cg04473980_m1  

β-Actin TaqMan 
gene expression 
assay FAM-MGB 

ThermoF
isher 

n.a. 
4331182 
/Cg04424027_gH 

 

2.4. Cell lines 

Protein number Protein type clone number 
MTX 
concentration 
(nM) 

1 IgG4 

1 
2 
3 
4 

10 
30 
30 
30 

2 IgG1 

5 
6 
7 
8 
9 

30 
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Protein number Protein type clone number 
MTX 
concentration 
(nM) 

10 
11 

3 IgG1 

12 
13 
14 
15 
16 
17 
18 

30 

4 Fc Fusion 

19 
20 
21 
22 
23 
24 

30 

5 Adalimumab. IgG1 

25 
26 
27 
28 
29 

30 

6 Bevacizumab. IgG1 

30 
31 
32 
33 

2.5 

 

2.5. Devices 
Product Supplier Product no./Type 
24 position tube rack for 1.5 mL 
eppendorf tubes Beckman Coulter 373661 
ambr 15-48 Sartorius n.a. 
Balance, ATILON Acculab ATL-153-I 
Cell counter Roche CASY Model TTC 

Cell counter Beckman Coulter Vi-Cell XR Cell Viability 
Analyzer 

Cell imager Solentim Cell MetricTM CLD 
Cell imager SynenTec  Cellavista V 3.1 RS 
Centrifuge Thermo Scientific Multifuge 3 S-R 
Centrifuge VWR Galaxy MiniStar 
Centrifuge Heraeus Biofuge pico 
Centrifuge IKA mini G VWR 3958000 
Certomat CT plus Sartorius n.a. 
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CO2 incubator Thermo Fisher Scientific HERAcell 240 
Comb for Electrophoresis Cells 15 
Well 1.5 mm thickness BioRad 170-4446 

Comb for Electrophoresis Cells 20 
Well 1.5 mm thickness BioRad 170-4448 

Cryo freezing box Nalgene 5100-0001 
Cryo freezing box (CoolCell LX)  Corning  CORN432002 
Cryo freezing box (CoolCell LX) Corning  CORN432002 
culture station Clamp 
Plate Sartorius 001-0B38 

Custom Safety Cabinet for ambr15 
Esco 
Thermo Fisher n.a. 

EKF BIOSEN S_line Analyser EKF-Diagnostic Inc. Biosen S_line Analyer 

Electrophoresis chamber Life Technologies XCell SureLock Mini-
Cell 

Electroporation device Lonza Nucleofector device 
Freezer -20°C Diverse Diverse 
Freezer -80°C Thermo Fisher Scientific HFC 586 Basic 
Gel documentation system Intas Gel iX Imager 
Gel Imager Intas Gel iX Imager 
Heating block, ThermoMixer® C Eppendorf 5382000015 
LabChip GXII touch 24 PerkinElmer CLS138160 
Laminar flow box Heraeus HERAsafe 
Laminar flow box Nuaire NU-437-400 

Laminar flow box BDK HF 3.05, SK-1500, SK-
1800 

Laminar flow box Thermo Electron LED 
GmbH KS 12, KS 15 

Linear Shaker Edmund Bühler LabTec KS 15 B 

Micropipettes Sartorius 
Tacta, 2.5 μL,10 μL, 
100 μL, 200 µl, 
1000 μL 

Micropipettes (diverse) Eppendorf AG 
Research, 
2.5 μL,10 μL, 100 μL, 
200 µl, 1000 μL 

Microwave ok OMW310-S 
Mini Sub cell GT chamber BioRad 170-4468 
Mini-Gel caster BioRad 170-4422 
Multistepper Brand HandyStep 

Octet fortéBIO (Pall Life 
Sciences) Octet QKe 

pH analysis module Sartorius 001-8B06 
Photometer implen Nanophotometer N50 
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Pipettor VWR Pipetboy acu and 
acu2 

Power supply device BioRad Power pac 200, Power 
pac Basic 

Power supply device VWR Power source 250 V 
PureLink™ Nucleic Acid Purification 
Rack Invitrogen K2100-13 
qPCR cycler: QuantStudio Thermo Fisher 3 
Sodium Acetate  Sigma Aldrich 55638 
Sub Cell GT UV-Transparent Gel Tray 
15 x 10 cm BioRad 170-4416 

Sub cell GT UV-Transparent Gel Tray 
15 x 10 cm BioRad 170-4416 

Thermomixer VWR Diverse 
Vi Cell for ambr15 Beckman Coulter Sartorius n.a. 
Vortex Genie r Scientific Industries G 560e 
Vortex shaker Scientific Industries Genie 2 
Water bath GFL Typ 1008 
Wide Mini Sub Cell GT chamber BioRad 170-4466 

 

2.6. Software, webtools and databases 

Clustal Omega sequence alignment (Abio Madeira et al., 2019), 
https://www.ebi.ac.uk/Tools/msa/clustalo/ , last accessed 09/03/2020  

Diana Micro T CDS 65,70 

DIANA micro-T 46,70 

GelAnalyzer 19.1, created by Istvan Lazar Jr, (http://www.gelanalyzer.com/index.html)  

GraphPad Prism version 8.3.1 for Windows, GraphPad Software, La Jolla California USA, 
www.graphpad.com  

GtRNAdb 2.0 (Chan & Lowe, 2016) 

lncRNAdb (Cheng Quek et al., 2015) 

miRBase 21 and 22 (Griffiths-Jones et al., 2006, 2008; Kozomara et al., 2018; Kozomara & 
Griffiths-Jones, 2011, 2014). http://www.mirbase.org, last accessed 09/03/2020 

miRCat (Stocks et al., 2012) 

miRTarBase release 7.0 (Chou et al., 2018), 
http://mirtarbase.mbc.nctu.edu.tw/php/index.php, last accessed 09/03/2020 

miRwalk 2.0 (Dweep & Gretz, 2015), http://zmf.umm.uni-
heidelberg.de/apps/zmf/mirwalk2/, last accessed 09/03/2020 

https://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.gelanalyzer.com/index.html
http://www.graphpad.com/
http://www.mirbase.org/
http://mirtarbase.mbc.nctu.edu.tw/php/index.php
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
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Panther 13.1 and 14.0 (Mi et al., 2010, 2019; Thomas et al., 2003), http://pantherdb.org/, 
last accessed 09/03/2020 

PRINSEQ (Schmieder & Edwards, 2011) 

QuantStudioTM Design & Analysis Software v1.4.2, ThermoFisher Scientific 

Rfam 13.0 (Kalvari et al., 2018) 

RNAdb 2.0 (Pang et al., n.d.) 

TargetScan Mouse 7.2 (Agarwal et al., 2015), http://www.targetscan.org/mmu_72, last 
accessed 09/03/2020 

R 3.4.2 and 3.6.1, including edgeR package 71, R Development Core Team (2008). R: A 
language and environment for statistical computing. R Foundation for Statistical 
Computing,Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org.  

SIMCA 15.0.2, Umetrics (Sartorius), Umeå, Sweden, https://umetrics.com/products/simca

http://pantherdb.org/
http://www.targetscan.org/mmu_72
http://www.r-project.org/
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3. Methods 

3.1. Molecular biology techniques 

3.1.1. General cloning procedure 

For transient miRNA mimic transfection, RNA oligonucleotides were annealed. For stable 

overexpression of miRNAs, the respective miRNA sequence was synthesized as DNA 

oligonucleotides, annealed and cloned into vector pcDNA™6.2-GW/EmGFP-miR 

(pcDNA6.2). Some miRNAs were cloned serially with multiple copies into pcDNA6.2. For the 

comparison of different promoters, the standard hCMV promoter was exchanged for the 

mCMV, SV40 and β-actin promoter in pcDNA6.2. Additionally, and alternative vector, the 

miRNASelect pEGP-miR Cloning &, Expression Vector (miRNASelect) was tested using miR-1 

as model miRNA. The miR-1 sequence was amplified from the CHO DG44 genome by PCR 

and the PCR fragment was cloned into the miRNASelect vector. 

3.1.2. Extraction of genomic DNA 

Genomic DNA was extracted from the in-house CHO DG44 host cell using the QIAamp® 

DNA Mini Kit according to the manufacturer’s instructions. In short, 2.5x105 cells were 

washed in PBS, lysed with the supplied lysis buffer and binding conditions were adjusted 

by adding 99.8 % at a ratio of one part ethanol to two parts lysed cells. The mixture was 

loaded to a QIAamp Mini spin column that binds DNA. After centrifugation, the DNA bound 

to the column was washed three times with the washing buffers and eluted with the elution 

buffer supplied by the kit. The concentration of the purified DNA was measured at 260 nm 

using a Nanophotometer N50. 

3.1.3. Annealing of RNA oligonucleotides (miRNA mimics) for transient transfection 

Sequences of guide and passenger strands for miRNA mimics were derived from miRBase 

and both strands were synthesized as RNA oligonucleotides (biomers). The tubes with the 

dried oligo were briefly centrifuged to ensure that the dried oligonucleotide was at the 

bottom of the tube. The RNA oligonucleotides were resuspended at 100 µM in DEPC-

treated water. 30 µl of each RNA oligo solution (100 µM) were added to 15 µl of 5X 

annealing buffer (50 mM Tris, 100 mM NaCl in DEPC-treated water) resulting in a final 

miRNA mimic concentration of 40 µM. For annealing, oligonucleotides in annealing buffer 
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were incubated at 95°C for 2 minutes, ramp cooled to 25°C over a period of 45 minutes and 

proceeded to a storage temperature of 4°C.  

3.1.4. Cloning procedure for pcDNA6.2 vector 

Cloning of miRNAs  

Cloning of miRNAs in the pcDNA6.2 vector was performed according to the Block-IT miRNA 

manual 83. A short description is provided below. 

DNA oligonucleotides were designed as follows: The sense DNA oligo included 5 

nucleotides of mmu-miR-155 stem (TGCTG) + mature miRNA sequence of interest + 19 

nucleotides from mmu-miR-155 terminal loop (GTTTTGGCCACTGACTGAC) + reverse 

complement of the mature miRNA of interest with 2 nucleotides deleted at position 9 and 

10 (Figure 5). This design results in a miRNA mimic molecule consisting of the mature 

miRNA of interest with an artificial passenger strand. The antisense DNA oligo was designed 

as complementary sequence of the sense oligonucleotide, however, the 4 last nucleotides 

were removed at the 3’ end and CCTG was added to the 5’ end (Werness & Anderson, 2010 

pp 15-19) as shown in Figure 5. DNA oligonucleotides were annealed by mixing 5 µl of 

200 µM sense and antisense DNA oligo with 2 µl of 10x Annealing buffer (provided in the 

kit) and 8 µl DNase free water. The reaction mix was heated at 94°C for 4 minutes and then 

cooled down to room temperature on the work bench. Final concentration of annealed 

oligo was 50 µM (Werness & Anderson, 2010 pp 21-25) (Figure 5). 

 

Figure 5 Double stranded DNA oligo for cloning into pcDNA6.2 after annealing 

For ligation, 4 µl of ligation buffer was mixed with 2 µl of linearized pcDNA6.2 vector, 4 µl 

double stranded oligo, 9 µl DNase free water and 1 µl of T4 DNA Ligase. All materials were 

supplied in the BLOCK-iT™ Pol II miR RNAi Expression Vector Kit. The resulting plasmid is 

depicted in Figure 6.  
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Cloning of promoters 

MCMV, SV40 and β-actin promoter were cloned into pcDNA6.2 vector containing miR-1 

(pcDNA6.2/miR-1). MCMV and SV40 promoter were retrieved from an in-house donor 

plasmid, the β-actin promoter was amplified from the CHO DG44 host cell line via overhang 

PCR. 

 

Figure 6 Schematic overview of pcDNA6.2 vector including miRNA (A) and the resulting RNA transcript (B) 

In order to amplify the β-actin promoter via PCR, genomic DNA from the CHO DG44 host 

cell was used as template (see 3.1.2). Overhang primers were designed to amplify the β-

actin promoter comprising the upstream region and the first intron of the β-actin gene with 

overhangs adding SacI and SpeI restriction sites to the promoter sequence using Clone 

Manager. The precise location of primer binding is -1987 bp upstream of β-actin gene to 

1059 bp within the β-actin gene, NW_003613618.1 NW_003613618.1:939030..942334 

CHOK1_2014 reference genome (RefSeq Assembly GCF_000223151.1 | 2May2014 - 

Release 101). 100 ng of host cell DNA and 273 bactin_for1 and 274 bactin_rev1 primer were 

used for amplification as described in Table 1. The resulting amplicon had a length of 

3029 bp. 10 µl of the PCR reaction was loaded on a 1 % agarose gel and run at 120 V for 50 

min in TBE buffer. The specific band was cut out (Figure 7) and the DNA was extracted using 

the E.Z.N.A. Gel Extraction Kit according to the manufacturer’s instructions. In short, a 

buffer containing acetic acid was added to the gel containing the respective amplicon and 

the mixture was heated at 60°C until the gel was dissolved. The dissolved gel was loaded 
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onto a silica column. After several washing steps, the DNA was eluted from the 

columnusing the elution buffer supplied with the kit. 

Table 1 Pipetting scheme and cycling conditions for β-actin promoter amplification 

Figure 7 Agarose gel of β-actin promoter amplification reaction before and after excision 

Additionally, mCMV and SV40 promoters were amplified from 20 ng plasmid 2265 (mCMV) 

and plasmid 1235 (SV40) with overhang primer mCMV2267SV401235_for and 

mCMV2267SV401235_rev hat also introduced SacI and SpeI restriction sites. Reaction 

setup was the same as described in Table 1, except the extension time was 30 s and 

annealing temperature was 61.5°C. The resulting amplicons were 677 bp (mCMV) and 

  Vol [µL] final conc. Step Temp[°C] Time Cycles 
5X Phusion GC 
Buffer 

4 1x Initial 98 4 min 1 

10 mM dNTPs 0,4 200 µM Denaturation 98,0 10s 35 
10 µM Forward 
Primer 

1 0.5 µM Annealing 69,2 30s 

10 µM Reverse 
Primer 

1 0.5 µM Extension 72 90s 

Template DNA 
(50ng/µL) 

2 0,2 ng/µL final 72 10 min 1 

Phusion 
DNA Polymerase 

0,2 0,02 U/µl ∞ 4 ∞ 1 

DMSO 100% 0,6 7 %         
Nuclease-free 
water 

10,8 n.a.   

Σ 20,0 n.a.   
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503 bp (SV40) in length. 20 µl of the extracted promoter amplicons were digested with 5 

units of SpeI and SacI in 1 x CutSmart buffer at 37°C for 1 hour followed by an incubation 

at 80°C for 20°min in order to heat-inactivate enzymes. For the backbone, 2 µg of 

pcDNA6.2/miR-1 (2900) vector was digested with 10 units of SpeI and SacI and 

dephosphorylated with TSAP in 1 x CutSmart buffer at 37°C for 1.5 hours. The digested 

vector was loaded on a 1 % agarose gel and run at 140 V for 40 min in TBE buffer. The band 

at 5192 bp was excised and the DNA was extracted using the QIAquick gel extraction kit 

according to the manufacturer’s instructions. Backbone and insert were ligated in a ratio 

1:5 as described in section 3.1.6, followed by transformation, clone selection (section 3.1.7) 

and DNA preparation (section 3.1.8).  

MiRNA Chaining 

Two, four and eight copies of miR-1 were serially cloned behind each other into the 

pcDNA6.2 vector (chaining) using the Block-IT kit following the manufacturer`s instructions 

(pp 38-39). Briefly, pcDNA6.2/miR-1 was digested with BamHI/XhoI to form the insert and 

with BglII/XhoI to form the vector backbone. Digest reactions were run on a 2 % agarose 

gel at 120 V for 60 min in TBE buffer. Backbone and insert were excised and purified using 

the QIA quick gel extraction kit. Backbone and insert were ligated in a ratio 1:4 as described 

in section 3.1.6, followed by transformation, clone selection (section 3.1.7) and DNA 

preparation (section 3.1.8). The resulting pcDNA6.2 contained two copies of the miR-1 

precursor, pcDNA6.2/miR-1(2x). The chaining process was repeated with 

pcDNA6.2/miR-1(2x) to form pcDNA6.2/miR-1(4x) and with pcDNA6.2/miR-1(4x) to form 

pcDNA6.2/miR-1(8x). 

3.1.5. Cloning procedure for miRNASelect vector 

The miRNASelect™ pEGP-miR Cloning Vector (miRNASelect) expression cassette consists of 

an EF1-α promoter, followed by a human β-globin intron, a GFP-Puromycin fusion protein 

for selection in eukaryotes and a polyA Signal. The miRNA together with its natural flanking 

region was cloned into the human β-globin intron (Figure 8) 

MiR-1 was amplified from the CHO DG44 DNA (scaffold NW_003613943.1, CHOK1_2018) 

via overhang PCR and cloned into miRNASelect vector. Overhang primers were designed 

(CloneManager) to amplify the region from -219 bp upstream to 163 bp downstream of the 
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Figure 8 Schematic overview of miRNASelect vector including miRNA (A) and the resulting RNA transcript (B) 

mature cgr-miR-1 sequence and to insert BamHI and NheI restriction sites. MiR-1 was 

amplified from 100 ng of host cell DNA using 319_cgr-mir-1_2_for and 320_cgr-mir-

1_2_rev primers as described in Table 2. The resulting miR-1 amplicon size was 410 bp. 

Table 2 Pipet scheme and cycling conditions for miR-1 amplification 
 

Vol [µL] final conc. Step Temp[°C] Time Cycles 
5X Phusion GC 
Buffer 

4 1x Initial 98 4 min 1 

10 mM dNTPs 0,4 200 µM Denaturation 98,0 10s 35 
10 µM Forward 
Primer 

1 0.5 µM Annealing 67,8 30s 

10 µM Reverse 
Primer 

1 0.5 µM Extension 72 30s 

Template DNA 
(50ng/µL) 

2 0,2 ng/µL final 72 10 min 1 

Phusion 
DNA Polymerase 

0,2 0,02 U/µl ∞ 4 ∞ 1 

DMSO 100% 0,6 7 %         
Nuclease-free 
water 

10,8 n.a.   

Σ 20,8 n.a.   
 

18 µl of miR-1 PCR reaction was digested with 20 units of BamHI and SpeI in 1 x CutSmart 

buffer at 37°C for 1 hour. For the backbone, 6 µg of miRNASelect vector was digested with 

60 units of BamHI and SpeI in 1 x CutSmart buffer at 37°C for 1.5 hours. The digested vector 

was loaded on a 1.5 % agarose gel and run at 120 V for 50 min. The band at 4820 bp was 

excised and the DNA was extracted using the QIAquick gel extraction kit according to the 

manufacturer’s instructions. Backbone and insert were ligated as described in chapter 3.1.6 
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in a ratio 1:5. The preparation of DNA for transfection into CHO cells is described in 

transformation and selection (section 3.1.7) and DNA preparation (section 3.1.8). 

3.1.6. Ligation 

For ligation, restriction enzyme digested and gel purified backbone and inserts were ligated 

at the ratios described in the specific cloning procedure chapters above. Volumes of 

respective DNA were calculated using Equation 1: the maximum total DNA amount that did 

not exceed the maximum possible volume of DNA in the ligation reaction (4 µl) was 

calculated. Using this maximum total DNA amount, the respective volumes of backbone 

and insert were calculated. However, the maximum total DNA amount did not exceed 

100 ng. The Quick ligation kit was used for ligation. In detail, 5 µl Quick ligation buffer and 

1 µl of T4 DNA quick ligase were added to the calculated amount of DNA (backbone and 

insert). The ligation reaction was incubated for 5 min at room temperature. 

Equation 1 Calculation of DNA volumes for ligation 

𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =
𝑉𝑉𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ (𝑎𝑎 ∗ 𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 + 𝑏𝑏 ∗ 𝑙𝑙𝑣𝑣𝑖𝑖𝑣𝑣𝑡𝑡𝑡𝑡𝑖𝑖)

𝑎𝑎 ∗ 𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡/𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 + 𝑏𝑏 ∗ 𝑙𝑙𝑣𝑣𝑖𝑖𝑣𝑣𝑡𝑡𝑡𝑡𝑖𝑖/𝑐𝑐𝑣𝑣𝑖𝑖𝑣𝑣𝑡𝑡𝑡𝑡𝑖𝑖
 

𝑉𝑉𝑣𝑣𝑖𝑖𝑣𝑣𝑡𝑡𝑡𝑡𝑖𝑖 =
𝑏𝑏 ∗ 𝑙𝑙𝑣𝑣𝑖𝑖𝑣𝑣𝑡𝑡𝑡𝑡𝑖𝑖

𝑎𝑎 ∗ 𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 + 𝑏𝑏 ∗ 𝑙𝑙𝑣𝑣𝑖𝑖𝑣𝑣𝑡𝑡𝑡𝑡𝑖𝑖
∗
𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑐𝑐𝑣𝑣𝑖𝑖𝑣𝑣𝑡𝑡𝑡𝑡𝑖𝑖
 

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 =
𝑎𝑎 ∗ 𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡

𝑎𝑎 ∗ 𝑙𝑙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡 + 𝑏𝑏 ∗ 𝑙𝑙𝑣𝑣𝑖𝑖𝑣𝑣𝑡𝑡𝑡𝑡𝑖𝑖
∗
𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡
 

with

Vtotal = total volume of DNA used for 
ligation (µl) 

Vvector = Volume vector (µl) 

Vinsert = Volume insert (µl) 

l = length (bp) 

mtotal = total amount of DNA (µg) 

c = DNA concentration (µg/µl) 

a = molecular ratio insert 

b = molecular ratio backbone

3.1.7. Transformation and clone selection 

E. coli DH5-α (NEB) were used for heat shock transformation. 5.6 μL DNA solution and 50 

μL NEB 5-alpha E. coli cells were incubated for 30 min at 4°C in a 1.5 mL reagent tube, 

followed by a heat shock at 37°C for 2 min. Afterwards, E. coli were incubated at 4°C for 
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5 min, 500 µl SOC medium was added to the bacteria and incubated on a shaker for 1 h at 

30 °C and 500 rpm. The transformation culture from fresh DNA ligation was plated on LB-

agar plates containing 100 µg/mL Ampicillin or 50 µg/mL Spectinomycin and incubated at 

30 °C overnight for selection of plasmid positive bacteria. Five to nine single colonies were 

selected per transfected vector and transferred to 2 mL LB-medium supplemented with 

100 µg/mL Ampicillin or 50 µg/mL Spectinomycin and incubated at 30 °C and 170 rpm in a 

Certomat CT plus incubator overnight. For each culture a master plate for later maxi DNA 

preparation of positive bacterial clones was generated by transferring bacteria with the 

help of an inoculation loop to an LB-agar plate containing 100 µg/mL Ampicillin or 50 µg/mL 

Spectinomycin. The 2 mL bacterial suspension was centrifuged at 4495xg for 5 min. The 

plasmid DNA was extracted from the culture using the E.Z.N.A. Plasmid Mini Kit, according 

to the manufacturer’s instructions. Briefly, the bacterial pellet was suspended in buffer 1 

containing RNase. Subsequently, bacterial cells were lysed by adding the buffer 2 (alkaline) 

containing SDS. Buffer 3 contained acetic acid was added resulting in the precipitation of 

proteins and genomic DNA. The solution was centrifuged at 11,000xg for 10 min and the 

supernatant was loaded on HiBind DNA mini columns (silica columns) and centrifuged at 

11.000xg for 1 min to bind the plasmid DNA. The DNA was washed twice with washing 

buffer and eluted with 20-50 µl elution buffer. Analytical digest was performed to identify 

positive clones that carry the correct plasmid DNA. For this purpose, 500 ng of plasmid DNA 

was digested with 1 unit of the restriction enzymes and buffers used for cloning of the 

construct, as specified in the section 3.1.4 at 37°C for 60 min. Subsequently, the digestion 

reaction was loaded onto an agarose gel. For miRNA inserts (60-100 bp) gel concentration 

was 3 % and the gel was run at 120 V for 50-60 min. For all other larger inserts, gel 

concentration was 0.8-1.0 % and the gel was run at 140 V for 40 min. One of the positive 

plasmid preparations was selected for sequencing and the respective master plate was 

used for the inoculation of culture medium for maxi DNA preparation. 

3.1.8. DNA preparation 

200 mL of LB-medium with 100 µg/ml Ampicillin or 50 µg/mL Spectinomycin was 

inoculated with bacterial culture of a positive clone from the previously generated master 

plate (see 3.1.7) and cultivated overnight at 170 rpm (Certomat CT plus) at 30°C. 50 µl of 

bacterial culture was diluted 1:10 with 1xPBS and OD600 was determined using a 
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photometer and the culture was harvested when OD600 reached 4-5 by centrifuging at 

4995xg and 4°C for 15 min. Maxi preparation was performed using the PureLink HiPure 

Plasmid Filter Maxiprep Kit according to the manufacturer’s instructions. Briefly, the HiPure 

filter colum was equilibrated with equilibration buffer and the cell pellet was resuspended 

in resuspension buffer containing RNase. Cells were lysed with Lysis buffer containing SDS 

and Protein and genomic DNA was precipitated by adding precipitation buffer. The lysate 

was loaded on a HiPure filter column and the plasmid was bound to the anion exchange 

resin, followed by two washing steps. The plasmid DNA was eluted with the supplied 

elution buffer. 1 µl of the eluate was used to determine the DNA concentration with a 

Nanophotomer. The eluted plasmid DNA was precipitated by adding 15 mL 70 % 

isopropanol and centrifuged at 4495xg for 1 h. The supernatant was decanted and the DNA 

pellet was washed with 5 mL 70% non-denatured ethanol followed by centrifugation at 

4495xg for 5 min. After repetition of the washing step, the DNA was air-dried until turning 

transparent. The DNA pellet was reconstituted in 1 M Tris buffer (pH 8.0) at a concentration 

of 2000 ng/µL. Equation 2). The dissolved plasmid DNA was stored at -20°C. DNA 

concentration was measured with a Nanophotometer. Quality parameters were 

OD260/OD280 = 1.8-2.0 and OD260/OD230 = >2.0. 

Equation 2 Calculation of Tris-HCl volume for DNA resuspension 

𝑉𝑉𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖 = a ∗
𝑐𝑐𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑖𝑖𝑡𝑡
𝑐𝑐𝑖𝑖𝑡𝑡𝑒𝑒𝑡𝑡𝑡𝑡𝑖𝑖

 

with:

VTris = Volume of Tris-HCl buffer (µL) 

ctarget = target DNA concentration of 
resuspended DNA (ng/µl) 

celuate = DNA concentration of maxi prep 
eluate (ng/µl) 

a = assumed DNA loss during 
precipitation (0.8)

Sequencing 

The sequencing primers were designed using Vector NTI following the criteria shown in 

Table 3.  
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Table 3 Criteria for sequencing primer design 

Type of primer sequencing 
Primer length (nt) 20 
Tm°C range 50-80 
GC % range 50-60 
Binding site position (bp) -100 of target sequence 
Check for primer dimers yes 

 

Maxi and mini DNA plasmid were verified using Sanger sequencing. The DNA was diluted 

to 100 ng/µl in DEPC water and 10 µl per sequencing primer (sequencing reaction) were 

sent to Microsynth AG for sequencing. Sequences were evaluated using Vector NTI by 

aligning the sequencing results to the reference sequence. In case of a mutation, the 

electropherogram was checked for false base calling. Only plasmids without mutations 

compared to the reference sequence did proceed to linearization. 

Linearization 

Before transfection, the DNA plasmid was linearized. 1 unit of BstEII (pcDNA6.2) or PvuI 

(miRNASelect) was added per 1 µg of DNA and incubated at 37°C for 1 h. In order to check 

for successful linearization, a sample of the linearized DNA was diluted 1:30 and 5 µl of the 

diluted DNA were loaded on a 0.8 % agarose gel and run at 140 V for 30 min in 1xTBE buffer. 

The linearized DNA was precipitated with 0.7 volumes Isopropanol (99.8 %) and 0.1 

volumes Sodium Acetate (3 M, pH 5.2) and centrifuged for 30 min at 4°C and 16,000xg. The 

DNA pellet was washed twice with 1 mL 70 % Ethanol and dried under sterile conditions. 

Then, the DNA was resolved in a calculated (Equation 2; a = 0.5) volume Tris-HCl buffer 

(10 nM, pH 8). Target DNA concentration was 500-1000 ng/μL. Linearized DNA was stored 

at -20 °C. 

3.2. Transfection of CHO DG44 cells 

For all experiments a variety of stable CHO DG44 cell lines expressing different recombinant 

proteins were used. A list of clones and respective proteins can be found under materials. 

The medium used was an in-house medium (SMD) supplemented with 6 mM Glutamine 

and MTX in a concentration as specified in the materials section. The underlying CHO DG44 

host cell line had originally been obtained from Prof. Lawrence Chasin and had then been 
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adapted to suspension growth in chemically defined and serum free medium at Sartorius 

Stedim Cellca GmbH.  

Transient and stable transfection 

One day before transfection, cells were seeded at 4x105 cells/mL and cultivated in SMD at 

36.5°C, 7.5 % CO2 and 110 rpm linear shaking. For transfection, the Amaxa Cell Line 

Nucleofactor Kit V was used. Briefly, 1x106 cells were centrifuged at 190xg for 3 min. The 

supernatant was discarded and the cell pellet was resuspended in 100 µl of Nucleofector 

Solution with Supplement. The cells were then transferred to a sterile 1.5 mL tube that 

either contained miRNA mimics (transient transfection) or linearized plasmid (stable 

transfection). For transient experiments, 200 pmol miRNA mimics were transfected into 

the cells, which is equal to a mimic concentration of 50 nM in the cell culture medium. For 

stable transfection experiments, 1.72x1011 linearized plasmid copies which are equal to 

1 µg of pcDNA6.2/control plasmid were transfected into the cells. Cells and miRNA mimics 

or DNA were mixed by pipetting and transferred to an electroporation cuvette, which was 

placed in a Nucleofector II Device. Cells were electroporated at a voltage and pulse length 

and frequency defined by the pre-installed program U24. 500 µl of pre-warmed medium 

was added and the cells were transferred to 3.5 mL pre-warmed medium in a 6-well 

cultivation dish. The cells were incubated overnight at 36.5°C, 7.5 % CO2 without shaking. 

Starting from day 1 after transfection, cells were incubated on a linear shaker at 110 rpm. 

For transient experiments, cultivation ended on day 2 after transfection. Cells were 

centrifuged at 190xg for 3 min and the supernatant was stored at -20°C for determination 

of antibody concentration. The cell pellet was washed with 500 µL 1xPBS, centrifuged at 

190xg for 3 min and the supernatant was discarded. The washed cell pellet was 

shock-frozen on dry ice and stored at -80°C for qPCR analysis. For stable expression 

experiments, cells were transferred to selective medium on day 1 after transfection: SMD 

+ 8 µg/L Blasticidine for pcDNA6.2 vectors and SMD + 3.5 µg/L Puromycin for miRNASelct 

vectors. Additionally, 2000-5000 cells per cell culture were transferred to a 384-well plate 

filled with 50 µL PBS/well on day 1 and between days 14-16 for image-based fluorescence 

analysis using a Cellavista cell imager for visual inspection of GFP fluorescence. On day 

14-16 after transfection cell banks were prepared and a fed-batch culture was inoculated.  
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3.3. Batch cultivation of CHO DG44 cell lines 

Cell thaw 

Thawed cells were inoculated at a concentration of 4x105 cells/mL in 25 mL SMD + 6 mM 

glutamine and the respective concentration of MTX as listed in the materials section. 

Frozen cells were thawed at 37°C in a heat block and transferred to 10 mL chilled SMD in a 

15 mL tube. Cells were centrifuged at 190xg for 3 min, the cell pellet was resuspended in 

1 mL pre-warmed medium and transferred to 24 mL pre-warmed cultivation medium in a 

125 mL shake flask. Cells were cultivated at 36.8 °C, pCO2 7.5 % and 110 rpm linear shaking. 

Passaging of cell is described in the section below. 

Passaging of cells 

Cells were cultivated at 36.8 °C and pCO2 7.5 %. Shaking conditions were dependent on the 

culture vessel used (Table 4). Cells were passaged every 3-4 days. 

Table 4 Culture vessels and respective shaking conditions 

culture vessel shaking conditions 
96-well plate No shaking 
12-well plate No shaking 
6-well plate 110 rpm, linear shaking 
125 mL shake flask 110 rpm, linear shaking 

Cell concentration was measured using a Casy Cell Counter and inoculation volume was 

calculated (Equation 3). Target cultivation volumes ranged from 3-25 mL and inoculation 

cell concentration was 4x105 cells/mL when the measured cell concentration was 

< 35x105 cells/mL and 3x105 cells/mL when measured cell concentration was 

> 35x105 cells/mL. The calculated volume of cell suspension was centrifuged at 190xg, the 

supernatant was decanted and the cell pellet was resuspended in the required volume (3-

25 mL) of prewarmed medium. Sampling and passaging procedures were conducted under 

sterile conditions. 

Equation 3 Calculation of inoculation volume for cell passaging 

𝑉𝑉𝑖𝑖𝑖𝑖𝑡𝑡𝑣𝑣 = 𝑉𝑉𝑚𝑚𝑖𝑖𝑚𝑚𝑖𝑖𝑒𝑒𝑚𝑚 ∗
𝑐𝑐𝑖𝑖𝑖𝑖𝑡𝑡𝑣𝑣

𝑐𝑐𝑚𝑚𝑖𝑖𝑡𝑡𝑖𝑖𝑒𝑒𝑖𝑖𝑖𝑖𝑚𝑚 
 

with 

Vinoc = Volume of cells for inoculation (mL) 



Methods 
 

43 
 

Vmedium = Volume of medium, equal to 
target cultivation volume (mL) 

cinoc = target inoculation concentration 
(cells/mL) 

cmeasured = measured cell concentration 
(cells/mL)

Cell bank preparation 

Viable cell concentration (VCC) was determined with a Casy Cell Counter. The volume of 

cell suspension was calculated as shown in Equation 4 with a = 107 cells.  

Equation 4 Calculation of cell suspension volume for cell banking 

𝑉𝑉 =
𝑎𝑎
𝑐𝑐

 

with: 

V = cell suspension volume (mL) 

a = number of cells to be frozen 

c = cell concentration

The calculated volume of cell suspension was centrifuged at 334xg for 10 min at -9°C. 

Afterwards, the supernatant was discarded and the cell pellet was resuspended in cold 

SMD with 7.5 % DMSO (v/v) (1 mL/vial). The resulting cell suspension was transferred to 

1.8 mL vials (Nunc) at 1 mL per vial. Vials were placed in a cryo freezing box (CoolCell) and 

placed in a -80°C freezer for at least 24 hours. Afterwards, the vials were transferred to a 

plastic box and stored at -80°C.  

3.4. Fed-batch cultivation of CHO DG44 cell lines 

Shake-flask 

Fed-batch cultures with a volume of 25 mL in 125 mL shake flasks were inoculated 

14-16 days post transfection and antibiotic selection. The viable cell concentration (VCC) 

was determined using a Vi-Cell cell counter and the appropriate inoculation volume of cell 

suspension was calculated using Equation 3 with a target inoculation concentration (cinoc) 

of 3x105 cells/mL and a final cultivation volume (Vmedium) of 25 mL. If the inoculation volume 

exceeded 20 % of the final cultivation volume, the cell suspension was centrifuged at 190xg 

for 3 min and the cell pellet was resuspended in 25 mL in-house production medium (PM) 

with 6 mM glutamine. If the inoculation volume was < 20 % of the final cultivation volume, 

the cell suspension was transferred to V = 25 mL - Vinoc PM with 6 mM glutamine. The cells 
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were incubated at 36.8°C with 7.5 % CO2 and linear shaking (110 rpm). The sampling plan, 

conducted measurements and the feeding strategy are depicted in Table 5. Feed-media 

were in house-media Feed A and Feed B and as well as glucose solution (250 g/L). 

Table 5 Sampling plan, conducted measurements and feeding strategy during fed-batch cultivation 

Process 
day 

Sample 
volume 
(mL) 

Cell 
count 
analysis 
(Vi-Cell) 

Glucose/lactate 
analysis 
(Biosen) 

Criteria 
for 
feeding 
(cells/mL) 

Feed A 
(mL) 
YES/NO 

Feed B 
(mL) 
YES/NO 

Glucose 
to 4.5 
g/L 

0 0 no no - 0 0 no 
1 0 no no - 0 0 no 
2 0 no no - 0 0 no 
3 0 yes no > 20x105  0.7/0.0 0.1/0.0 no 
4 1 no no - 0.7/0.0 0.1/0.0 no 
5 1 yes Yes > 50x105 1.0/0.7 0.1 yes 
6 1 yes yes - 1.0/0.7 0.1 yes 
7 1 yes yes > 120x105 1.3/1.0 0.1 yes 
8 1 yes yes - 1.3/1.0 0.1 yes 
9 1 yes yes - 1.0 0.1 yes 
10 1 yes yes - 1.0 0.1 yes 
11 1 yes yes - 1.0 0.1 yes 
12 1 yes yes - 1.0 0.1 yes 
13 1 yes yes - 1.0 0.1 yes 
14 1 yes yes - 1.0 0.1 yes 

As sample volume and feed volume were approximately the same, the overall cultivation 

volume was +/- constant over the cultivation time. Samples were centrifuged at 6600xg for 

5 min and the supernatant was stored at -20°C for antibody concentration measurements 

conducted at the end of the process using a Octet QKe. On day 5, qPCR samples were taken 

and GFP fluorescence was visually inspected via image based fluorescent measurement 

using the Cellavista cell imager. 

Ambr 15 

The ambr 15 is an automated small-scale bioreactor system with an in integrated liquid 

handler, an analysis module for pH calibration of optical pH sensors and a Vi-Cell 

instrument for cell counting and viability analysis. The ambr 15 additionally allows for 

control of temperature and stirring speed and for real-time monitoring of pH and dissolved 

oxygen (DO) via optical sensors, mimicking a bioreactor environment.  
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Fed-batch cultivation using the ambr 15 was performed with cell lines 1-24 in order to 

generate cell samples for NGS analysis. PM with 6 mM glutamine was added to the 

bioreactors two days before fed-batch inoculation for equilibration of the medium. 

Generally, the fed-batch process was performed as described in the section above for the 

shake flask fed-batch. However, as the total volume is 14 mL in the ambr 15 reactors 

compared to 25 mL in shake flask, feeds A and B were adjusted according to Equation 5. 

Equation 5 Calculation of feed A and B volumes for fed-batch cultivation in the ambr 15 system 

𝑉𝑉𝑓𝑓𝑖𝑖𝑖𝑖𝑚𝑚 𝑡𝑡𝑚𝑚𝑎𝑎𝑖𝑖 =
𝑉𝑉𝑓𝑓𝑖𝑖𝑖𝑖𝑚𝑚 𝑆𝑆𝑆𝑆

𝑉𝑉𝑆𝑆𝑆𝑆
∗ 𝑉𝑉𝑡𝑡𝑚𝑚𝑎𝑎𝑖𝑖 

with

Vfeed ambr = Volume of feed A or B 
(ambr 15)(mL) 

Vfeed SF = Volume of feed A or B (shake 
flask)(mL) 

VSF = Cultivation volume in shake flasks 
(25 mL) 

Vambr = Cultivation volume in ambr 15 
(14 mL)

Furthermore, the total sample volume per day was adjusted to 641 µL (1/25 of 14 mL). 

Antifoam was added to reduce foaming and besides sampling for cell counting and pH 

calibration, additional samples were drawn to keep the cultivation volume constant. PH 

sensors were calibrated every 2nd day. An overview on sampling, feeding and stirring is 

given in Table 6.  

Table 6 Feeding, sampling and stirring of ambr fed-batch cultures 

        days 
µL 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 

+ Feed A 0 0 560 560 560 560 560 560 560 560 560 560 560 560 
+ Feed B 0 0 56 56 56 56 56 56 56 56 56 56 56 56 
+ antifoam 0 0 25 25 25 25 25 25 25 25 25 25 25 25 
- pH 0 0 60 0 60 0 60 0 60 0 60 0 60 0 
- cell count 0 0 140 140 140 140 70 70 70 70 70 70 70 70 
- Δ sample 0 0 441 501 441 501 511 571 511 571 511 571 511 571 
               
Stirrer 
speed 
(rpm) 

700 800 900 1000 1100 1200 

 

DO was set to 60 % and pH to 7.0. CO2 flow rate was dependent on the pH. Cell samples for 

NGS (1x105 cells) were taken on day 6-10 and were pooled for analysis. 
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3.5. Analytics 

3.5.1. Cell counting and viability measurement 

Batch cultivation: Casy Cell Counter 

Cell counting and viability determination using a Casy instrument is based on Electronic 

Current Exclusion (Figure 9). The sample is diluted in an isotonic buffer and pumped into a 

measuring capillary, where an electric field is created. A cell or particle passing the capillary 

induces an electrical pulse as it displaces the buffer ions. This pulse or count is measured 

with a frequency of 1 MHz. Consequently, every count consists of several measurements 

resulting in a curve describing the volume of the particle. The area under the curve is 

proportional to the cell or particle volume. As intact cells with a polarized membrane show 

higher impedance than porous dead cells they can be distinguished through the 

conductivity measurement described above, enabling the calculation of viability 63,64 

Figure 9 Measuring principle of Casy Cell Counter. The sample 
is drawn up in the measuring capillary where an electric field 
is created (A). Dead cells (B) show lower impedance than intact 
viable cells (C); graphs were copied from OLS (Omni Life 
Science) web pagehttps://cellcounting.de/die-technologie-
im-casy/ Stand 01.02.2021, reprinted with permission from 
OLS 

B A 
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For cell count analysis, 25 µl sample were drawn from each culture and transferred to 

10 mL Casy ton buffer provided in Casy cups. Measuring settings were as follows: 

normalization = 6.45; evaluation = 12.95 for cell pools and normalization = 6.04; evaluation 

= 10.61 for cell clones. 

Fed-batch cultivation: Vi-Cell XR Cell Viability Analyzer 

The Vi-Cell XR Cell Viability Analyzer is an imaging system that determines viability based 

on trypan blue exclusion. The sample is drawn up by the Vi-Cell and mixed with trypan blue, 

a dye only incorporated by dead cells. Images are taken in grayscale and trypan blue 

positive as well as the total number of cells and the cell size are analyzed by the Vi-Cell 

software. Output parameters are cell size, viable and dead cell concentration as well as 

viability. The Vi-Cell was used to determine cell concentration and viability during fed-batch 

cultivation. Before measurement, samples were diluted with Casy ton to a volume of 

700 µL at a ratio described in Table 7 in a ViCell sample vial. The applied settings for Vi-Cell 

measurements are shown in Table 8. 

Table 7 Dilution of samples for Vi-Cell measurement 

Process day Dilution factor 
0 2 
3-6 5 
7-14 10 

 

Table 8 Settings for cell count and viability analysis by the Vi-Cell  

Parameter Setting 
Minimum Cell Diameter 30 microns 
Maximum Cell Diameter 50 
Number of Images 4 
Aspirate Cycles 3 
Trypan Blue Mixing Cycles 85 % 
Brightness 100 
Cell Sharpness 85 % 
Viable Cell Spot Brightness 15 % 
Viable Cell Spot Area 0 
Minimum Circularity Medium 
Decluster Degree 30 microns 
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3.5.2. Glucose and Lactate determination 

The Biosen S Analyzer, originally developed for blood analysis, was used to determine 

glucose and lactate concentrations by enzymatic-amperometric biosensors in fed-batch 

samples. For this purpose, 20 µl of cell suspension were transferred to 1 mL of hemolysing 

solution, mixed by vortexing and placed in the Biosen S Analyzer. Measuring ranges are 

0.09-9 g/L for glucose and 0.005-3.6 g/L for lactate. 

3.5.3. Determination of antibody concentration 

Concentrations of antibodies or antibody-related formats containing an Fc part were 

determined using an Octet QKe. The measurement principle is based on Bio-layer 

Interferometry using biosensors with immobilized protein A. Protein A is a bacterial cell wall 

protein which shows a high affinity for the Fc region of IgG antibodies (Lindmark et al. 

1983). Bio-Layer Interferometry is an optical analytical technique that analyzes the 

interference pattern of white light reflected from the protein A layer and the internal 

reference layer of a biosensor tip. Once the antibody binds to the sensor, the optical 

thickness of the biological layer is expanded. This results in an increased optical path length 

of the reflected light and therefore in a wavelength shift of the reflected light compared to 

the reflection of the reference layer. The wavelength shift Δλ is a direct measure of the 

biolayer thickness 23. The samples (cell culture supernatants) were diluted 1:20 with 

medium in a total volume of 200 µL on 96-well plates. Per row, nine samples were 

measured by reusing one biosensor. The last three wells of each row contained a positive 

control, glycine (pH 1.5) or medium. Glycine denatures the protein A attached to the 

biosensor consequently releasing bound antibody (regeneration). The medium leads to 

renaturation of protein A (neutralization), therefore allowing one sensor to be used for up 

to nine samples. Shaking speed and measuring times are shown in Table 9. Antibody 

concentrations were calculated using a calibration curve. 

Table 9 Settings for antibody concentration measurement using the Octet QKe 

Sample origin Fed-batch Transient transfections 
mode shaking speed 

(rpm) 
time (s) shaking speed 

(rpm) 
time (s) 

Quantitation 400 120  300 
Regeneration 400 5  5 
Neutralization 400 5  5 
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3.5.4. qPCR 

Theoretical background 

For quantification of RNA by quantitative polymerase chain reaction (qPCR), cDNA has to 

be generated using reverse transcriptase, an enzyme that rewrites RNA into 

complementary DNA (cDNA). Complimentary primers bind to the RNA strand and form the 

starter region for the reverse transcription. The reverse transcriptase synthesizes the 

complementary DNA-strand in 5’-3’-direction and the double strand of DNA and RNA is 

denatured at 95°C. For mRNA analysis, the HotStaRT-Script reverse transcriptase included 

in the QuantiNova Probe RT-PCR Kit was used. It is a modified form of a recombinant 77 kDa 

reverse transcriptase associated with an RT-blocker, rendering the enzyme almost inactive 

at ambient temperature and allowing an easier experimental setup. At 45°C the RT-blocker 

dissociates and the reverse transcription is initiated. DNAse is also included in the RT-mix 

reducing the amount of gDNA contamination by approximately 90% before the RT starts 67. 

For reverse transcription of miRNAs, the miRCURY LNA RT was used. Reverse transcription 

and quantification of miRNAs is challenging, as they are only 18-24 nt in length and regular 

primers measure about 20 nt. In a first step, a poly(A) tag is attached to the 3’ end of the 

mature miRNA. Then, miRNAs are reverse transcribed using universal poly(T) primers with 

a 3’ degenerate anchor. The primer is based on the LNA technology where the ribose is 

locked in a position most favorable for DNA binding increasing the melting temperature. 

Thus, it is possible to design shorter primers with high specificity, which is crucial for miRNA 

reverse transcription and amplification. 

The basic principle of PCR is the specific amplification of a target sequence (Figure 10). 

 

Figure 10 Basic principle of qPCR: 1. Denaturation of double stranded DNA (95°C), 2. Annealing of sequence specific for 
and reverse primer, 3. Elongation: Synthesis of complementary DNA strand by polymerase in 3’ direction. The 
fluorescence signal is recorded after elongation of each cycle  
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After binding of specific DNA primer to the template DNA, a polymerase synthesizes the 

complementary DNA-strand. In the process of real-time or quantitative PCR the 

amplification can be quantified by a fluorescence signal. The qPCR comprises three steps: 

A fluorescence signal is recorded during each cycle at the end of elongation and displayed 

in a curve cycle vs fluorescence signal intensity. There are different methods to connect the 

amount of DNA with the fluorescence signal: for mRNA analysis TaqMan probes were used 

as fluorescence source and for miRNA analysis SYBR green was applied.  

TaqMan probes have a size of 20-30 nt and bind specifically to the middle of the amplicon 

between forward and reverse primer (Figure 11). A fluorescence reporter dye (e.g. 

FAM/VIC) is covalently bound to the 5’ end and a quencher (e.g. TAMRA/NFQ) is bound to 

the 3’ end. When in spatial proximity, the quencher suppresses the fluorescence signal of 

the reporter. The probe is degraded during elongation increasing the spatial distance 

between the reporter and the quencher molecule and a fluorescence signal can be 

measured. Fluorescent quenchers, e.g. TAMRA, emit a fluorescence signal themselves and 

cannot be combined with specific excitation/emission wavelengths. For the present work, 

a non-fluorescent quencher (NFQ) in combination with a minor groove binder (MGB) was 

used. The MGB binds to the minor groove of the DNA increasing the melting temperature 

of the primer which allows for construction of shorter probes, better sequence 

discrimination and higher assay sensitivity. 2,3 

SYBR Green I is a fluorescence dye non-specifically binding to double stranded DNA. The 

formed complex absorbs blue light at 494 nm and emits green light at 521 nm 88. In order 

to identify additional amplicons (specificity evaluation) a melting curve is performed at the 

end of the qPCR. For this purpose, the temperature (T) is increased stepwise from 65 °C to 

90 °C and the fluorescence signal (F) is recorded continuously.At the melting point of the 

amplicon, there is a drop in the fluorescence signal (F) visible. If all amplified fragments 

have the same melting point, there is only one fluorescence drop (or peak in dF/dT graph) 

visible. However, if there are multiple amplicons with different melting points present in 

the sample, there are several fluorescence drops (or peaks in dF/dT graph) visible. For 

miRNA amplification, locked nucleic acid (LNA) primers were used. For both probe (mRNA) 
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 and SYBR green (miRNA) based techniques, a reference dye (ROX) was added to the qPCR 

reaction.

 

Figure 11 Principle of TaqMan qPCR. During elongation start, both primers and the probe bind to the target sequence. 
The fluorescence signal is quenched. At the end of elongation, the template DNA is duplicated, the probe is degraded, 
and the fluorophore is free. 

By dividing the emission intensity (R) of the reporter by the emission intensity of the 

reference dye, the signal is normalized (Rn) throughout the different reactions accounting 

for variations during pipetting of the master mix. The baseline signal is recorded during the 

early cycles of the no template control (NTC).To determine the magnitude of the generated 

signal, the baseline signal is subtracted from Rn generating ΔRn 5. The cycle threshold (Ct) is 

the measured variable, where the fluorescence intensity exceeds the threshold Figure 12. 

The threshold should lie within the exponential phase of amplification and is calculated to 

minimize the deviation of replicates. A fixed threshold has to be defined when comparing 

Ct’s of multiple runs. 
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Figure 12 Rn as a function of cycle number. Rn = ROX normalized fluorescence intensity, ΔRn = Rn-Rn baseline, Ct = cycle 
treshold, NTC = no template control 

For quantification of the original template sequence (miRNA and mRNA analysis), the ΔΔCt 

method for relative quantification was used. In a first step, the Ct of the target sequence 

was normalized to the Ct of a reference gene, in this case β-actin. This normalization step 

compensates for differences in sample preparation, such as sampling, reverse transcription 

efficiency, DNA/RNA quality and the variability in the amount of DNA template in the final 

reaction setup (handling variation). The resulting ΔCt values were then used to calculate 

the difference between the control and the treated samples, yielding ΔΔCt values. These 

values are used to calculate fold changes compared to control for interpretation of 

differences between treated and control samples. ΔCt, ΔΔCt and fold change values can be 

compared between different samples and qPCR runs as long as evaluations are done as 

described above. 

RNA extraction 

2.5x105 CHO cells were sampled from cell culture, centrifuged at 190xg for 3 min and 

washed with 500 µl 1xPBS. The cells were shock frozen on dry ice and stored at -80°C until 

RNA isolation. For isolation of total RNA including miRNA, the NucleoSpin® miRNA Kit was 

used according to the manufacturer’s instructions. Briefly, after cell lysis and filter based 

clarification, the lysate was mixed with a buffer containing guanidinium thiocyanate and 

the mixture was loaded on a silica column. In the presence of guanidinium thyiocyanate 

RNA (and DNA) binds to a silica membrane (guanidinium is the strongest chaotropic cation 
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in the Hofmeister series and deprives macromolecules such as ribonucleic acids of its 

hydrate shell therefore improving the binding to silica). Small RNAs do not bind under these 

conditions and are present in the flow through together with the proteins after 

centrifugation. While DNase was added to the bound large RNA molecules to digest DNA, 

proteins were precipitated in the flow-through, followed by centrifugation. A proprietary 

buffer was added to the supernatant that enables binding of small RNAs (including miRNAs) 

to silica. The mixture containing small RNAs was added to the column already loaded with 

large RNAs in order to bind the small RNAs to the silica membrane as well. After three 

washing steps, total RNA including small RNA was eluted with 40-80 µl of DEPC treated 

water. RNA concentration was measured at a wavelength of 260 nm using a 

Nanophotometer N50. Target parameters were a concentration of 450 ng/µl, 

OD260/OD280 = 1.8-2.0 and OD260/OD230 > 2.0. RNA was aliquoted and stored at -80°C. For 

RNA integrity analysis, sample RNA and total HeLa RNA (control) was diluted to 300 ng/µL 

in DEPC water. 5 µl of sample or HeLa RNA were mixed with 5 µL RNA loading dye and 4 µl 

of ssRNA Ladder were mixed with 6 µl RNA loading dye. The RNA loading dye contains 

47.5 % Formamide that denatures RNA and enables separation of RNA by size, independent 

of its secondary structure. The samples and the ladder were heated at 70°C for 10 min and 

cooled down to 4°C. Samples were loaded on a 1 % agarose gel stained with 10 µL SYBR 

Safe per 100 mL gel and run at 100 V for 60 min in fresh 1xTBE buffer. Pixel brightness and 

the size of the bands running at 4500 bp (28S RNA) and 2000 bp (18S RNA) were analyzed 

using GelAnalyzer software and total signal strength (area under the curve) was calculated. 

The ratio of 28S/18S was calculated and compared to HeLa RNA. Ratios were typically 

around 2 but ratios > 1 were accepted. An exemplary gel can be seen in Figure 13. 

mRNA qPCR  

The sample RNA was thawed and diluted to 200 ng/µL in DEPC treated water. Generally, 

RNA was handled on a cooling block until addition of the qPCR master mix. All samples were 

run in technical duplicates. Reverse transcription and TaqMan qPCR were combined in a 

one-step protocol (RT-qPCR) using the QuantiNova Probe RT-PCR Kit. The RT-qPCR 

reactions were set up according to the manufacturer’s instructions. An overview of the 

reaction setup can be seen in Table 10.  
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Figure 13 Exemplary analysis of agarose gel for RNA integrity analysis. Additional bands in sample 4-6 indicate 
degradation. Small RNAs are not visible in total HeLa RNA. 

Table 10 Reaction setup for mRNA qPCR according to the QuantiNova Probe RT-PCR Kit manual 

Component 1 rxn [µL] n rxs master mix [µL] NRT [µL] 
2x QuantiNova Probe RT- PCR 
Master Mix 

5.0 n x 5.0 5.0 

QN ROX Reference Dye  0.05 n x 0.05 0.05 
QN Probe RT-Mix 0.1 n x 0.1 - 
20x primer-probe mix 0.5 n x 0.5 0.5 
Template RNA  2.0 - 2.0 
DEPC treated Water Total 0.85 n x 0.85 0.86 
Total reaction volume 10.0 n x 8.0 10.0 

 
Pre-designed TaqMan Gene expression assays (ThermoFisher) for Fut8, Slc35c1, TWF1, 

SKP2 and GFP containing primers and probe were used for qPCR. One master mix per target 

was prepared for n numbers of reactions containing all components listed in Table 10, 

except the template RNA. The master mix was transferred to a 96-well fast thermal cycling 

qPCR plate with 8 µL/well. 2 µL of RNA was added to each well. For technical control, a no 

template control (NTC) and a no reverse transcription control (NRT) were run on each plate. 

The NTC contained water instead of template RNA and controlled the kit components for 

DNA contamination. The NRT contained RNA template but no reverse transcription mix 

controlling the RNA template for genomic DNA contamination. The qPCR plate was sealed 

with an optical adhesive film and placed in a QuantStudio 3 qPCR cycler. The cycling 
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conditions are listed in Table 11. 40 cycles of denaturation and annealing/extension were 

performed.  

Table 11 Reverse transcription and cycling conditions for mRNA qPCR 

Step Time Temperature  Additional comments 

Reverse 
transcription 

10 
min 

45°C 
 HotStaRT-Script Reverse 

Transcriptase is activated, 
residual gDNA is removed 

PCR initial 
activation step 

5 min 95°C 
 QuantiNova DNA 

Polymerase is activated 
Denaturation 5 s 95°C 

40 cycles 
- 

Combined 
annealing/extension 

30 s 60°C 
Perform fluorescence 
data collection 

 

miRNA qPCR 

The sample RNA was thawed and diluted to 450 ng/µL in DEPC treated water. Generally, 

RNA was handled on a cooling block until addition of the qPCR master mix. All samples were 

run in technical duplicates. Reverse transcription and qPCR were performed in separate 

reactions using the miRCURY LNA RT Kit and the miRCURY SYBR Green PCR Kit according to 

the manufacturer’s instructions. An overview of the reaction setup for reverse transcription 

of miRNA can be seen in Table 12.  

Table 12 Reaction setup for reverse transcription of miRNA according to miRCURY LNA RT Kit manual 

Component 1 rxn [µL] n rxs master mix [µL] NRT [µL] 
5x miRCURY RT 
Reaction Buffer 

2.0 n x 2.0 5.0 

DEPC treated water 4.5 n x 4.5 0.05 
10x miRCURY RT 
Enzyme Mix 

1.0 n x 1.0 - 

Template RNA 2.0 - 2.0 
Total reaction volume 10.0 n x 0.85 0.86 

 

A master mix for n reactions was prepared and 8 µL or the mix were transferred in a 0.2 mL 

tube for each reaction. 2 µL of RNA template per sample were added. The reactions were 

placed in a thermomixer, incubated at 42°C for 60 min (reverse transcription), at 95°C for 
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5 min (enzyme inactivation) and cooled down to 4°C. For technical control, a no template 

control (NTC reverse transcription) and a no reverse transcription control (NRT) were 

performed. CDNA samples were diluted 1:10 in DEPC treated water.  

Table 13 Reaction setup for miRNA qPCR according to miRCURY SYBR Green PCR Kit manual 

Component 1 rxn [µL] n rxs master mix [µL] NRT [µL] 
2x miRCURY SYBR Green Master 
Mix ROX 

5.00 n x 5.0 5.0 

ROX Reference Dye 0.05 n x 0.05 0.05 
PCR primer mix 1.00 n x 1.0 - 
cDNA template DEPC treated 3.00 - 2.0 
Total reaction volume 10.0 n x 0.85 0.86 

 
Predesigned miRCURY LNA miRNA PCR assays (Qiagen) or Custom miRCURY LNA miRNA 

PCR assays designed by Qiagen on request containing forward and reverse primer were 

dissolved in 220 µL or RNase free water. The assays for the specific targets are listed under 

materials. One master mix per target was prepared for n numbers of reactions containing 

all components listed in Table 13, except the template RNA. The master mix was 

transferred to a 96-well fast thermal cycling qPCR plate with 7 µL/well. 3 µL of cDNA from 

the reverse transcription reaction was added to each well. The overview of the reaction 

setup for miRNA qPCR can be seen in Table 13. For technical control, a no template control 

(NTC) and the NTC and NRT generated during reverse transcription were run on each day 

of analysis. The qPCR plate was sealed with an optical adhesive film and placed in the 

QuantStudio 3 qPCR cycler. The cycling conditions are listed in Table 14. 50 cycles of 

denaturation and annealing/extension were performed. 

Table 14 Cycling conditions for miRNA qPCR 

Step Time Temperature  
PCR initial heat activation 2 min 95°C  
Denaturation 10 s 95°C 

50 cycles 
Combined annealing/extension 60 s 56°C 
Melting curve analysis  60-95°C  
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Evaluation of qPCR data 

TaqMan primer and probe as well as custom designed miRCURY LNA miRNA PCR assays 

which were not wet-bench validated by the manufacturer, were validated in-house before 

their first use (Figure 14). For TaqMan primer and probe (mRNA analysis), sample RNA was 

diluted 1:2 starting with a range of 400 ng down to 6.25 ng total input RNA. For miRCURY 

LNA miRNA PCR assays, 100 ng/µL total RNA was used for reverse transcription. The 

resulting cDNA was diluted 1:10 down to a dilution of 10-7. QPCR was run in technical 

triplicates.  

Figure 14 Example for TaqMan primer and probe validation. RNA sample was diluted 1:2 and Ct values were recorded. 

Linear regression was performed and the efficiency was calculated. Efficiency is an indicator 

of qPCR performance. If efficiency is 100 % (slope -3.32), the DNA is fully duplicated in every 

cycle. A range of 90-110 % was accepted. Lower efficiencies lead to strong deviations of the 

measured template amount from the true template amount, especially for higher Ct values 

due to error accumulation. Reasons for low efficiencies could be inefficient primer binding, 

e.g. due to primer pairing or non-optimal reaction conditions. The efficiency was calculated 

as shown in Equation 6.  

Equation 6 Calculation of qPCR efficiency 79 

𝐸𝐸 =  �10−�
1
𝑚𝑚� − 1� ∗ 100 

with 

E = qPCR efficiency (%) 
m = slope 
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Relative quantification using the ΔΔCt method was used to quantify the amount of target 

template present in the original sample according to Equation 7. 

Equation 7 Relative quantification of target RNA amount (adapted from: Livak & Schmittgen, 2001) 

∆𝐶𝐶𝑡𝑡  = 𝐶𝐶𝑡𝑡(𝑡𝑡𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡𝑡𝑡𝑔𝑔𝑡𝑡) − 𝐶𝐶𝑡𝑡(𝑡𝑡𝑔𝑔𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑒𝑒𝑔𝑔𝑡𝑡𝑡𝑡𝑒𝑒𝑙𝑙) 

∆∆𝐶𝐶𝑡𝑡  = ∆𝐶𝐶𝑡𝑡(𝑒𝑒𝑎𝑎𝑚𝑚𝑠𝑠𝑙𝑙𝑡𝑡) − ∆𝐶𝐶𝑡𝑡(𝑐𝑐𝑎𝑎𝑙𝑙𝑐𝑐𝑏𝑏𝑡𝑡𝑎𝑎𝑡𝑡𝑒𝑒𝑡𝑡) 

𝐹𝐹𝐶𝐶 = 2−∆∆𝐶𝐶𝑡𝑡 

with 

Ct = Cycle treshold 

ΔCt = Ct normalized to endogenous control (β-actin mRNA or miR-34b-3p) 

ΔΔCt = Difference between sample and control 

FC = fold change 

3.5.5. Glycan analysis 

Purification 

Antibodies or Fc fusion proteins were purified on the basis of their high binding affinity of 

Protein A to the Fc part of an antibody using PreDictor MabSelect SuRe plates. Sealing foils 

were removed for the required number of wells and the plate was centrifuged at 500xg for 

1 min to remove the storage solution (EtOH). 250 µl of 1xPBS was added and removed by 

centrifugation (500xg, 1 min) for equilibration of the resin. The equilibration step was 

repeated twice. 100-350 µl cell culture supernatant was loaded on the column, incubated 

for 10 min at 950 rpm and centrifuged (500xg, 1 min). This loading step was repeated until 

the maximum binding capacity (1500 µg/well) was reached or the maximum number of 

three loading cycles. The antibody was now bound to the resin. 250 µl of 1xPBS was added 

to each well and centrifuged (500xg, 1 min). The washing step was repeated twice. The 

antibody was eluted with 150 µl of 100 mM citric acid (pH 3-3.5) and neutralized with 

37.5 µl 1 M Tris-HCl (pH 9.0). The purified antibody was re-buffered in 1xPBS and water 

using the Vivaspin 500 concentrator with a molecular weight cut-off (MWCO) of 30 kDa. As 

an antibody consists of two heavy chains with 50 kDa and two light chains of 25 kDa, 

resulting in a total mass of 150 kDa, an antibody molecule will not pass a filter membrane 

with a 30 kDa MWCO. Free light chains could pass through, however, this is not relevant as 
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the glycans are linked exclusively linked to the Fc part of the heavy chain. 500 µl of 1xPBS 

was added to the Vivaspin concentrator and centrifuged at 15,000xg for 1 min to remove 

potential trace amounts of glycerol and sodium azide from the membrane. 400 µg of the 

purified antibody was loaded and 1xPBS was added to a total volume of 500 µl. The solution 

was concentrated to 50 µl at 15,000xg. Subsequently, 450 µl of 1xPBS was added and 

centrifuged again to reach a volume of 50 µl. This procedure was repeated until a buffer 

dilution factor of >1000 was achieved (Equation 8). The last dilution and concentration step  

Equation 8 Calculation of the dilution factor during buffer exchange 

𝑒𝑒 = �
𝑉𝑉𝑏𝑏𝑘𝑘
𝑉𝑉𝑎𝑎𝑘𝑘

𝑖𝑖

𝑘𝑘=1

 

with

d = dilution factor 

n = number of dilution steps 

Vb = Volume after adding buffer 

Va = Volume after centrifugation

was done with ultrapure water. After the final concentration step, the antibody 

concentration was measured using a Nanophotometer N50. Absorption was measured at 

280 nm and the antibody concentration was calculated using the molar extinction 

coefficient (εM in M-1*cm-1) and the molar mass of the respective protein after the Beer-

Lambert Law (Equation 9). 

Equation 9 Beer-Lambert Law 

𝐸𝐸𝜆𝜆 = 𝜀𝜀𝜆𝜆 ∗ 𝑐𝑐 ∗ 𝑒𝑒 

with 

Eλ = extinction at distinct wavelength λ 

ελ = extinction coefficient at wavelength 
λ 

c = concentration  

d = optical path length 

Sample preparation 

Purified and re-buffered antibody samples were prepared for glycan analysis using the 

Glycan Release and Labelling Kit according to the manufacturer’s instructions. In principle, 

the antibody in the sample is first denatured to expose the glycan residues, which are then 

cleaved off by PNGase F and labeled with a proprietary fluorescent dye via hydrazide 

reaction. In short, 8 µl of sample with an antibody concentration between 1.0 and 8.0 µg/µl 
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were added to the denaturing plate, sealed and heated at 70°C for 10 min. The complete 

denatured sample was transferred to the PNGase F plate, sealed and incubated for 37°C 

for one hour. 8 µl of the digested sample were added to the labelling plate and incubated 

at 55°C for two hours or until dry. The dried sample was reconstituted in 100 µl of molecular 

grade water. In addition, a negative control and a standard solution of glycans (G0, G0f, G1, 

G1f, G2, G2f) were denatured, digested and labelled. 

LabChip analysis 

Glycan analysis was performed using the LabChip system, that is based on electrophoretic 

separation of the glycans by size and measuring the fluorescence of the dye connected to 

the glycans. The chip has multiple interconnected 

channels and buffer wells (Figure 15). The filling of 

the channels and the separation of the glycans is 

controlled by seven electrodes. After the main 

capillary is filled with the filling polymer and the 

smaller channels are filled with separation buffer, 

the sample is sipped up by a capillary connected to 

the chip, mixed with buffer and transported to the 

main channel. In the main channel, the glycans in 

the sample are electrophoretically separated by 

size. The dye connected to the glycan is excited by 

a laser and the fluorescence signal is detected. The 

fluorescence signal is plotted against time or size for 

each sample. A comparison to the standard allows for identification of the different glycans 

(Figure 16). 

The chip preparation was done using the HT Glycan LabChip Reagent Kit according to the 

manufacturer’s instructions. It contains the filling polymer (gel matrix), a ladder for 

technical control and a marker. The marker is injected with every sample to later align 

running times of samples and correct for variances in running time or drift. 

Figure 15 Schematic overview of the 24 High 
Resolution (Glycan) LabChip 
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3.5.6. NGS 

RNA extraction, library preparation and next generation sequencing of small RNAs was 

performed externally by Microsynth AG. For library preparation the CleanTag® Small RNA 

Library Prep Kit (TriLink) was used. The small RNAseq was performed on the Illumina 

NextSeq 500 system with single-end sequencing (1x75). After quality filtering, the total 

number of reads was 196,485,339 with a mean read length of 28 bp. The quality of base 

calling was 97.2 for Q30. Q30 describes the probability of false base calling with 1 wrong 

base in 1000, meaning 99.9 % accuracy. General information on next-generation 

sequencing can be found in the introduction part. 

The evaluation of the small RNAseq data including miRNA annotation and differential 

analysis was performed by Computomics GmbH using R. It is referred to as “evaluation 1” 

in this work and a description can be found in “4.3 Analysis of NGS Data” page 71. MiRNAs 

identified during “evaluation 1” were tested for their functionality by stable 

overexpression. A second evaluation was conducted in cooperation with Umetrics 

(Sartorius Stedim Data Analytics) as part of an internship by Lisa Holsten. It is referred to as 

“evaluation 2” in this work. First, the read count data was normalized using TMM method 

Figure 16 Electropherogram resulting from LabChip 
analysis for the ladder (A), the glycan standard (B) 
and an exemplary sample (C)  
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in R. Then multivariate data analysis using SIMCA®-software was performed to identify 

differentially expressed miRNAs (DEMs) between cell lines with high and low productivity 

or glycosylation patterns. No strong or moderate outliers were detectable, but two cell 

lines showed large differences to all other samples. Thus, the analysis was performed 

without these cell lines. OPLS-DA could not reveal significant differences between the 

miRNA expression profile of samples with high or low productivity, mannose or fucose. 

However, significant differences in the miRNA expression profile of samples grouped 

according to high and low galactose were identified. The miRNAs with the highest loading 

vector and/or confidence intervals not crossing zero were identified in each OPLS-DA 

model. These miRNAs were termed differentially expressed miRNAs (DEMs). The DEMs 

were tested for significant differences in expression by using the Welch t-test. DEMs with 

a p-value < 0.05 and an in-silico target predicted by DIANA Micro T or DIANA Micro T-CDS 

as well as DEMs also identified by “evaluation 1” were selected for transient testing. 

Following the same principle, an OPLS-DA was performed comparing cell lines producing 

recombinant protein 3 with all other products (1, 2, 4), as protein 3 was far higher 

expressed than the others (see “4.2 Selection of CHO production clones for NGS analysis”, 

page 65). Three DEMs were significantly overexpressed in cell lines producing protein 3 and 

were selected for transient testing. For comparison of “evaluation 1” and “evaluation 2” 

refer to “4.5 Alternative NGS evaluation strategy”, page 91. A list of miRNAs selected for 

stable and transient testing can be found in Table 16, page 78 and Table 20, page 111. 

3.6. General calculations 

Cell specific productivity (Qp) 

Cell specific productivity (Qp) was calculated during fed-batch processes and transient 

transfection experiments. It is the titer divided by the integral of viable cell concentration 

(IVCC). The IVCC is a linear approximation (arithmetic mean of VCC) of the true IVCC. It was 

chosen in order to calculate the IVCC for all growth phases of fed-batch procedure (lag-, 

log-, constant and decline phase) with the same formula (Equation 10). 

Equation 10 Calculation of the integral of viable cell concentration (IVCC) and the specific productivity (Qp) 

𝑸𝑸𝑸𝑸 =
𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕
𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰
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𝐼𝐼𝑉𝑉𝐶𝐶𝐶𝐶 = ��
(𝑉𝑉𝐶𝐶𝐶𝐶𝑖𝑖 + 𝑉𝑉𝐶𝐶𝐶𝐶𝑖𝑖+1)

2
∗ (𝑡𝑡𝑖𝑖+1 − 𝑡𝑡𝑖𝑖)�

𝑘𝑘

𝑖𝑖

𝑘𝑘=1

 

with

Qp = cell specific productivity 

IVCC = integral of viable cell 

concentration 

t = time 

Mean cell specific productivity (Qpmean)

 

Growth rate 

Equation 11 Calculation of the growth rate µ 

µ =
ln �𝑉𝑉𝐶𝐶𝐶𝐶𝑖𝑖+1𝑉𝑉𝐶𝐶𝐶𝐶𝑖𝑖

�

(𝑡𝑡𝑖𝑖+1 − 𝑡𝑡𝑖𝑖)  

with

µ = growth rate 

VCC = viable cell concentration 

t = time

Jaccard coefficient 

The Jaccard coefficient is a measure for similarity of two sets. 

Equation 12 Calculation of the Jaccard coefficient 

𝐽𝐽(𝐴𝐴,𝐵𝐵) =
|𝐴𝐴⋂𝐵𝐵|
|𝐴𝐴⋃𝐵𝐵| 

with

J = Jaccard coefficients 

A = set A 

B = set B 

|A⋂B| = elements found in set A and B 

(intersection) 

|A⋃B| = elements found in at least A or 
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3.7. General statistics using GraphPad Prism 

Statistical evaluation was performed using GraphPad Prism. Tests were chosen as described in 
Figure 17. 

Figure 17 Choice of statistical testing 

If n < 3, no normality test could be performed and the data was assumed to follow a normal 

distribution. The tests mentioned in Figure 17 are all suitable to test for differences when 

comparing more than two sets of data. ANOVA compares variances of the single groups with 

variances of all data sets combined. The results states whether there is or is not a difference 

between the groups. Turkey’s multiple comparisons compares the mean of two data sets 

within a group of data sets using all possible combinations, e.g. with four data sets there are 

3! = 6 possibilities to compare two sets of data. Kruskal-Wallis test is the equivalence to ANOVA 

for data without normal distribution but does a ranking of the values of a data set and 

compares these rankings. Dunn’s multiple comparisons test compares the median of two sets 

of data within a group of data sets. The reason to perform Turkey’s and Dunn’s multiple 

comparisons test and not multiply apply e.g. t-test is that the probability of a significant test 

result rises with the number of independent comparisons Figure 18. For all tests α = 0.05 was 

chosen 51. 

Figure 18 The alpha-error accumulates with the number of comparisons. Multiple comparisons tests correct for alpha-error 
accumulation, based on www.graphpad.com/guides/prism/8/statistics/beware_of_multiple_comparisons.htm 
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4. Results 

4.1. Small RNAseq analysis of clonal CHO DG44 cell lines using NGS 

MiRNAs have been applied as engimiRs for the enhancement of productivity or growth in 

CHO cells, focusing, however, on transient experiments (Kelly et al., 2014; Sanchez et al., 

2014; Stiefel et al., 2016; Strotbek et al., 2013) or cell lines with low productivity when 

miRNAs are stably overexpressed (Fischer et al., 2014). Therefore, the following 

experiments aimed at investigating whether miRNAs could be used as engineering tool to 

improve cell specific productivity in clones with production relevant titers in a stable fed 

batch environment, the current gold standard in biopharmaceutical production (Pollock et 

al., 2017). Furthermore, miRNAs were evaluated whether they could be used as a tool to 

influence N-glycosylation in CHO cells, as N-glycosylation has a high impact on antibody 

effector functions and is an important quality attribute in cell line development, especially 

for biosimilars. So far as the author knows, it is not known whether and how miRNAs are 

involved in the regulation of N-glycosylation of antibodies when overexpressed in CHO 

cells. In this work, NGS of small RNAs was performed on 24 clonal CHO production cell lines 

expressing recombinant antibodies at different levels and with different glycosylation 

profiles. Using resulting miRNA expression data, bioinformatic analyses were carried out in 

order to find correlations with high productivity as well as low galactosylation, fucosylation 

or mannosylation of the antibody. MiRNAs identified to correlate with the target 

parameters where stably overexpressed in CHO. The stable cell pools were cultivated in 

fed-batch mode in order to investigate the cell performance and the glycosylation pattern 

of the produced antibody. 

4.2. Selection of CHO production clones for NGS analysis 

In order to identify miRNAs which might play a role in the regulation of N-glycosylation and 

yield in CHO DG44 cells, a panel of different production clones was selected to conduct NGS 

analysis. In order to create the largest possible range of diversity, for each target 

parameters (yield and N-glycosylation) clones with the most extreme values were selected 

and then classified into high and low performers, respectively.  
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Selection of clones with high and low production rates (yield) 

Figure 19 shows the selection process of clonal cell lines for the target parameter “yield”. 

In total, 84 clonal cell lines expressing protein 1 (IgG4), 2 (IgG1), 3 (IgG1) or 4 (fc fusion 

protein) were cultivated in shake flask fed-batch mode and product concentrations as well 

as viable cell concentrations were monitored (Figure 19 A, D, G). Figure 19 A shows the final 

product concentrations, ranging from 1.5 g/l for protein 4 to a maximum of 7.3 g/l for 

protein 3. The cell lines expressing protein 3 are characterized by having the highest yield, 

showing the highest final product concentrations (Figure 19 A), cell specific productivities 

(Figure 19 D) and integral of viable cell concentrations (IVCC, Figure 19 G). For each of the 

proteins 1 to 4, the two best and worst performing clones, were selected on the basis of 

final product concentration (Figure 19 B). Comparing the final product concentration of the 

selected clones with cell specific productivity (Figure 19 E) and IVCC (Figure 19 H) it is 

evident that the variety in final product concentration was more driven by IVCC changes 

than by productivity changes. For example, for protein 3, the product concentration ranged 

from 1.1 g/l to 8.4 g/l. Similarly, the IVCC ranged from 272 to 1052*105 cells/mL/d, whereas 

the productivity only ranged from 40.8 to 55.4 pg/cell/d. The selected high and low 

performers were then cultivated in an automated ambr 15 bioreactor system in fed-batch 

mode. After cultivation in the ambr system (Figure 19 C, F, I) the distribution of high and 

low performers changed compared to fed-batch cultivation in shake flask (Figure 19 B, E, 

H). Protein 4 showed a recombinant protein concentration of 0.9 g/l to 2.5 g/l for the shake 

flask and 1.7 g/l to 5.7 g/l for the ambr fed-batch, whereas for protein 3 concentrations 

ranging from 1.1 g/l to 8.4 g/l were measured for the shake flask and from 6.2 g/l to 9.4 g/l 

for the ambr fed-batch (Figure 19 C). Focusing on cultivation in the ambr, the variety in final 

product concentration of high vs low performers is due to a combination of both elevated 

specific productivity and IVCC (Figure 19 F and I). In summary, the clones used for NGS 

analysis to identify miRNAs that regulate yield are depicted in Figure 19 C, F and I. 
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Figure 19 Performance parameters of clonal CHO DG44 cell lines before and after selection in shake flask and during 
ambr clultivation. Stable CHO DG44 clones producing protein 1 to 4 were cultivated in fed-batch mode. Viable cell 
concentration and product concentration was measured. A-C: Final product concentration of all tested clones (A), of 
the four selected clones per protein for NGS (B) and after cultivation of the selected clones in the ambr module (C). D-
F: Mean productivity of all tested clones (D), the four selected clones per protein for NGS (E) and after cultivation of the 
selected clones in the ambr module (F). G-I: Mean productivity of all tested clones (G), the four selected clones per 
protein for NGS (H) and after cultivation of the selected clones in the ambr module (I). Protein 1: n = 44; protein 2: 
n = 20; protein 3: n = 20; protein 4: n = 20; bars indicate mean, error indicates standard deviation. 

Selection of clones regarding the N-Glycosylation of the produced antibody 

Monoclonal antibodies are naturally glycosylated at the L-Asparagine residue on position 

297 in the Fc part of the antibody. As these glycan structures mediate important immune 

response like Antibody Dependent Cellular Cytotoxicity (ADCC) and Complement 

Dependent Cytotoxicity (CDC) they are important quality parameters of biopharmaceutical 

antibodies. Fucosylation negatively correlates with ADCC, whereas the role of terminal 

galactosylation is bivalent. However, in terms of biosimilars, it is also desirable to influence 

galactosylation, in order to match the glycan profile of the biosimilar to the originator. 

While an upregulation can be relatively easily achieved by adding e.g. galactose to the 

medium 31,32, downregulation of galactosylation is far more challenging. MiRNA 
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engineering could be a valuable tool concerning downregulation of fucosylation and 

galactosylation. Thus, also clones characterized by extreme glycan profiles were selected 

from the same clones shown in Figure 19 A. Glycan profiles of 76 clones were measured 

and categorized into three main gycanprofile groups (Figure 20): Core fucosylation with a 

fucose residue attached to the first N-acetylglucosamine, galactosylation with one or both 

antennas of the biantennary glycan molecule having a terminal galactose molecule 

attached or mannose which is a glycan that consists of five mannose molecules. 

Figure 20 N-linked glycan profiles of CHO cells analyzed with LabChip technology. 

Generally, fucosylation was high in all protein 1 to 4 producing cell lines with a mean 

fucosylation ranging from 71 % to 82 % (Figure 21 A). For protein 2 and 3 two groups of 

clones were observed, one with high and the other with low fucosylation. After clone 

selection, the maximal range of fucosylation (44 % to 94 %) was measured for protein 2 and 

the minimal range (64 % to 94 %) for protein 1 (Figure 21 B). When cultivating in the ambr 

system, ranges were narrower, probably due to the controlled cultivation environment (pH, 

O2 gassing) (Figure 21 C). The maximum range in fucosylation was 58 % to 93 % for protein 4 

and the minimum range was 75 % to 90 % for protein 3. 

The same selection procedure was performed for galactosylation (Figure 22) and 

mannosylation (Figure 23). The mean portion of galactosyated recombinant protein before 

selection ranged from 36 % for protein 4 to 54 % for protein 2 (Figure 22 A). After selection, 

the minimal range of galactosylation was 37 % to 51 % for protein 3 and the maximal range 
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Figure 21 Fucosylation pattern of the recombinant product generated by different clonal CHO DG44 cell lines that were 
cultivated in shake flasks and the ambr system. Stable CHO DG44 clones producing protein 1 to 4 were cultivated in 
fed-batch mode. Samples were taken on harvest day. Protein 1 to 4 were ProtA purified and glycan profiles were 
determined on the LabChip device. Portion of fucosylated recombinant protein for all tested clones (A), for the four 
clones selected for NGS (B) and after cultivation of the selected clones in the ambr module (C). Protein 1: n = 20; 
protein 2: n = 18; protein 3: n = 18; protein 4: n = 20; bars indicate mean, error indicates standard deviation. 

was 41 % to 96 % for protein 2 (Figure 22 B). As previously observed during the selection 

of clones for fucosylation, galactosylation ranges decreased when clones were cultivated 

using the ambr system. Maximal galactosylation ranges from 29 % to 65 % were achieved 

for protein 4 and, whereas the minimal range was 33 % to 40 % for protein 3 (Figure 22 C). 
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Figure 22 Galactosylation pattern of the recombinant product generated by different clonal CHO DG44 cell lines that 
were cultivated in shake flasks and the ambr system. Stable CHO DG44 clones producing protein 1 to 4 were cultivated 
in fed-batch mode. Samples were taken on harvest day. Protein 1 to 4 were ProtA purified and glycan profiles were 
determined on the LabChip device. Galactosylation of all tested clones (A), the four selected clones per protein for NGS 
(B) and after cultivation of the selected clones in the ambr module (C). Protein 1: n = 20; protein 2: n = 18; protein 3: 
n = 18; protein 4: n = 20; bars indicate mean, error indicates standard deviation 

General mannose levels were low with a minimum mean of 1.7 % and a maximum mean of 

8.8 % (Figure 23 A). Mannosylation for selected clones ranged from 2.5 % to 29.4 % for 

protein 4, variability of the other proteins was very low (e.g. 1.8-4.2 % for protein 1; Figure 

23 B). During ambr cultivation, only protein 4 showed sufficient variability (4 %-27 %) in 

order to classify the clones into high and low performers (Figure 23 C).  

Taken together, glycan profiles for galactosylation and fucosylation showed sufficient 

variability in order to group them in high and low performers for the respective glycan 

group. For Mannosylation, this is only the case for protein group 4. 
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Figure 23 Mannosylation pattern of the recombinant product generated by different clonal CHO DG44 cell lines that 
were cultivated in shake flasks and the ambr system. Stable CHO DG44 clones producing protein 1 to 4 were cultivated 
in fed-batch mode. Samples were taken on harvest day. Protein 1 to 4 were ProtA purified and glycan profiles were 
determined on the LabChip device. Mannosylation of all tested clones (A). Protein 1: n = 20; protein 2: n = 18; protein 3: 
n = 18; protein 4: n = 20; bars indicate mean, error indicates standard deviation 

In total 24 clonal cell lines labeled 1 to 24 producing protein 1 to 4 were selected and 

grouped in high and low performers with respect to the target parameters yield, 

fucosylation, galactosylation and mannosylation (Table 15).  

Table 15 Selection of 24 cell lines for NGS analysis grouped in high and low performers for the target parameters yield, 
Fucosylation, Mannosylation and Galactosylation 

One clonal cell line can be high or low performer for several target parameters. An overview 

of how often a specific cell line was selected as high or low performer can be found in 

column “Involved in no of comparisons”. So, for example, cell line 22 was high performer 
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(H) for yield and fucosylation as well as low performer (L) for galactosylation and therefore 

was part of three comparisons. Cell samples for NGS taken on day 6 to 10 during fed-batch 

cultivation in the ambr system were pooled and a small RNA NGS was performed.  

4.3. Analysis of NGS Data 

Analysis of small RNA NGS Data was performed with the aim to find miRNAs that correlate 

with high yield, galactosylation, fucosylation or mannosylation (Figure 24).  

Figure 24 Overview on small RNA sequencing data evaluation part 1. Raw small RNA reads of 24 cell lines were quality 
filtered (1) and mapped to the CHO K1 reference genome for prediction of hairpins (2). The predicted hairpin sequences 
were aligned to different miRNA and other non-coding RNA databases. Sequences identified as non-miRNA were 
excluded from analysis. Sequences found in miRNA databases were termed “known miRNAs” and sequences not found 
in any of the databases were termed “putative novel miRNAs” (3). For known and putative novel miRNAs the sequence 
reads (expression) were normalized (4) and a differential expression analysis (principal component analysis) was 
performed. The analysis was performed by Computomics GmbH, Tübingen, Germany. 

Small RNA sequencing raw reads were quality filtered for false base calling (1) and then the 

sequences were aligned to the CHO K1 reference genome (CriGri 1.0 GenBank Assembly ID 
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GCA_000223135.1). Only reads were accepted that aligned at a locus with at least 5 copies. 

100 bp of up- and downstream sequences were added to the aligned sequence and hairpin 

prediction was performed, as miRNA precursors naturally form hairpins (2). However, since 

there are also other non-coding RNA species forming hairpins, e.g. tRNA, the hairpin 

sequences were aligned to different databases to identify miRNAs (miRBase, Rfam, RNAdb) 

and other non-miRNA/non-coding RNA databases (GtRNAdb, lncRNAdb, r/tRNA) for 

different species (3). Sequences that were no miRNAs were filtered out and already known 

miRNAs were identified and named accordingly. Sequences that were neither known 

miRNAs nor known other non-coding RNAs were termed “putative novel” miRNAs. The raw 

read data of known and putative novel miRNA was normalized to account for different read 

distribution between samples (4), followed by differential analysis within each protein 

group (protein 1 to 4) and between all high performers and low performers across all 

protein types (pooled data).  

After alignment of the sequences to the RNA databases (step 3), the focus was on data 

distribution (Figure 25). A maximum number of 235 miRNAs in cell line 4 and a minimum 

of 52 miRNAs in cell line 17 was found (Figure 25 A). Cell line 17 was excluded, as the 

number of identified miRNAs and reads differed significantly from all other cell lines (see 

appendix Figure 57). On average, approximately 50 % of the identified miRNAs were 21 

nucleotides long. With increasing length, the number of miRNAs present in the samples 

decreased. This trend was also shown in the miRNA expression levels: on average, 74 % of 

miRNA reads were 21 nt long and the longer they got, the lower was the expression level 

(Figure 25 B). Among the databases, miRBase 21 was the database to identify the highest 

number of sequences (Figure 25 C). The total number of miRNAs found in the miRNA 

databases was 345. This is in line with results from other NGS experiments in literature, e.g. 

320 conserved miRNAs were identified in 5 different CHO cell lines by microarray analysis 
59 or 376 novel and conserved miRNAs were found in different CHO-K1 and DUXB11 cells 
33. The number of miRNAs categorized as “putative novel” was 50. Interestingly, there was 

no putative novel miRNA that was expressed in all cell lines (Figure 25 D). Most novel 

miRNA tended to be only expressed in one or two cell lines. In general, the applied 

identification method for miRNAs resulted in the identification 395 miRNAs, known and 

putative novel, with about 88 % identified by common miRNA databases and about 12 % 

putative novel miRNAs. Of all identified hairpins, 10-20 % were non-miRNA sequences, 
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depending on the cell line investigated. Hackl et al., 2011 found a similar number of miRNAs 

via NGS with 376 identified miRNAs. However, 97 % of these miRNAs were annotated in 

miRBase and only 3 % were putative novel. The differences might be due to a missing CHO 

reference genome when performing the analysis and the low number of cell lines analyzed 

(six cell lines) ( Hackl et al., 2011).  

The identified miRNAs and their respective expression levels (read count) were then 

analyzed for differential expression in high vs low performers for the respective targets. 
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Figure 25 Descriptive statistics of small RNA sequencing data. A: Distribution of different miRNAs concerning miRNA 
length in cell line 1-24. B: Distribution of miRNA expression levels concerning miRNA length in cell line 1-24. C: 
Distribution of different miRNAs concerning the database they were identified from in cell line 1-24. Multiple hits were 
allowed. D: Distribution of known and putative novel miRNA according to the frequency they were identified. 

As depicted in Figure 24, step 4 and 5, the read data was first normalized. This was 

necessary, as the total amount of reads differed between cell lines (Figure 26 A). After 

normalization, the “number of reads” was depicted as counts per million (CPM) (Figure 26). 

CPM were similar across cell lines and therefore, comparison of the cell lines was possible 

without a bias of inconsistent read distribution between samples. For differential analysis, 

a principal component analysis (PCA) was performed, comparing high with low performers 

for the target parameters yield, fucosylation, mannosylation and galactosylation.  
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Figure 26 Box plot of trimmed mean of M-values normalization (TMM) of miRNA transcriptome data using edgeR. A: 
Before normalization: distribution of raw counts per miRNA for clonal cell lines 1-16 and 18-24. B: After normalization: 
distribution of counts per miRNA as counts per million (CPM) miRNA for clonal cell lines 1-16 and 18-24. Line indicates 
median, box indicates interquartile range, whiskers indicate 1.5 interquartile range. Data was only depicted for values 
up to 250 counts. All miRNAs identified over all cell lines were included for analysis of each cell line, meaning zero 
values were included. Cell line 17 was excluded from normalization, as it was identified as outlier (Figure 57). Analysis 
was performed by Computomics GmbH, Tübingen, Germany 

However, only for the target parameter fucosylation in cell lines producing protein 2 seven 

miRNAs were differentially expressed (Figure 27 A). Five miRNAs were upregulated and 

thus correlated with high fucosylation and two miRNAs were downregulated and 

correlated with low fucosylation. For all other comparisons of high vs. low performers, no 

differentially expressed miRNA was identified (Figure 27 B and Figure 58 to Figure 61). This 

might be due to high variability of read data between the clones, which makes it difficult 

to analyze the variation in the data caused by the differences in the target parameters. 

Consequently, a different analysis approach was setup and performed ( Figure 28). For the 

alternative evaluation approach, the same sets of normalized miRNA data and the same 

comparisons as in the first approach were used for analysis. 
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Figure 27 Differential analysis regarding the target parameter fucosylation for protein 2 (A) and protein 3 (B). MD plot 
depicting the normalized expression data in the form of counts per million (CPM) plotted against the log fold changes 
(differences abbreviated as D). Differentially expressed miRNAs require a FC > 1.5 and a false discovery rate. 
(FDR) < 0.05.  

Figure 28 Overview on small RNA sequencing data evaluation part 2. Step 5b: Two datasets were generated from 
miRNA read data. The data set min1 includes all data whereas the dataset min6 only includes miRNA data if the miRNA 
was present in all cell lines used for comparison of high and low performer. For pooled comparison, the data set min6 
includes all miRNAs that were present in at least six cell lines. Step 6: After statistical testing (quasi-likelihood F-test), 
miRNAs were selected for fold change and p-value and then submitted to a selection priority list (step 7). 
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In detail, two datasets were generated, data set min1 and data set min6.In data set min1, 

all miRNAs expressed in at least one of the cell lines used for comparison, e.g. cell lines 

expressing protein 1 high vs. low product concentration, were used for analysis. This 

allowed for absence/presence analysis of miRNA. Data set min6 only accounted for miRNAs 

that were expressed in all cell lines of a comparison except for pooled analysis. For pooled 

analysis, all high vs all low performers were compared regardless of the expressed protein, 

data set min6 includes only miRNAs that were expressed in at least six cell lines. For 

differential analysis comparing high and low performers, no principal component analysis 

but a quasi-likelihood F-test was performed and false discovery rates were calculated. The 

miRNAs were ranked according to the FC values obtained from the F-test and miRNAs with 

FC > 1.5 and p < 0.05 for yield were chosen, as a positive fold change indicates 

overexpression in the clones categorized ‘high’ for product capacity. For the glycosylation 

parameters, miRNAs with a FC < -1.5 and p < 0.05 for the glycosylation parameters were 

chosen, as the negative fold change indicates overexpression of respective miRNAs in the 

clones categorized ‘low’ for glycosylation. The resulting selection of 134 miRNAs was then 

filtered according to a selection priority list that should increase the probability to find 

miRNAs with biological relevance only ( Figure 28, step 7). First, all miRNAs that correlated 

with the same target but different directions were removed from the data, e.g. a miRNA 

was upregulated in high galactosylation clones for protein 3 but downregulated in high 

galactosylation clones for protein 2 and 4. First priority miRNAs only correlated with one 

target parameter in the same direction in more than on protein class. Second priority 

miRNAs were identified for a target by more than one protein class but were additionally 

identified to correlate with other target parameters. Third priority miRNAs were only 

identified for one target by only one protein class and fourth priority miRNA correlated 

with several targets in one or more protein classes. This selection process revealed 30 

miRNAs correlating with yield or N-glycosylation (Table 16). 

Per target parameter, seven to nine differentially expressed miRNAs were identified. 

Thirteen, nearly half of the miRNAs, were potentially novel miRNAs. Eighteen, about two 

thirds of the miRNA, were identified via the dataset min6. In silico target prediction 

identified target genes of the N-glycosylation pathway for all target parameters. FUT8 and 

Slc35C1 are proteins involved in fucosylation of L-Asparagine linked N-actetylglucosamine. 

SLC35C1 codes for a GDP-fucose transporter located in the golgi membrane transporting 
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GDP-fucose from the cytosol into the golgi lumen. FUT8 codes for an enzyme located in the 

golgi apparatus that catalyzes the formation of an α-1,6 linkage between fucose to the first 

N-actelyglucosamine next to the protein. B3GALT1 and 2 code for galactosyltransferases 

calayizing the transfer of galactose from UDP-galactose to terminal β-N-actelyglucosamine 

and therefore builds G1, G1’ or G2 from G0 glycans. In literature, seven of the miRNAs were 

found to have influence on glycosylation in general or on product capacity (Table 16). This 

set of miRNA correlates with the target parameters, however, they had to be tested for 

their biological function. Therefore, an evaluation system was set up. 

4.4. Testing the influence of the identified miRNAs on yield and N-glycosylation in 

CHO DG44 cells by stable overexpression 

To answer the question whether miRNAs identified to correlate with high product capacity 

or a downregulation of specific N-glycosylation (Table 16) also mediate this effect 

biologically, the miRNAs were stably overexpressed and cultivated in production medium 

in fed-batch mode. Fed-batch mode was chosen as this is the current standard for 

production of biopharmaceuticals. 

4.4.1. Establishment of a stable plasmid based miRNA expression system 

For stable overexpression, a plasmid based miRNA expression system, the pcDNA™6.2-

GW/EmGFP-miR vector (pcDNA6.2), was used (Figure 29). The pcDNA6.2 vector was 

previously used to overexpress miR-557 that improved expression of difficult to express 

proteins 20. The miRNA precursor is situated in the 3’UTR of GFP and is under control of the 

human cytomegalovirus promoter (hCMV). The precursor is built from the mmu-miR-155 

precursor sequence and the mature miRNA sequence of interest. Thus, the resulting RNA 

precursor is a chimeric molecule. After processing of the chimeric precursor by Drosha and 

Dicer, the mature miRNA duplex has the desired miRNA sequence as 5 ’strand. The 

3’ strand is fully complementary to the 5’ strand with two nucleotides deleted. Of note, the 

3’ strand is not identical to the natural 3’ strand of the overexpressed miRNA.
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Table 16 List of 30 miRNAs selected from NGS that correlate with fucosylation (Fucose), galactosylation (Galactose), mannosylation (mannose) and yield (Productivity). It gives an 
overview on the protein class in which the miRNA was identified, the name or for unknown miRNA the ID, the sequence as found in NGS, the priority number of the miRNA, the dataset 
that was the base for the analysis, context relevant literature and in silico predicted targets of the N-glycosylation pathway by mirTarBase and Diana micro T. 
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Figure 29 : The expression cassette of the pcDNA™6.2-GW/EmGFP-miR vector (pcDNA6.2) consists of the human 
cytomegalovirus promoter (hCMV) followed by green fluorescence protein (GFP), the miRNA precursor and PolyA. 
Selection marker for selection in bacteria is Spectinomycin and for eukaryotes blasticidin. B: GFP-miRNA precursor 
transcript of pcDNA6.2. The mature miRNA was flanked by the mmu-miR-155 precursor sequence to form a chimeric 
miRNA precursor molecule. 

Figure 30 shows the binding of the designed miRNA directed against the IgG mRNA of protein 5 (anti-IgG miR). The 
binding site was situated near the 3’ end of the mRNA and the binding was nearly fully complementary with three 
mismatches. 
As control for pcDNA6.2 performance in CHO DG44 production clones, an RNA molecule 

was designed to knock down Adalimumab (protein 5), an anti-TNFα antibody produced in 

the cell. It was designed to be 21 nt long and nearly fully complementary to the 3’ end of 

the Adalimumab mRNA with 18/21 matching nucleotides (Figure 30). The molecule was not 

naturally present in the cell and will be referred to as anti-IgG miR in the following. The 

anti-IgG miR is processed like other miRNAs cloned in the vector, as it was also situated in 

the mmu-miR-155 precursor. In a first step, the anti-IgG miR was transfected as miRNA 

mimic into clone 28 (Adalimumab producing CHO DG44) and product concentration and 

viable cell concentration were measured 48 h after transfection ( Figure 31 A and B). 

Specific productivity was downregulated from 33.7 to 9.3 pg/cell/d ( Figure 31 A). Final 

product concentration was also significantly decreased from 10.8 to 3.0 µg/ml, however 

there was also a significant reduction in VCC (5.5 vs 2.7 cells/ml) ( Figure 31 B). This 

indicates that the designed anti-IgG miR downregulates its target mRNA resulting in a 

decrease of the related protein level. Subsequently, the anti-IgG miR was cloned into vector 
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pcDNA6.2 , the plasmid was linearized and transfected into clone 26 and 28, which both 

produce Adalimumab (protein 5). The cells were cultivated in selective medium Dhfr (SMD) 

with blasticidin for 14 days followed by a fed-batch cultivation in production medium until 

viability dropped below 70 %. Results show that specific productivity was significantly 

reduced over the cultivation time for both clones ( Figure 31 C and D). There was no 

difference in the IVCC between anti-IgG-miR overexpressing cells and control cells that 

were mock transfected with a vector containing a scrambled miRNA (1262 vs 1283x105 

cells/mL/d for clone 26 and 1055 1156x105 cells/mL/d for clone 28) ( Figure 31 E and F). 

The final product concentration decreased significantly from 4.6 to 1.3 g/l for clone 26 and 

from 2.3 to 0.7 for clone 28 ( Figure 31 E and F). In order to verify that this effect was 

mediated by the Ct values of anti-IgG miR plasmid transfected cells were significantly lower 

than the Ct overexpressed miRNA, anti-IgG miR levels were measured on day 5 of fed-batch 

cultivation. values in control transfected clones (47.3 vs 21.3 Ct for clone 26 and 40.0 vs 

21.4 Ct for clone 28)(Figure 32 A), while the level of reference miRNA stayed the same (Ct 

ranges from 22.0 to 22.4) (Figure 32 B). Negative controls showed high variability, because 

anti-IgG miR does not naturally occur in the cell and therefore, Ct values are very high or, 

when undetermined, set to the maximum number of qPCR cycles performed (50 cycles). 

Figure 32 C shows Ct values normalized to the Ct values of the reference miR-34b, yielding 

ΔCt values. ΔCt values can be interpreted like Ct values, however, as they are normalized, 

variance due to technical error, e.g. variability in loading RNA to the qPCR plate, are 

eliminated. Thus, qPCR data in the present study was mainly depicted as ΔCt values. The 

fold change values of anti-IgG miR levels were significantly increased compared to negative 

control transfected cells to a mean fold change of 1.5x108 for clone 26 and of 2.5x106 for 

clone 28 (Figure 32 D). 

In conclusion, stably integrating pcDNA6.2 in CHO DG44 and cultivating in fed-batch mode 

produced functionally active miRNA that downregulated its target on protein level. Thus, 

miRNA sequences in the miRNA precursor were processed to form mature miRNA. 

Consequently, the pcDNA6.2 was used to screen for miRNA function. Nevertheless, it has 

to be kept in mind that the designed anti-IgG miR is an artificial miRNA designed to bind 

with high specificity (only three mismatches) to the target mRNA of a protein normally not 

expressed in the cell. This results in a limited number of off-targets, with only two hits when 

blasting against the CHOK1 genome. Therefore, it was expected that natural miRNAs would  
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 Figure 31 Transient anti-IgG miR mimic transfection (n = 2) and stable anti-IgG miR overexpression (n = 3). 50 nM anti-
IgG miR mimics were transfected into Adalimumab producing cell clone 28 and product concentration and VCC was 
measured 48 h after transfection (D) specific productivity was calculated (A). Linearized pcDNA6.2 vector carrying the 
sequence information for anti-IgG miR was transfected into clone 26 and 28 and cultivated in selective medium Dhfr 
(SMD) with blasticidin for 14 days followed by a fed-batch cultivation in production medium. VCC and final product 
concentration was measured on a daily basis starting on day 3 or 5 respectively (E and F). Productivity was calculated 
per day over the process time (B and C). Bars indicate mean, error indicates standard deviation 
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Figure 32 Anti-IgG miR levels in clone 26 and 28 stably overexpressing anti-IgG miR on day 5 of fed-batch cultivation. 
A: Raw cycle threshold data of IgG-miR levels. If the amount of IgG-miR was too low for detection, the Ct was set to the 
maximum number of cycles processed during qPCR (Ct 50). B: Raw cycle threshold data of endogenous reference miRNA 
cgr-miR-34b-3p. C: Anti-IgG miR levels normalized to reference miRNA levels (ΔCt) D: Anti-IgG levels of anti-IgG 
overexpressing cells normalized to negative control expressing cells; depicted as fold change. n = 3, bars indicate mean, 
error indicates standard deviation 

be less effective than the artificial anti-IgG miRNA, as they are usually less specific (less base 

pairing) and have multiple targets to bind to. 
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4.4.2. Stable overexpression of miRNAs from NGS and cultivation in fed-batch mode 

MiRNAs identified by NGS (Table 16) were cloned into vector pcDNA6.2 and transfected 

into different clones according to the miRNA target group (Table 17). The control vector 

containing a scrambled miRNA was transfected four times per clone, each miRNA vector 

once per clone. Cells were selected in SMD with blasticidin for 14 d followed by a fed-batch 

cultivation at shake-flask scale. VCC and product concentration were monitored 

throughout the fed-batch process. Glycan analysis was performed on samples taken on 

harvest day and qPCR was performed for a subset of miRNAs on samples taken on day 5 of 

the fed-batch process. 

Table 17 Overview on miRNAs and clones used for transfection in the stable miRNA screen 

miRNA target Transfected 
miRNAs 

Transfected 
clone (no.) 

Clone 
properties 

Overexpressed 
biopharmaceutical 

Fucosylation ID:111; ID:114, 
ID:268, ID:329, 
miR130b, 
miR184, 
miR429 

26 High 
Fucosylation 

Adalimumab 

Galactosylation ID:271, ID:292, 
miR101b, 
miR146a, 
miR148b, 
miR194, 
miR30a 

36 High 
Galactosylation 

Adalimumab 

Mannosylation ID:227. ID228, 
D378, 
miR130b, 
miR151, 
miR883b, miR9 

37 High 
Mannosylation 

Bevacizumab 

Yield ID:101, ID151, 
ID238, ID:361, 
let-7a, let-7b, 
miR132-3p, 
miR27b, 
SNORD93, has-
miR-557* 

28 Medium 
productivity 

Adalimumab 

*hsa-miR-557 was not identified by NGS analysis but obtained from literature, where it was shown to increase 
productivity for difficult to express proteins 20  
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Overexpressing miRNAs correlating with high yield 

MiRNAs identified to correlate with high yield, did neither increase final product 

concentration of the fed-batches ( Figure 33 B) nor did they increase cell specific 

productivities ( Figure 33 F). There was one miRNA, miR-132, that increased IVCC to 

904*105 cells/ml*d compared to a mean of 647 *105 cells/ml*d for the negative control ( 

Figure 33 E). 

Figure 33 Influence of productivity related miRNA from NGS on productivity and N-Glycosylation. The miRNAs were 
cloned into pcDNA6.2, transfected in clone 28, cultivated in SMD with blasticidin for 14 days followed by a fed-batch 
cultivation at shake-flask scale. A: distribution of N-glycan structures B: Final product concentration C: overall 
fucosylation D overall galactosylation E: process IVCC F: mean productivity. The negative control plasmid pcDNA6.2 
expressing a nonsense miRNA was transfected three times into clone 28 (n = 3). Tested miRNAs from NGS were 
transfected once (n = 1); bars indicate mean, error indicates standard deviation 

A B

C D

E F

ID:101

miR-132

miR-132



Results 

85 
 

However, miR-132 also reduced specific productivity to 21.6 pg/cell/d compared to a mean 

productivity of 32.0 pg/cell/d for the negative control ( Figure 33 F). With respect to N-

glycosylation, yield related miRNA did not have an influence on galactosylation ( Figure 33 

D) but there was a slight decrease in fucosylation visible for ID:101 (83 % vs. 92 %) ( Figure 

33 C). The distribution of the different N-glycan structures is shown in Figure 33 A. 

Comparing the fucosylation of the negative control with the fucosylation of the IgG1 

produced in cells transfected with ID:101. and the fucosylation of an IgG1 produced in a 

FUT8 knock-out CHO DG44 cell line showing very low fucosylation , ID:101 seemed to 

reduce the portion of fucosylated antibody ( Figure 33 A). 

Overexpressing miRNAs correlating with low fucosylation 
 
MiRNAs correlating with low fucosylation did not influence protein fucosylation or 

galactosylation ( Figure 34 A, C, D). Remarkably, an increase in final recombinant protein 

concertation from a mean of 2.7 g/l to 3.9 g/l for ID:111 was observed, which was mainly 

the result of an increase in IVCC (925 vs 557*105 cells/ml*d) in combination with a slightly 

reduced specific productivity compared to the mean of the controls (46.4 vs 54.0 pg/cell/d) 

( Figure 34 B, E, F). On the other hand, miR-184 seemed to reduce the final protein 

concetration to 1.7 g/L by reducing the IVCC to 270*105 cells/ml*d ( Figure 34 B and E). 

Overexpressing miRNAs correlating with low galactosylation 

MiRNAs correlating with low galactosylation did not influence protein fucosylation or 

galactosylation (Figure 35 A, C, D). However, also for galactosylation related miRNAs there 

was an increase in final product concentration compared to the mean of the controls for 

miR-101b (3.8 g/l vs mean control 2.9 g/l or max control 3.2 g/l) (Figure 35 B). The increase 

in final product concentration was due to an increase in IVCC (697 vs 599*105 cells/ml*d), 

whereas specific productivity was comparable to the controls (51.2 vs 49.6 pg/cell/d) 

(Figure 35 E and F). On the other hand, miR-30a and miR-192 showed slightly reduced IVCC 

(459 and 428 vs. 599*105 cells/ml*d)(Figure 35 E). 

Overexpressing miRNAs correlating with low mannosylation 

MiRNAs that correlate with low mannosylation did not increase final product concentration 

nor did they decrease fucosylation, mannosylation or galactosylation (Figure 36 A-D, 
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Appendix Figure 62). Instead, ID:228 seemed to reduce IVCC (562 vs 836*105 cells/ml*d) 

resulting in a reduced final product concentration (2.0 vs 2.8 g/L) (Figure 36 B and F) 

Figure 34 Influence of fucosylation related miRNA from NGS on productivity and N-Glycosylation. The miRNAs were 
cloned into pcDNA6.2, transfected in clone 26, cultivated in SMD with blasticidin for 14 days followed by a fed-batch 
cultivation on shake-flask scale. A: distribution of N-glycans B: Final product concentration C: overall fucosylation D: 
overall galactosylation E: process IVCC F: mean productivity The negative control plasmid pcDNA6.2 expressing a 
nonsense miRNA was transfected four times into clone 26 (n = 4). Tested miRNAs from NGS were transfected once 
(n = 1); bars indicate mean, error indicates standard deviation. 
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Figure 35 Influence of galactosylation related miRNA from NGS on productivity and N-Glycosylation. The miRNAs were 
cloned into pcDNA6.2, transfected in clone 36 cultivated in SMD with blasticidin for 14 days followed by a fed-batch 
cultivation on shake-flask scale. A: distribution of N-glycans B: Final product concentration C: overall fucosylation D 
overall galactosylation E: process IVCC F: mean productivity The negative control plasmid pcDNA6.2 expressing a 
nonsense miRNA was transfected four times into clone 36 (n = 4). Tested miRNAs from NGS were transfected once 
(n = 1); bars indicate mean, error indicates standard deviation 
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Figure 36 Influence of mannosylation related miRNA from NGS on productivity and N-Glycosylation. The miRNAs were 
cloned into pcDNA6.2, transfected in clone 37, cultivated in SMD with blasticidin for 14 days followed by a fed-batch 
cultivation on shake-flask scale. A: distribution of N-glycans B: Final product concentration C: overall fucosylation D 
overall galactosylation E: process IVCC F: mean productivity. The negative control plasmid pcDNA6.2 expressing a 
nonsense miRNA was transfected four times into clone 37 (n = 4). Tested miRNAs from NGS were transfected once 
(n = 1); bars indicate mean, error indicates standard deviation. For galactosylation data, please refer to appendix Figure 
62. 

In conclusion, none of the miRNAs had an impact on the target parameter they correlated 

with in the NGS analysis. Nevertheless, two miRNAs, ID:111 and miR101b, were identified 
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to regulate final product concentration with a 1.2 g/l (44%) and a 0.9 g/l (31%) increase 

respectively. Another miRNA, ID:101, was identified to decrease the proportion of IgG 

fucosylation by nine percentage points. To assess, whether these miRNAs were really 

overexpressed and elevated miRNA levels were the reason for the observed effects on 

fucosylation and yield, a qPCR analysis was performed. 

Overexpressing miRNAs with pcDNA6.2 in a stable fed-batch environment yields miRNA 

levels higher than basal levels 

In order to assess, whether stably overexpressing miRNAs using vector pcDNA6.2 resulted 

in elevated miRNA levels, qPCR was performed on day 5 of fed-batch cultivation for a 

subset of overexpressed miRNAs including miRNAs that triggered the downregulation 

fucosylation and an increase in final product titers in the stable miRNA screen. Cells 

overexpressing hsa-miR-557, cgr-miR-184, cgr-miR30a, cgr-miR-101b, ID:111 or ID:101 

were analyzed for the respective overexpressed miRNA by qPCR ( Figure 37). 
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Figure 37 qPCR Data of selected miRNAs. Samples for qPCR were taken on day 5 of the fed-batch process for hsa-miR-
557, cgr-miR-101b, ID:111, cgr-miR-184, cgr-miR30a and ID:101. A: miRNA expression levels normalized to the 
reference miRNA cgr-miR-34b and sorted by the basal (control) miRNA expression level starting with the lowest. B: 
MiRNA levels as fold change compared to basal (control expression); n = 1 

ID:111 and ID:101 were chosen, as they increased the final product concentration or 

reduced antibody fucosylation respectively. Has-miR-557 and cgr-miR-30a have been 

shown to increase final product concentration in other studies 18,20and cgr-miR-184 was 

chosen as it seemed to have no effect on any of the target parameters. Basal miRNA 

expression level was lowest for hsa-miR-557 with 21.8 ΔCt (control) and highest for ID:101 
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with 2.8 ΔCt (control). The lowest level after overexpression was observed for hsa-miR-557 

with 9.1 ΔCt, the highest for hsa-miR-184 with -6.8 ΔCt ( Figure 37 A). The miRNA 

overexpression compared to control ranged from 1.4-fold change for ID:101 to 25238 fold 

change for cgr-miR-101b ( Figure 37 B). Therefore, all tested miRNAs were overexpressed 

during stable expression and cultivation in fed-batch mode. 

Reproducing the effects of ID:111, ID:101 and miR-101b on fucosylation or productivity 

During the initial stable screening experiment with NGS derived miRNAs, three miRNAs 

were observed to influence the target parameters in the desired fashion. Overexpression 

of ID:111 and miR101b resulted in increased final product concentrations, whereas ID:101 

triggered a decrease in IgG fucosylation.  
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Figure 38 Re-evaluation of miRNAs that showed effects on productivity or fucosylation. MiR101, ID:111 and ID:101 
were cloned in pcDNA6.2 and transfected four different clones producing three different pharmaceutical proteins. After 
a 14 day selection in SMD with blasticidin, the cells were cultivated in fed-batch mode on shake-flask scale. A: final 
product concentration B: cell specific productivty C: viable cell concentration integral (IVCC) D: percentage of 
recombinant protein fucosylation; negative control: n = 3, miRNAs: n = 1; bars indicate mean, error indicates standard 
deviation 
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In order to confirm these results, the experiment was repeated with four different clones 

producing three different recombinant proteins. After a 14 day stable selection in SMD with 

blasticidin, stable pools were cultivated in fed-batch mode. VCC and recombinant protein 

concentration were monitored throughout the process and glycan analysis was performed 

on samples taken at the harvest day. The tested miRNAs did not influence final 

recombinant protein concentration ( Figure 38 A), cell specific productivity ( Figure 38 B) or 

IVCC ( Figure 38 C) of any of the transfected clones. Furthermore, there was no change in 

the fucosylation levels of the recombinant proteins visible for any of the tested miRNAs or 

transfected clonal cell lines ( Figure 38 D). 

Taken together, 30 miRNAs with expression levels correlating either with yield, 

fucosylation, mannosylation or glactosylation of recombinant proteins expressed by CHO 

DG44 clonal cell lines were analyzed for their impact on the respective target parameters 

in a stable miRNA overexpressing system using vector pcDNA6.2 during industry relevant 

fed-batch cultivation. None of the tested miRNAs showed consistent effects on any of the 

target parameters. This implies, that the links between the miRNAs and the respective 

target parameters which were identified during the NGS analyses seem to be simple 

correlations, but no cause and effect relationships. However, there could be also other 

reasons why no visible effects were mediated by the tested miRNAs. First, as the variability 

in miRNA expression between the clones belonging to the same group (e.g. high fucose) 

was very high, it was difficult to identify the differences in miRNA expression patterns 

between groups (e.g. high vs. low fucose) induced by the change in the target parameter 

(e.g. reduction of fucose). Consequently, the evaluation strategy could have been 

misleading. Second, the stable screening system was established with an artificial miRNA 

targeting a recombinant protein produced by the cell (anti-IgG miR), so that neither the 

miRNA nor the regulated target was subjected to the natural regulatory mechanisms of the 

cell. Consequently, an alternative NGS evaluation strategy was developed and applied and 

the stable screening system was re-evaluated in order to finally confirm whether miRNAs 

found during NGS analyses do have any effects on their target parameters. 

4.5. Alternative NGS evaluation strategy 

An alternative strategy to evaluate the small RNA sequencing data delivered by NGS was 

applied in order to verify the data the first evaluation (chapter XY). A comparison of the 
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first and second NGS evaluation method is shown in Table 18. Input values for the first and 

the second evaluation attempt were raw reads of each miRNA per cell line.  

Table 18 Comparison of first and second NGS evaluation strategy 

Normalization of quality filtered and adapter trimmed reads 

In the first evaluation, the raw reads were normalized using the trimmed mean of M values 

(TMM) to account for differences in library sizes 72. This was done for all datasets together. 

In the second evaluation attempt, only the dataset used for a specific comparison, e.g. 

fucosylation high vs. low for protein 2, were normalized together. This was done to avoid 

‘overnormalization’ which could diminish differences within the datasets that are relevant 

for evaluation.  

Differential analysis of normalized data 

In the first evaluation, a principal component analysis (PCA) using R was performed on the 

dataset. After exclusion of outliers, high and low performers were compared within protein 

groups and a grouped analysis where all high and low performers were compared for these 

two datasets. This makes a total number of ten comparisons ((four different proteins + 

grouped comparison) x two datasets). However, only for fucosylation protein 2 

differentially expressed miRNAs could be identified using PCA. Also as part of the first 

evaluation, a quasi-likelihood F-test was performed on the data that was structured in two 

different datasets: min1 and min6. The miRNAs with a p-value < 0.05 and a fold change > 

1.5 were considered differentially expressed, resulting 134 differentially expressed miRNA. 
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From these miRNA, 30 miRNAs (Table 16) were selected following the selection criteria 

depicted in  Figure 28 point 7. In the second analysis, SIMCA was used for evaluation. A PCA 

was performed to remove outliers. Subsequently, an orthogonal partial least square 

differential analysis (OPLS DA) was performed to find a model that can explain the 

variability of the data that was a result of the differences in the target parameters. More 

precisely, the question to be answered was: Which model describes the variability of the 

data caused by the differences in the target parameter, e.g. high and low fucosylation, the 

best? For each target parameter, a model was found. The model for the target parameter 

galactosylation was considered to be valid, whereas the models for yield and fucosylation 

were invalid yet nevertheless used for evaluation as they were the best models calculated. 

Validity refers to the capability of a model to describe the relationship between variables.  

Ranking of differentially expressed miRNAs and hit selection 

Ranking during the first analysis was performed as follows: After performing an F-test, 

miRNAs with a p-value smaller than 0.05 and a fold change greater than 1.5 were selected 

resulting in 134 differentially expressed miRNAs. For the second analysis, the models were 

used for hit selection: MiRNAs with the top 10 loading vectors and a confidence interval 

not crossing zero were chosen, resulting in 103 differentially expressed miRNAs. The 

loading vector is a measure for the contribution of a miRNA to the model, a small 

confidence interval shows how reliable it is that the miRNA contributes to the model 

(accounts for variability). Only miRNAs correlating in the desired direction were considered, 

e.g. miRNAs correlating with high productivity or low fucosylation.  

Comparing both analyses, the intersection of miRNAs found was between one and nine 

miRNAs depending on the target parameter (Figure 39). Considering the total amount of 

miRNA found for each analysis was 20 to 54 miRNAs, the number of miRNAs found by both 

analyses was small. This led to the conclusion to reconsider the choice of miRNAs for 

biological testing. 
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Figure 39 Number of differentially expressed miRNA from only the first NGS evaluation (134 miRNAs), only the second 
NGS evaluation (103 miRNAs) and the intersection of miRNAs identified by both models for each target parameter. 

4.6. Investigating miRNA mediated effects during transient expression and stable 

expression with cultivation in batch and fed-batch mode 

Besides the NGS evaluation method, also the stable screening method had to be re-

evaluated in order to decide whether it is a suitable approach in order to test the impact 

of miRNAs on the target parameters. First, there is little known on the height of the miRNA 

expression level needed to mediate miRNA effects. Second, as stated before, the stable 

screening method was established using an artificial miRNA targeting an mRNA coding for 

a recombinant protein. Both do not underlie the natural regulatory mechanisms of the cell. 

Consequently, an endogenous miRNA downregulating an endogenous mRNA had to be 

identified for CHO DG44 in order to evaluate the ability to downregulate this endogenous 

target during stable overexpression and get an insight on effective miRNA expression 

levels. A first set of experiments was conducted transiently, as it was technically easier to 

control miRNA levels in the cell by adjusting the amount of transfected miRNA mimics. In 

addition, transient transfection of miRNA mimics is independent of the miRNA processing 

machinery, as the transfection directly supplies mature miRNAs. 

4.6.1. Evaluating effects of model miRNAs on their specific target mRNA  

Transient miR-1 and miR-30a mimic transfection  

Two miRNAs were tested, miR-1 and miRNA-30a. MiR-1 was found to downregulate 

Twinfillin-1 (TWF1) mRNA in mouse and CHO cells 22,54. MiR-30a was annotated in 

miRTarBase to downregulate S-phase kinase associated protein 2 (SKP2) mRNA in Chinese 
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hamster. Both miRNAs were transfected transiently as miRNA mimics at a concentration of 

50 nM in two different clones (clone 28 and clone 30) along with Allstars negative control 

siRNA mimics (Qiagen). MiRNA and respective target mRNA levels were measured 48 h 

after transfection. Basal miR-1 levels (control levels) differed between clones ( Figure 40 

A), whereas basal miR-30a levels were comparable ( Figure 40 B).  

co
ntro

l (C
28

)

clo
ne 2

8

co
ntro

l (C
30

)

clo
ne 3

0
-5

0

5

10

Transient miR1 levels
normalized to reference miRNA

transfected miRNAs

m
iR

NA
 le

ve
ls

 (∆
 C

t)

5634 FC 71 FC

8.6 -3.9 1.8 -4.4

co
ntro

l (C
28

)

clo
ne 2

8

co
ntro

l (C
30

)

clo
ne 3

0
-5

0

5

10

Transient miR30a levels
normalized to reference miRNA

transfected miRNAs
m

iR
NA

 le
ve

ls
 (∆

 C
t)

38 FC32 FC

5.3 0.3 0.25.4

clone 28 clone 30
0.0

0.2

0.4

0.6

0.8

1.0

TWF1 mRNA levels
of miR1 transfected cells

transfected miRNAs

m
RN

A 
le

ve
ls

(fo
ld

 c
ha

ng
e 

2-∆
∆

Ct
)

0.30 0.37

clone 28 clone 30
0.0

0.2

0.4

0.6

0.8

1.0

SKP2 mRNA levels
of miR30a transfected cells

transfected miRNAs

m
RN

A 
le

ve
ls

(fo
ld

 c
ha

ng
e 

2-∆
∆

Ct
)

0.85 0.86

A B

C D

 
Figure 40 Evaluation of model miRNAs miR-1 and miR-30a with regard to their target mRNA regulation. Clone 28 
(Adalimumab) and clone 30 (Bevacizumab) were transfected with 50 nM of miRNA mimic. MiRNA and target mRNA 
levels were measured 48 h after transfection by qPCR. Two biological replicates were pooled for qPCR analysis. A: 
Transient miR-1 levels were shown as Ct values normalized to the endogenous reference miRNA miR-34b. B: Transient 
miR-30a levels were shown as Ct values normalized to the endogenous reference miRNA miR-34b. C: Target TWF1 
mRNA levels were shown as fold change compared to negative control transfected cells. D: Target SKP2 mRNA levels 
were shown as fold change compared to negative control transfected cells. A and B published in ref.52(figure 1); C and 
D: Underlying data published in ref.52(figure 1) 

After miR-1 mimic transfection, miRNA levels were increased to a similar level (ΔCt = -3.9 

and ΔCt = -4.4). As basal miR-1 levels differed, fold changes were different between clones 

(5634 FC and 71 FC). After miR-30a mimic transfection, miRNA levels were also increased 

similarly between both clones with ΔCt = 0.3 and ΔCt = 0.2 and a fold change of 32 and 38 

respectively. MiR-1 downregulated the TWF1 mRNA to 0.3 and 0.4 fold change ( Figure 40 

C), whereas miR-30 only slightly reduced SKP2 mRNA levels (0.9 fold change) ( Figure 40 D). 
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In order to confirm the downregulation of TWF1 mRNA by miR-1 in CHO DG44, clone 28 

and six additional clones were transected with 50 nM miR-1 mimics and miRNA and mRNA 

levels were measured 48 h after transfection ( Figure 41).  
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Figure 41 Downregulation of TWF1 mRNA upon miR-1 mimic transfection. Clone 28 and six additional clones producing 
two different recombinant proteins were transfected with 50 nM modified or unmodified miR-1 mimics. Mir-1 levels 
and TWF1 mRNA levels were measured 48 h after transfection. MiR-1 levels were significantly higher compared to 
control; p = 0.00001 and 2-way ANOVA A: MiR-1 levels depicted as Ct values normalized to the reference miRNA miR-
34b. B: TWF1 mRNA levels depicted as fold change of control transfected cells. TWF1 mRNA levels were significantly 
decreased compared to control; p = 0.00001 for modified miR-1 and p = 0.0001 for unmodified miR-1; 2-way ANOVA; 
n = 1. Modified from ref.52(Figure 2), CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/ 

The miR-1 mimic previously used was chemically modified by the manufacturer. However, 

as miRNAs during stable overexpression do not have these modifications, miR-1 guide and 

passenger strand were synthesized as unmodified RNA oligos and annealed to form a 

double stranded miRNA mimic with overhangs (Table 19). These self-annealed unmodified 

miR-1 mimics were also transfected into the same clones as the modified miR-1 mimics. 

The results showed that basal miR-1 levels ranged from 8.8 ΔCt to 3.1 ΔCt between clones. 

A significant increase in miR-1 levels to an average of ΔCt = -3.8 for modified and to an 

average of ΔCt = -4.9 for unmodified mimics was observed ( Figure 41 A). Accordingly, TWF1 

mRNA levels were significantly reduced to an average of 0.33-fold change for modified 

mimics and of 0.51 fold change for unmodified mimics ( Figure 41 B). Strikingly, modified 

mimics had a stronger effect on mRNA reduction although modified miR-1 levels were 

lower than unmodified miR-1 levels.  

MiR-1 reliably downregulated TWF1 mRNA levels in a clone independent fashion and 

therefore could be used in stable expression experiments to re-evaluate plasmid based 

stable miRNA overexpression for effective miRNA levels and target gene downregulation.  

https://creativecommons.org/licenses/by-nc/4.0/
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Table 19 Overview on miRNA mimics used for transient transfection experiments.52 

miRNA name miRNA sequence Description 
mirVana™ miRNA 
Mimic miR-1 
 

Not available, requires a confidential 
disclosure agreement 

Mimics mature miR-1, 
chemically modified 

Self-annealed miR-
1 
(mmu-miR-1a-1)  

Mimics mature miR-1 
without chemical 
modifications 

Cgr-miR-30a 
 

 
Mimics mature miR-
30a 
 

   
Transient miR-1 transfection in different concentrations and the influence on TWF1 

mRNA levels 

To find out what levels of miR-1 has to be reached in the cell in order to trigger TWF1 mRNA 

downregulation, unmodified miR-1 mimics were serially diluted with a factor of two from 

100 nM to 1.563 nM and transfected into clone 28. 48 h after transfection miR-1 and TWF1 

mRNA levels were measured by qPCR. MiR-1 levels increased with increasing amounts of 

transfected mimic ranging from ΔCt = -0.33 to ΔCt = -2.57 (Figure 42 A). MiR-1 

downregulated TWF1 mRNA in a dose dependent manner from 0.82 fold change to 0.54 

fold change (Figure 42 B). 
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Figure 42 Dose-dependent downregulation of TWF1 mRNA by miR-1. A serial 1:2 dilution of miR-1 mimics was 
transfected into clone 28 and miR-1 as well as TWF1 mRNA levels were measured 48 h after transfection by qPCR. A: 
miR-1 levels as Ct values normalized to reference miRNA miR-34b. B: TWF1 mRNA levels as fold changed of 0 pmol miR-
1/negative control transfected cells. One-way ANOVA with Turkey’s multiple comparison testing against 0 nM was 
performed; n = 3, bars indicate mean, error indicates standard deviation. Modified from ref.52(Figure 3), CC BY-NC 4.0, 
https://creativecommons.org/licenses/by-nc/4.0/.
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The identified range of miRNA levels that mediated TWF1 mRNA downregulation can be 

set as a measure for effect mediating miR-1 levels and can be compared to miR-1 levels 

achieved by stable overexpression. 

4.6.2. Stable miR-1 overexpression and cultivation in fed-batch mode 

Expression vectors for stable miRNA overexpression: pcDNA6.2 and miRNAselect 

The stable expression experiments previously described in this work, used vector pcDNA6.2 

for miRNA overexpression (Figure 43 A and B). In addition to this vector, an alternative  

Figure 43 MiRNA overxpression vectors pcDNA™6.2-GW/EmGFP-miR (pcDNA 6.2) vector (A) and its transcript (B) as 
well as the miRNASelect™ pEGP-miR (miRNASelect) vector (C) and its transcript. A.: pcDNA6.2 vector: selection markers 
were Spectinomycin (bacterial selection) and blasticidin (eukaryotic selection). The expression cassette consists of the 
human cytomegalovirus promoter (hCMV), GFP, the miRNA sequence of interest and a polyA tail. B: The transcript of 
pcDNA6.2 consist of the coding sequence for GFP followed by the mature miRNA sequence of interest flanked by the 
mmu-miR-155 precursor sequences and a polyA tail. C: miRNASelect vector: selection markers were Ampicillin (bacterial 
selection) and Puromycin (eukaryotic selection). The expression cassette consists of the human β-globin intron with the 
miRNA of interest situated in the intron, followed by a GFP-Puromycin fusion sequence and a polyA tail. D: The 
miRNASelect transcript consists of the human β-globin intron followed by GFP, Puromycin and a polyA tail. The miRNA 
of interest together with the natural genomic up and downstream region was situated in the intron. Modified from 
ref.52(Figure 4), CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/. 

miRNA expression vector was applied for stable miR-1 expression and the resulting 

expression levels were compared. Concerning miRNA expression, there are two major 

differences between the two vectors: First, pcDNA6.2 delivers a chimeric mouse-hamster 

precursor molecule as the miRNA flanking region is derived from the mmu-miR-155 

precursor, whereas the miRNAselect vector allows for cloning the miRNA with its natural 

genomic flanking sites. Second, for pcDNA6.2, the miRNA is located in the 3’ UTR of GFP, 

https://creativecommons.org/licenses/by-nc/4.0/
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whereas for miRNAselect, the miRNA is placed in a human beta-globin intron upstream of 

GFP. 

Stable miR-1 overexpression and the effects on TWF1 mRNA 

In a first step, miR-1 was cloned into pcDNA6.2 and transfected into clone 28. MiR-1 and 

TWF1 mRNA levels were measured 48 h after transfection. MiR-1 levels were upregulated 

to ΔCt = -1.4 (8658 fold change,  Figure 44 A) and were therefore comparable with the levels 

obtained during a 12.5 nM transient miR-1 mimic transfection (Figure 42 A). This miRNA 

level led to a TWF1 downregulation to 0.71 fold change for transient plasmid ( Figure 44 B)  
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Figure 44 MiR-1 and TWF1 mRNA levels upon transient transfection with pcDNA6.2 and stable overexpression of miR-
1 with pcDNA6.2 and miRNASelect vector. A: Transient miR-1 levels measured by qPCR 48 h after transfection with 
pcDNA6.2 vector. Ct values were normalized to the reference miRNA miR-34b. B: TWF1 mRNA levels as fold change 
compared to negative control for cells transiently transfected with pcDNA6.2. C: After transfection of clone 28 with 
pcDNA6.2 and miRNASelect vector followed by a selection in SMD medium supplemented with blasticidin, the cells 
were cultivated in fed-batch mode. Samples were taken on day 5 of fed-batch cultivation and qPCR was performed. 
MiRNA levels were shown as normalized Ct values (C) and TWF1 mRNA levels were shown as fold change of negative 
control transfected cells (D).  
C and D: modified from ref.52(Figure 5), CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/. 

https://creativecommons.org/licenses/by-nc/4.0/


Results 

100 
 

and to 0.75 fold change for a 12.5 nM mimics transfection (Figure 42 B). Consequently, 

pcDNA6.2 derived miRNA was functionally active, and the mediated mRNA downregulation 

was comparable to mimic transfection. Then, miR-1 was additionally cloned into 

miRNAselect vector. Both vectors were transfected in clone 28, selected for 14 days in SMD 

with blasticidin followed by a fed-batch cultivation in shake flask. QPCR was performed on 

samples taken on day 5 of the fed-batch cultivation to determine miR-1 and TWF1 mRNA 

levels. Vector pcDNA6.2 vector outperformed the miRNAselect vector with a miR-1 

overexpression of ΔCt = -1.3 vs. ΔCt = 2.1 ( Figure 44 C). This level was comparable to the 

ones obtained by a miR-1 mimic transfection of 6.25 to 12.5 nM (-1.16 ΔCt to -1.46 ΔCt) 

with a TWF1 mRNA downregulation of 0.77 to 0.75 fold change. However, for stable 

overexpression, there was no reduction in TWF1 mRNA levels visible ( Figure 44 D). In 

summary, the same levels of miR-1 downregulated TWF1 mRNA after transient mimic and 

transient plasmid transfection, but not during stable overexpression in fed-batch. In order 

to confirm these results and to find out, whether higher miR-1 levels might downregulate 

TWF1 mRNA also under stable fed-batch conditions, it was aimed for higher stable miR-1 

expression. The goal was to reach the maximum significant effect mediated by miR-1 

mimics, which was a 0.54 fold TWF1 mRNA level reduction by a miR-1 level of ΔCt = -2.57 

(Figure 42, 100 nM). This was done by vector optimization of pcDNA6.2. 

Testing the influence of vector optimization by promoter exchange on mature miRNA 

levels 

One approach to increase mature 

miRNA levels was to enhance the 

general transcript rate of the GFP-miR-

precursor. Thus, the standard hCMV 

promoter of pcDNA6.2 (standard 

pcDNA6.2) was replaced by mouse 

cytomegalovirus promoter (mCMV), 

simian virus 40 promoter (SV40) and β-

actin promoter (β-actin). The vectors 

were linearized, transfected in 

clone 28 and selected in SMD with 

blasticidin for 14 days followed by a 
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Figure 45 GFP mRNA levels as fold change compared to standard 
pcDNA6.2. The standard hCMV promoter of miR-1 expressing 
pcDNA6.2 vector was exchanged for mCMV, SV40 and β-Actin 
promoter. These vectors were transfected in clone 28, selected in 
SMD with blasticidin for 14 days followed by a fed-batch 
cultivation on shake-flask scale. GFP mRNA levels were 
determined by qPCR on day 5 of the fed-batch process. Modified 
from ref.52 (Figure 6), CC BY-NC 4.0, https://creativecommons 
.org/licenses/by-nc/4.0/. 
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fed-batch cultivation in shake-flask scale. GFP mRNA levels were measured during stable 

overexpression on day 5 of fed-batch cultivation. Generally, the GFP transcript rate was 

significantly increased by 3 fold compared to the standard pcDNA6.2 for mCMV and SV40 

(Figure 46), whereas the β-actin promoter did not increase GFP transcript rate. However, 

when looking at mature miRNA levels, there was no significant increase of miR-1 visible 

(Figure 46). 
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Figure 46 Stable miR-1 levels during fed-batch cultivation for standard pcDNA6.2 and pcDNA6.2 with mCMV, SV40 and 
β-Actin promoter. A: stable miR-1 levels as Ct values normalized to the reference miR-34b B: stable miR-1 levels as fold 
change of the standard pcDNA6.2 vector; one-way ANOVA was performed for statistical testing with all results being 
non-significant, p = 0.05; n = 3, bars indicate mean, error indicates standard deviation. Modified from ref.52(Figure 6), 
CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/.  

The most pronounced increase was observed for the mCMV promoter with ΔCt = -2.1 

compared to standard pcDNA6.2 

with ΔCt = -1.3. However, this 

increase was not reliable due to the 

high variability within the biological 

replicates and the target level of 

ΔCt = -2.57 of a 100 nM mimic 

transfection was not reached. There 

was no correlation between GFP 

mRNA levels and mature miR-1 

levels, although both were processed 

from the same transcript (Figure 48). 
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Figure 47 Correlation of GFP mRNA and miR-1 levels during stable 
fed-batch cultivation. Modified from ref.52(Figure 6), CC BY-NC 4.0, 
https://creativecommons.org/licenses/by-nc/4.0/. 
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Consequently, stronger promoters increased the general transcript rate of the GFP-miRNA-

precursor but did not result in higher levels of mature miRNA, highlighting the importance 

of miRNA processing. In order to elevate miR-1 levels to the target of ΔCt = -2.57 achieved 

with a 100 nM mimic transfection, there was a need for an alternative vector optimization 

approach. 

Testing the influence of vector optimization by miRNA chaining on mature miRNA levels 

An alternative approach to increase miRNA expression from pcDNA6.2 was a procedure 

called chaining. Using the chaining method, two, four and eight copies of miR-1 were 

cloned in a series behind each other into vector pcDNA6.2. The linearized plasmids were 

transfected in clone 28 and selected in SMD with blasticidin for 14 days followed by a fed-

batch cultivation on shake-flask scale. MiR-1 levels were measured on day 5 of stable fed-

batch cultivation by qPCR. The miR-1 levels were increased to a maximum of ΔCt = -3.7 with 

by the chaining of eight miRNAs (Figure 48 A) reaching a 7.2 fold change compared to the 

standard pcDNA6.2 setup (Figure 48 C). These miRNA levels were higher than those 

achieved with a 100 nM miR-1 mimic transfection (ΔCt = -2.57). However, there was no 

downregulation but a significant upregulation of TWF1 mRNA observed with an increase of 

1.3 fold for chaining 2 and 1.4 fold for chaining 4 and 8 compared to standard pcDNA6.2 

(Figure 48 E). When the same stable pools were cultivated in batch mode (SMD medium 

with blasticidin), the miR-1 levels were comparable to fed-batch cultivation ranging from -

3.5 to -3.8 ΔCt for batch and -2.7 ΔCt to -3.7 ΔCt for fed-batch cultivation (Figure 48 B). 

However, in batch mode, a significant downregulation of TWF1 mRNA was measured for 

chaining 4 and 8.  
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Figure 48 Stable overexpression of chained miR-1 during batch and fed-batch cultivation. MiR-1 was cloned in two, four 
and eight copies (chaining 2, 4, 8) in the pcDNA6.2 vector. These vectors were transfected in clone 28, selected in SMD 
with blasticidin for 14 days followed by a fed-batch cultivation on shake-flask scale. Stable miR-1 levels of the same 
pools were measured in fed-batch mode cultivated in production medium (A, C, E) and in batch mode in SMD with 
blasticidin. A: miR-1 levels Ct values normalized to miR-34b in fed-batch mode B: miR-1 levels Ct values normalized to 
miR-34b in batch mode C: miR-1 levels as fold change of the standard pcDNA6.2 in fed-batch mode D: miR-1 levels as 
fold change of the standard pcDNA6.2 in fed-batch mode E: TWF1 mRNA level in miR-1 overexpressing cells during fed-
batch cultivation F: TWF1 mRNA level in miR-1 overexpressing cells during batch cultivation; one-way ANOVA was 
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performed with *p<0.5; **p<0.01; ***p<0.001; ****p<0.0001; n = 3, bar indicates mean, error indicates standard 
deviation. Modified from ref.52(Figure 7), CC BY-NC 4.0, https://creativecommons.org/licenses/by-nc/4.0/ 

4.6.3. Comparison of the miR-1 mediated effects on TWF1 mRNA after transient 

mimic transfection and during stable overexpression in batch and fed-batch 

mode 

Figure 49 summarizes miR-1 and TWF1 mRNA expression during transient miR-1 mimic 

transfection, cultivation of stable pools in batch mode (SMD with blasticidin) and in fed-

batch mode (production medium). The results showed a clear dose-response relationship 

between transient and stable miR-1 levels and target TWF1 mRNA downregulation. 

However, the regression curve for stable batch cultivation was shifted to the left, meaning 

higher miR-1 levels in stable batch mode were required to result in the same extent of 

TWF1 mRNA downregulation as after transient miR-1 mimic transfection. Interestingly, 

when cultivating the stably miR-1 overexpressing pools in fed-batch mode, an upregulation 

of TWF1 was detected.  
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Figure 49 Correlation of miR-1 levels with TWF1 levels for transient miR-1 mimic transfection, stable miR-1 expression 
in batch mode and stable miR-1 expression in fed-batch mode.52 

In conclusion, miR-1 downregulated TWF1 mRNA during transient and stable batch 

cultivation but not during fed-batch cultivation. Consequently, the effects mediated by 

miRNA could be dependent on the cultivation mode and/or cultivation medium. The miRNA 

levels resulting from overexpression of miRNA with pcDNA6.2 were comparable to those 

resulting from transient mimic transfection, where miRNA mediated effects were visible. 

https://creativecommons.org/licenses/by-nc/4.0/
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Therefore, the stable screen of NGS derived miRNA described in chapter XY was valid, 

meaning these miRNAs do not impact yield or N-glycosylation when overexpressed in 

industry relevant fed-batch mode. 

4.6.4. Comparison of transient and stable miRNA expression 

In order to gain more insight in relevant miRNA levels in a transient and stable expression 

environment, three additional miRNAs were tested in transient batch and stable fed-batch 

experiments. Let-7a and let-7b were derived from the NGS analysis and were selected since 

in silico analysis predicted FUT8 as potential target, which codes for alpha1,6-

fucosyltransferase transferring guanosine 5'-diphosphate and catalyzing the transfer of 
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Figure 50 Transient and stable (fed-batch) miRNA levels of let-7a, let-7b and hsa-miR34a. For transient experiments, 
50 nM of unmodified miRNA mimics were transfected to clone 28 and miRNA levels were measured 48 h after 
transfection by qPCR. For stable experiments, the miRNAs were cloned into pcDNA6.2 vector and transfected to 
clone 28. After a 14 days selection on SMD with blasticidin, samples were taken on day 5 of the following fed-batch 
process miRNA levels were determined by qPCR. A: transient miRNA levels as Ct values normalized to reference miR-
34b B: stable miRNA levels during fed-batch cultivation as Ct values normalized to reference miR-34b C: transient 
miRNA levels as fold change of control (negative control transfected cells) D: stable miRNA levels during fed-batch 
cultivation as fold change of control (negative control transfected cells); t-test was performed with *p<0.05; **p<0.01; 
***p<0.001, n = 3, bars indicate mean, error indicates standard deviation 
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(GDP)-beta-L-fucose to GlcNAc of the core structure of asparagine-linked 

oligosaccharides39. Additionally, hsa-miR-34a was chosen, which was shown in literature to 

downregulate fucosylation in hepatocarcinoma cells 9. The sequences of human and 

hamster miR-34a-5p are identical. For transient experiments, 50 nM of unmodified miRNA 

mimics were transfected to clone 28 and miRNA levels were measured 48 h after 

transfection by qPCR. For stable experiments, the miRNAs were cloned into pcDNA6.2 

vector and transfected to clone 28. After a 14 days selection on SMD with blasticidin the 

stable pools were cultivated in fed-batch mode in PM. Transient basal miRNA levels 

(controls) were high for let-7a and let-7b (ΔCt = -2.1 and -0.4) and low for miR-34a 

(ΔCt = 18.8) ( Figure 50 A). During fed-batch cultivation of stable pools, basal miRNA levels 

were also high for let-7a and let-7b (ΔCt = -3.1 and 1.5) and low for miR-34a (ΔCt = 10.3) ( 

Figure 50 B). The trend in basal miRNA expression was comparable, however, basal miR-

34a was 5.4 ΔCt higher during stable expression. Overexpression of miRNAs was significant 

for all miRNAs, except for let-7a after transient mimic transfection. This was probably due 

to the variability in the negative control ( Figure 50 C and D). As the tested miRNAs were 

predicted to regulate FUT8, FUT8 mRNA levels were also measured during transient and 

stable miRNA overexpression. Basal control FUT8 mRNA levels were slightly higher during 

stable miRNA expression (ΔCt = 5.6) compared to transient miRNA expression (ΔCt = 6.3) 

(Figure 51 A and B). There was no significant downregulation of FUT8 mRNA, however, a 

downregulating trend was visible after transient miRNA mimic transfection with miR-34a 

showing the lowest FUT8 mRNA levels compared to control (0.60 fold change) (Figure 51 C 

and D). There was no downregulation of FUT8 mRNA for let-7a and let-7b but a decrease 

of FUT8 mRNA levels was visible for miR-34a (0.78 fold change). In order to portion on 

fucosylated recombinant protein, N-glycan analysis was performed. For this purpose, the 

supernatant of the same samples used for qPCR analysis were utilized. There was a 

significant reduction in fucosylation for miR-34a after transient miRNA mimic transfection 

by 3.4 percentage points (Figure 52 A). MiR-34a also showed the highest decrease in FUT8 

mRNA reduction (Figure 51 C). However, during stable expression, there was no reduction 

of fucosylation observed. This might be since the FUT8 downregulation was more 

prominent during transient expression (0.60 vs 0.78 fold change) (Figure 51). Let-7a and 

let-7b failed to reduce fucosylation, which was in line with the only slight or not existing 

reduction of FUT8 mRNA levels (Figure 52 B). 
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Figure 51 Transient and stable (fed-batch) FUT8 mRNA levels of cells transfected with let-7a, let-7b and hsa-miR34a. 
For transient experiments, 50 nM of unmodified miRNA mimics were transfected to clone 28 and miRNA levels were 
measured 48 h after transfection by qPCR. For stable experiments, the miRNAs were cloned into pcDNA6.2 vector and 
transfected to clone 28. After a 14 days selection on SMD with blasticidin, samples were taken on day 5 of the following 
fed-batch process miRNA levels were determined by qPCR. A: transient FUT8 mRNA levels as Ct values normalized to 
reference gene β-actin B: stable FUT8 mRNA levels during fed-batch cultivation as Ct values normalized to reference 
gene β-actin C: transient FUT8 mRNA levels as fold change of control (negative control transfected cells) D: stable FUT8 
mRNA levels during fed-batch cultivation as fold change of control (negative control transfected cells); t-test was 
performed with *p<0.05; **p<0.01; ***p<0.001, n = 3, bars indicate mean, error indicates standard deviation 



Results 

108 
 

control let-7a let-7b miR-34a
0

20

40

60

80

100

Fucosylation of protein 5 after
transient miRNA mimic transfection

transfected miRNAs

Fu
co

sy
la

tio
n 

%

**

87.8 87.9 88.4 84.4

control let-7a let-7b miR-34a
0

20

40

60

80

100

Fucosylation of protein 5 after during stable
miRNA overespression in fed-batch mode

transfected miRNAs

Fu
co

sy
la

tio
n 

%

89.4 92.087.9 91.9

A B

 

Figure 52 Fucosylation of recombinant protein 5 (Adalimumab) after transient and stably (fed-batch) transfected cells 
with let-7a, let-7b and hsa-miR34a. For transient experiments, 50 nM of unmodified miRNA mimics were transfected 
to clone 28 and miRNA levels were measured 48 h after transfection by qPCR. For stable experiments, the miRNAs were 
cloned into pcDNA6.2 vector and transfected to clone 28. After a 14 days selection on SMD with blasticidin, samples 
were taken on day 5 of the following fed-batch process miRNA levels were determined by qPCR. A: Fucosylation of 
protein 5 (Adalimumab) after transient miRNA mimic transfection B: Fucosylation of protein 5 (Adalimumab) during 
stable miRNA overexpression in fed-batch mode ANOVA was performed with *p<0.05; **p<0.01; n = 3, bars indicate 
mean, error indicates standard deviation 

In summary, there was a significant downregulation of fucosylation by miR-34a probably 

due to reduced FUT8 mRNA levels. However, this effect only occured during transient but 

not stable expression. Considering these results, a transient evaluation could be a valuable 

tool to evaluate miRNA-target interaction without the influence of stable expression 

conditions in a fed-batch environment. Thus, miRNAs from the first and second NGS 

evaluation were tested for their influence on yield and N-glycosylation via transient miRNA 

mimic transfection. 
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4.6.5. Evaluation of MiRNAs identified by NGS by transient miRNA mimic 

transfection 

In order to finally evaluate miRNA mediated effects on yield or N-glycosylation, miRNAs 

were transiently transfected as mimics and VCC, product concentration and glycosylation 

of the recombinant protein were determined. The miRNAs tested transiently are listed in 

Table 20. There were four main approaches to select miRNAs for testing: miRNAs identified 

by first NGS evaluation, both NGS evaluations, second NGS evaluation and comparison of 

recombinant proteins. First, miRNAs were selected from the first NGS evaluation and that 

had already been tested in the stable screening system. In silico analysis was performed on 

those miRNAs using miRTarBase and Diana MicroT. The analysis revealed binding sites for 

miR-350, miR-92a, miR-182 and miR-92b in B3galt1 and B3galt2 mRNAs that code for β-

Galactosyltransferases. Therefore, all these miRNAs seem to be involved in terminal 

galactosylation. Second, miRNAs were tested that were shown to be differentially 

expressed in the first and the second NGS analysis. Both analyses identified miR-9, 

mir-883b, miR-148b, miR-34c, ID:45, ID:227 and ID:228. Only for one miRNA, miR-148b, 

both NGS evaluations predict the same target, galactosylation. On the other hand, the in 

silico analysis predicted FUT8 as target of miR-148b. Third, four miRNAs were selected from 

the miRNAs identified by the second NGS analysis for transient testing. The miRNAs 

predicted to influence N-glycosylation were submitted to in silico target analysis. For two 

miRNAs, miR-16 and miR-27b, targets related to galactosylation (B3galt1, B4galt3) and for 

another two miRNAs, miR-30c and miR30e, targets related to fucosylation (SLC35C1) were 

identified. However, for only two of them also the NGS predicted target was identical. 

Fourth, three productivity related miRNAs were selected from an alternative comparison 

of NGS data related to the expressed recombinant protein. In detail, the highest producing 

cell lines (protein 3) were compared to the low producing cell lines (protein 1, 2 and 4) 

(compare to Figure 19 C) and a model was created using SIMCA. The top three miRNAs, 

miR-298, miR-296 and ID: 174 were chosen according to their impact on the model (loading 

vectors). Additionally, hsa-miR-557 was tested as it was shown in literature to improve 

productivity of difficult-to-express proteins 20. Since it was also aimed at investigating 

combinative effects of miRNAs, all miRNAs predictively regulating the same enzymatic 

pathways on the basis of in-silico target analysis were additionally pooled together for 

transient transfection.  
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In total, 20 miRNAs were selected for transient evaluation of miRNA function. Generally, 

there was low overlap regarding the targets predicted by the first and the second NGS 

analysis and in silico target prediction: Only for one out of seven miRNAs the targets were 

identical for both NGS evaluations and for four out of twelve miRNAs the targets were 

identical for NGS and in-silico prediction. All miRNAs and their respective antisense strand 

as annotated on miRBase were synthesized as RNA oligos, annealed and transfected at 

100 nM concentration into clone 28.
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Table 20 Overview on miRNA selected for transient miRNA mimic screen from the first and second NGS evaluation 



Results 

112 
 

For a selected subset of miRNAs, miRNA levels were determined by qPCR 48 h after 

transfection in order to check for miRNA level elevation upon transfection (Figure 53). For 

all transfections, VCC, recombinant protein concentration and N-glycosylation of the 

protein were measured 48 h after transfection. 

Figure 53 MiRNA levels upon transient miRNA mimic transfection for a selected subset of miRNAs (miR-182, miR-1, 
miR-92b, miR-350, miR-92a). MiRNA mimics were transfected at 100 nM to clone 28 and qPCR was performed 48 h 
after transfection. A: miRNA levels as Ct values normalized to reference miR-34b (ΔCt) B: mRNA levels as fold change 
of the negative control; miRNAs were sorted by the expression level of the controls (basal miRNA expression) C: 
Potential target mRNA levels of respective miRNAs as Ct values normalized to reference miR-34b (ΔCt) D: Potential 
target mRNA levels of respective miRNAs as fold change of the negative control; n = 3, t-test was performed for 
statistical analysis with *p<0.05, **p<0.01, ***p<0.001, if no nothing else was indicated, differences were not 
significant; bars indicate mean; error indicates standard deviation 

QPCR results show, that levels of miR-1 were elevated from 7.9 to to -2.6 ΔCt resulting in a 

fold change of 4864 (Figure 53 A+B). The target TWF1 mRNA was downregulated from 11.3 

to 12.6 ΔCt resulting in a fold change of 0.4. This demonstrates that miRNA mimic 
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transfection was technically successful. Four additional miRNAs (miR-182, miR-1, miR-92b, 

miR-350, miR-92a) were analyzed for their miRNA expression levels. The lowest basal 

expression level was 12.5 ΔCt for miR-182 and the highest was -6.6 ΔCt for miR-92a (Figure 

53 A). All miRNA levels were significantly increased upon transfection, except for miR-92a. 

The highest overexpression was 12.7*104 fold change for miR-182 and the lowest was 3.1 

fold change for miR-92a (Figure 53 B). A significant downregulation of the respective target 

genes (B3GALT1 and B3GALT2) was not visible. However, there was a slight reduction in 

B3GALT1 mRNA levels to 0.72 fold change for miR-182 (Figure 53 D). Generally, miRNA 

mimic transfection increased respective intracellular miRNA levels and a reliable evaluation 

of miRNA function was possible. 

MiRNAs from NGS do not influence yield 

First, effects of miRNA on yield were evaluated. Recombinant protein concentration and 

cell specific productivity were significantly reduced by anti-IgG1 miR (technical control) 

from 32.8 to 5.4 µg/ml and 30.7 to 5.4 pg/cell/d, respectively ( A and B). This was additional 

evidence that transfection technically worked meaning that miRNAs could be brought into 

the cell and the target was successfully downregulated on protein level. As experiments for 

all target parameters (yield, fucosylation, galactosylation) were conducted together, they 

all had the same technical control (anti-IgG miR) which is depicted in Figure 56. With regard 

to the miRNAs selected based on NGS analyses, there was no significant increase in final 

protein concentration or productivity visible ( A+B). Only a slight elevation of productivity 

from 30.7 pg/cell/d to 36.3 pg/cell/d (miR-883b), to 34.1 pg/cell/d (miR-298) and to 36.8 

3 pg/cell/d (miR-557) ( B) could be observed. However, these elevated productivities did 

not result in increased final protein concentrations ( A). Similarly, there was no reduction 

in fucosylation or galactosylation and the glycosylation pattern remained unchanged ( C-

D). 
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Figure 54 Productivity related miRNAs listed in Table 20 and their antisense strand were transfected as miRNA mimics at 
100 nM into clone 28. Additionally, anti-IgG miR was transfected as technical control. Furthermore, all miRNAs from NGS 
(miR-9, miR-883b, miR-298, miR-296, ID:174) were transfected together at 20 nM each resulting in a final total miRNA 
concentration of 100 nM. 24 h after transfection, viable cell concentration (VCC), recombinant protein concentration and 
glycosylation of the recombinant protein was measured and specific productivity was calculated A: product concentration 
B: cell specific productivity C: portion of fucosylated recombinant protein D: portion of recombinant protein linked to glycans 
with terminal galactose E: distribution of N-glycans; n = 3 for negative control, anti-IgG miR and miR-1; n =2 for all other 
miRNAs, one-way ANOVA was performed for statistical analysis with ****p < 0.0001, bars indicate mean, error indicates 
standard deviation. 
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MiRNAs predicted to target fucosylation did not reduce fucosylation but modestly 
reduced galactosylation 

With regard to fucosylation of the recombinant protein (IgG), none of the miRNAs 

predicted to reduce fucosylation influenced the portion of fucosylated antibody (Figure 55 

C). These miRNAs did also not significantly elevate final recombinant protein concentration 

or cell specific productivity (Figure 55 A +B). However, there was a slight increase in final 
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Figure 55 Fucosylation related miRNAs listed in Table 20 and their antisense strand were transfected as miRNA mimics 
at 100 nM into clone 28. Additionally, anti-IgG miR was transfected as technical control. Furthermore, all miRNAs from 
NGS (ID:45, ID:227, ID:228, miR-30c, miR-30e) were transfected together at 20 nM each resulting in a final total miRNA 
concentration of 100 nM. 24 h after transfection, viable cell concentration (VCC), recombinant protein concentration 
and glycosylation of the recombinant protein was measured and specific productivity was calculated A: product 
concentration B: cell specific productivity C: portion of fucosylated recombinant protein D: portion of recombinant 
protein linked to glycans with terminal galactose E: distribution of N-glycans; n = 3 for negative control, anti-IgG miR 
and miR-1; n =2 for all other miRNAs, one-way ANOVA was performed for statistical analysis with *p < 0.05, **p < 0.01, 
***p < 0.001, bars indicate mean, error indicates standard deviation. 
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recombinant protein concentration from 32.8 to 37.5 µg/ml after transfection of all miRNAs 

in combination (fucose) (Figure 55 A). This might be due to the modest productivity 

increasing properties of those miRNAs, which elevated productivity from 30.7 to 

37.5 pg/cell/d (Figure 55 B). When focusing on terminal galactosylation, four miRNAs 

reduced the portion of recombinant proteins with terminal galactose glycans by 3-4 

percentage points from 40 % to 37 % (ID:227, miR-30c, miR-30e) or to 36 % (ID:228)(Figure 

55 D). Surprisingly, miR-1 which was transfected as technical control, also reduced the 

terminal galactosylation compared to negative control (Figure 55 D). However, when 

combining all miRNAs, there was no significant reduction in the portion of glycosylated 

recombinant protein (Figure 55 B). This might be since for transfection of several miRNAs, 

each miRNA was transfected at 20 nM in order not to exceed a total amount of 100 nM 

transfected miRNA. 

MiRNAs predicted to target galactosylation slightly reduce galactosylation 

There were minimal but significant reductions in galactosylation from 40 % to 35 % (miR-1), 

to 36 % (miR-16) and to 37 % (galactose). Surprisingly, miR-1 reduced galactosylation, as it 

was transfected as technical control in order to measure internal miR-1 level after 

transfection and the respective target TWF1 mRNA downregulation. MiR-16 and miR-1 also 

increased cell specific productivity from 30.7 pg/cell/d to 35.9 and 36.9 pg/cell/d, 

respectively (Figure 56 B). However, this productivity increase did not result in elevated 

final protein concentrations (32.8 vs 33.1 and 33.5 pg/cell/d) (Figure 56 A). Furthermore, 

miR-16 as well as miR-27b and the combination of miRNAs (galactose) led to significantly 

elevated fucosylation, increasing the portion of fucosylated antibody by two percentage 

points (Figure 56 C). 

In total, 20 miRNAs were evaluated in a transient setup for their effects on final 

recombinant protein concentration, fucosylation and galactosylation. 15 of these miRNAs 

were selected with the first and the second NGS data evaluation procedure. For another 

two miRNAs there was evidence in literature that they increase productivity of difficult-to-

express proteins in CHO (hsa-miR-557)20 or inhibit FUT8 in hepatocarcinoma cells (hsa-miR-

34a) 9. Additional three miRNAs were identified when comparing NGS data between 

recombinant protein groups (protein 1 to 4). The results show that four miRNAs (ID:227, 

ID:228, miR-30c, miR-30e) predicted to downregulate fucosylation, significantly reduced 
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the portion of galactosylated antibody (Figure 55 D) and miR-16, predicted to downregulate 

galactosylation with B3GALT1 as in-silico predicted target reduced the portion of 

galactosylated antibody (Figure 56 D). 
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Figure 56 Galactosylation related miRNAs listed in Table 20 and their antisense strand were transfected as miRNA 
mimics at 100 nM into clone 28. Additionally, anti-IgG miR was transfected as technical control. Furthermore, all 
miRNAs from NGS (miR-350, miR-92a, miR-16, miR-27b, miR-148b) were transfected together at 20 nM each resulting 
in a final total miRNA concentration of 100 nM. 24 h after transfection, viable cell concentration (VCC), recombinant 
protein concentration and glycosylation of the recombinant protein was measured and specific productivity was 
calculated A: product concentration B: cell specific productivity C: portion of fucosylated recombinant protein D: portion 
of recombinant protein linked to glycans with terminal galactose E: distribution of N-glycans; n = 3 for negative control, 
anti-IgG miR and miR-1; n =2 for all other miRNAs, one-way ANOVA was performed for statistical analysis with 
**p < 0.01, ***p < 0.001, ****p < 0.0001, bars indicate mean, error indicates standard deviation. 

Surprisingly, miR-1 tested as technical control downregulatesd galactosylation by 5 

percentage points (Figure 56). However, in-silico prediction with Diana MicroT revealed no 
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binding site for miR-1 in B3GALT1 or B3GALT2 mRNA. Generally, though significant, the 

downregulation effects are minor with an overall 3-5 percentage point reduction in 

galactosylation (Figure 55 D and Figure 56 D). Of the five miRNAs exhibiting downregulation 

effects on galactosylation (ID:227, ID:228, miR-30c, miR-30e, miR-16), two were identified 

by both NGS evaluations and three were identified solely by the second NGS evaluation 

(Table 20). However, only for miR-16 predicted and biological function were consistent. No 

significant downregulation of fucosylation or upregulation of final recombinant protein 

concentration was visible for any of the tested miRNAs. 
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5. Discussion 
MiRNAs have been applied as engimiRs 41 to actively regulate production capacity and 

growth in CHO cells. There are several examples of miRNAs being used as engineering tools 

for the improvement of production capacity: transient transfection of miR-30 family mimics 

increased cell specific productivity in CHO SEAP cells 18, stable overexpression of miR-557 

together with miR-1287 elevated cell specific productivity in IgG1 producing CHO DG44 

cells 78 and a stable CRISPR/Cas9 knockout of miR744-3p in IgG producing CHO DG44 cells 

significantly raised volumetric productivity 68. These investigations were performed using 

clones producing therapeutically not relevant proteins 18, clones cultivated in batch mode 
68 and clones with volumetric productivities <1.5 g/l in fed-batch culture 20,78. The present 

study focused on identifying miRNAs as engimiRs for increasing production capacity in CHO 

DG44 cells, yet in clones expressing relevant amounts of therapeutically relevant products 

(up to 8 g/l in fed-batch bioprocesses) using NGS technology. Moreover, it was aimed at 

elucidating miRNAs as engineering tool for the regulation of N-Glycosylation patterns in 

recombinant IgG molecules, which has, to the author’s knowledge, not been reported yet. 

This would give the opportunity to influence final product quality. The miRNAs identified 

by NGS to correlate with high production capacity or specific N-Glycosylation pattern were 

stably overexpressed during industry relevant fed-batch cultivation in order to evaluate the 

biological function of the identified miRNAs. 

MiRNAs identified by NGS do not regulate production capacity or N-Glycosylation in CHO 

DG44 cells during stable miRNA overexpression in fed-batch mode 

In a first step, 24 cell lines producing four different recombinant proteins (two IgG1, IgG4 

and Fc fusion) were cultivated in fed-batch mode and small RNA NGS was performed. This 

experimental setup comprised a large number of clones and recombinant products 

compared to the small sample sets previously analyzed, with NGS performed on only two 

different monoclonal antibody producing CHO DG44 cell lines 77, six different CHO cell lines 

derived from DUXB11 or CHO K1 and cultivated medium with and without fetal calf serum 
33 or two different CHO cell lines producing secreted alkaline phosphatase or tissue 

plasminogen activator 34. Only the first cited study evaluated the miRNAs identified by NGS 
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for their biological function. However, this was done transiently in CHO cells producing 

secreted alkaline phosphatase 77.  

In the present study, the generated NGS data were analyzed as follows: the short 

sequences from NGS were aligned to the CHO-K1 genome, hairpin formation was predicted 

and analyzed using different miRNA and other non-coding RNA databases. In comparison 

to microarray analysis, NGS also allows for identification of novel RNAs. In total, 395 

miRNAs were identified of which 348 (88 %) were miRNAs already annotated in miRNA 

databases and 47 miRNAs (12 %) were putative novel. Similar numbers of miRNAs were 

previously identified by Hackl et al., 2011, with 376 miRNAs in total, of which 365 miRNAs 

(97 %) were found to be annotated in miRNA databases and only 11 miRNAs (3 %) were 

identified to be putative novel. To identify novel miRNAs, Hackl et al., 2011 performed a 

Dicer cleavage site prediction on hairpins not annotated in miRBase, further reducing the 

number of putative novel miRNA. No dicer cleavage site prediction was performed in the 

present work, which could explain the lower number of putative miRNAs found by Hackl et 

al., 2011 compared to the relatively high number of putative novel miRNAs identified in 

this study. After identification of miRNAs from raw reads, NGS data were evaluated to 

identify miRNAs correlating with high production capacity and specific N-glycosylation 

patterns. N-glycans were grouped into terminally galactosylated glycans (galactosylation), 

glycans with core fucosylation (fucosylation) and the most immature glycan, Mannose 5 

(mannosylation). Fucosylation is involved in Fc-function, with low fucosylation levels 

correlating with high antibody dependent cellular cytotoxicity (ADCC) 36. Thus, the aim was 

to find miRNAs that negatively correlate with fucosylation levels. The function of terminal 

galactosylation is less clear but seems to be involved in complement dependent cytotoxicity 
37,69. As increasing terminal galactosylation can be relatively easily achieved by adding 

galactose to the cultivation medium, the present study focused on finding miRNAs that 

negatively correlate with galactosylation. In total, 30 miRNAs were identified to correlate 

with production capacity, fucosylation, galactosylation or mannosylation. 

In order to evaluate whether the miRNAs identified by NGS analyses did not only correlate 

with the specific target parameters, but also biologically regulate them, miRNAs were 

stably overexpressed in an Adalimumab producing CHO cell line using vector pcDNA™6.2-

GW/EmGFP-miR and cultivated in fed-batch mode, as this cultivation technique is the 
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current standard for the production of biopharmaceuticals. However, none of the miRNAs 

had the desired impact on production capacity, fucosylation or galactosylation. This raised 

the question, whether the miRNAs identified from NGS evaluations simply correlate with 

the target parameters but do not have a cause-effect relationship or whether the applied 

NGS evaluation procedure or the stable screening system were not suitable to identify or 

confirm such relationships. Therefore, the NGS evaluation procedure and the stable 

screening system was re-evaluated. 

The evaluation method for small RNAseq data heavily influences the outcome of 

differentially expressed miRNA 

As the stable expression of miRNAs identified by NGS did not show the predicted impact 

on production capacity or N-glycosylation, the NGS data was re-evaluated. Both NGS 

evaluations were performed based on the same RNAseq data with reads per miRNA per 

cell line as data input. The first and the second NGS analysis delivered different results with 

Jaccard indices of 0.09 for productivity, 0.19 for galactose, 0.03 for fucose and 0.08 for 

mannose related miRNAs, indicating very small similarity between those two datasets. This 

raises the question, why the results obtained by the two NGS analyses were that different 

and which one delivered more relevant results from the biological perspective. 

There were three main differences between the two NGS evaluation approaches: 

normalization, differential analysis and hit selection. The input data were raw reads per 

miRNA for both analyses and for both analyses, the trimmed mean of M-values (TMM) 

method was applied for normalization. TMM has been shown both to deliver reliable 

normalization results7 and to lead to abnormal differential analysis results 26 when applied 

on small RNA sequencing data. This implies, that the method chosen for normalization is 

dependent on the dataset analyzed 7. As TMM is a scaling normalization, the scaling before 

and after normalization should be in the same range. If the scaling range is larger after 

normalization, e.g. a scaling range of 1 million before and 10 million after normalization, 

differences will be overestimated. If the scaling range is smaller after normalization, 

differences will be underestimated. For both evaluation strategies, scaling was similar 

before and after normalization, indicating a selection of an appropriate scaling range. 

Interestingly, the distribution of data changed from exponential-like to Gaussian-like after 

normalization during evaluation 2, which reduced the presence of extreme values. For 
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evaluation 1, the type of distribution was the same before and after normalization. The 

whole dataset was used for normalization in evaluation 1, whereas in evaluation 2 only the 

data was normalized together that was used for a single comparison, which reduced 

over-normalization. The normalization method can influence data distribution and has a 

greater impact on the result of differential expression analyses 13 as the choice of the 

differential expression model 26. Consequently, the differences in normalization of the data 

might be one of the main reasons for the observed differences in differential expression 

results of both NGS analyses. After normalization, differential analysis was performed. For 

the first NGS analysis, the normalized expression data as counts per million (CPM = M) were 

plotted against fold changes of the high vs. low group comparison (differences = D) in order 

to determine differentially expressed miRNA via statistical testing. Although fold changes 

were high, with log fold changes up to 15, only a few differentially expressed miRNAs could 

be found. This might be due to the high variability of the data, even after normalization. 

Thus, a quasi-likelihood F-test was performed using two approaches: a) addressing 

absence/presence analysis of miRNAs with analyzing all miRNAs found in at least one of the 

samples of a comparison (min1 dataset) and b) only analyzing miRNAs found in all of the 

samples of a comparison (min6 dataset). The resulting miRNAs were ranked and selected 

after p-value < 0.05 and fold change 1.5 and manually sorted for the same direction of 

regulation in all comparisons. In the second analysis, an orthogonal partial least square 

(OPLS) model was used to fit the data. The OPLS delivered a valid model for galactose 

comparison and close to valid models for production capacity. According to these models, 

miRNAs with the most influence on the model (highest loading vectors) and lowest 

variability (confidence interval) were selected for testing. Probably, the OPLS delivered 

valid or close to valid results as the data variation was diminished by the alternative 

normalization method. In addition, OPLS is a multivariate data analysis with a more global 

view on the data compared to selecting miRNAs according to p-value in a univariate 

analysis. Thus, one can conclude that the differences in both analyses were due to a 

different normalization strategy leading to different data distributions as well as due to 

univariate vs. multivariate data analysis. When analyzing the results delivered by the 

transient expression evaluation of miRNAs identified by NGS evaluation 1 and 2, five 

miRNAs slightly reduced the portion of terminally galactosylated recombinant protein. Two 

of them were identified by both analyses and three solely by the NGS evaluation 2. 
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However, only miR-16 from NGS evaluation 2 was predicted to regulate galactosylation. 

Nevertheless, this might indicate that the second analysis could describe and explore the 

NGS data in a more reliable fashion delivering miRNA hits that show the particular 

biological function of miRNAs. It is worth mentioning, that correlation of miRNAs with a 

specific target parameter does not guarantee that these miRNAs will also have a causative 

influence on the target parameter, as demonstrated by the high number of false positive 

hits during NGS evaluation 1 and 2. 

Re-evaluation of the stable screening system showed that the cultivation mode plays a 

role in miR-1 target regulation 

The stable screening system used for the verification of the identified miRNAs was 

established using an artificially designed anti-IgG miRNA targeting the IgG mRNA 

recombinantly produced by a CHO production clone with a high degree of complementarity 

between miRNA and mRNA (only three mismatches). The IgG concentration was reduced 

to 28 % compared to control upon transient anti-IgG mimic transfection and to 28-30 % 

during stable overexpression using vector pcDNA6.2 and fed-batch cultivation. Since in that 

way it was demonstrated that pcDNA6.2 can be used to overexpress functional miRNA, this 

vector was used for stable overexpression of miRNAs identified by NGS analysis 1 to 

evaluate their biological function. However, since the expression system was tested with 

an artificial miRNA regulating an artificial target, with none of them underlying the cell’s 

natural regulatory mechanisms, it was unclear whether the system was also suitable for 

the evaluation of endogenous miRNAs acting on endogenous targets. Thus, for re-

evaluation of the system, an endogenous miRNA (miR-1) regulating the mRNA of an 

endogenous target (TWF1) was identified and tested in a transient and stable environment. 

A concentration range from 1.536 nM to 100 nM of miR-1 mimics was transfected into a 

CHO DG44 production clone. A maximum of 100 nM was chosen, as concentrations over 

100 nM might lead to non-specific gene regulation and cell death 43. It was found that 

concentrations of transfected miR-1 mimic correlated with intracellular miR-1 levels after 

transfection and TWF1 mRNA levels were accordingly downregulated in a dose dependent 

manner. In contrast to these findings, Shu et al., 2012 found out that target gene regulation 

in Huh-7 is non-linear dependent on the transfected amount of let-7 plasmid. However, 

also let-7 levels in the cell did not correlate with the transfected let-7 plasmid amount and 
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direct correlation of transfected amount of plasmid to intracellular let-7 level was not given 

and a comparison of intracellular let-7 levels and target gene regulation was not given. The 

authors also showed, that miRNA level thresholds regulating the target gene are cell and 

target dependent, which therefore implies the need to evaluate effective miRNA levels for 

each cell type, miRNA and target separately. In line with our findings of a dose-dependent 

target gene downregulation is that EZH2 mRNA was downregulated in a dose dependent 

manner upon miR-26 and miR101 mimic transfection at 100 nM and below in human 

fibroblasts 4. However, EZH2 was overexpressed via a plasmid and not endogenously 

expressed. Especially for miR-1 it was shown that miR-1 mediated cardioprotection in 

cardiomyocytes is dependent on the amount of transfected miRNA mimic concentration (0 

to 50 nM) 86. However, none of these studies directly compared the amount of transfected 

miRNA mimics, the resulting miRNA levels and the endogenous target mRNA levels. 

Furthermore, no studies on this topic were found that were performed in a CHO 

background or that covered the comparison of transient data to stable miRNA expression. 

During stable expression of miR-1 in batch mode, TWF1 downregulation was less 

prominent and during fed-batch cultivation, no regulation was visible although mature 

miR-1 levels in the cell were comparable. In line with this observation, miR-34a reduced 

fucosylation of the recombinant protein significantly by 3 % points upon transient mimic 

transfection, but not during stable expression in fed-batch mode. Two interesting questions 

arise based on these results: Why was the miR-1 mediated TWF1 downregulation less 

prominent during stable overexpression in batch mode compared to transient expression? 

And why was no TWF1 downregulation measured during fed-batch cultivation? During 

stable expression in batch mode, miR-1 levels are constantly elevated over 14 days 

compared to 48 h upon miRNA mimic transfection. It might be possible that during stable 

miR-1 overexpression, TWF1 is upregulated in order to compensate for elevated miR-1 

levels. Twinfilin 1 or Protein Thyrosine Kinase belongs to the actin-depolymerizing 

factor/cofilin superfamily and inhibits actin polymerization by binding to G-actin and 

capping its barbed ends 74. It was shown, that a deletion of the TWF1 gene leads to 

abnormal budding in yeast 30 and that it plays a role in stereocilia length and width 

regulation in mice 6. However, there is no information on TWF1 deletion in mammalian cell 

lines. As there was no difference identified in TWF2 knockout mice compared to wildtype 

mice, it was suggested, that TWF1 and TWF2 function is redundant 60. This suggests, that 
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TWF1 might be not crucial for cell survival or development. On the other hand, miR-1 

targets several mRNAs, of which some could be essential for the cell. Using miRTarBase, we 

could find 23 miR-1 target genes annotated for mouse, of which 16 were validated at least 

by luciferase reporter assay, western blot and qPCR. For humans, 465 target genes have 

been identified and 6 accordingly validated 15. Consequently miR-1 opposing factors, e.g. 

other miRNA or circular RNAs, could be upregulated to diminish miR-1 effects on these 

targets. Additionally, it was shown that high miRNA levels e.g. achieved by overexpression, 

can titrate away other miRNAs from there site 24,35. This further increases the number of 

affected genes and the probability of cell regulation against miR-1 effects. In that case, 

TWF1 upregulation during stable expression would be a side effect. A cell culture medium 

change to PM and a cultivation in fed-batch mode fully diminished TWF1 mRNA 

downregulation during stable miR-1 overexpression. PM is generally richer in amino acids 

to promote recombinant protein production. None of the substances present in PM but 

absent in SMD are directly related to inhibition of RISC formation or inhibition of Argonaute 

protein or Dicer function, which would have explained a general loss-of-function of miRNAs 

when cultivated in PM. Generally, miRNA expression patterns are highly dependent on the 

cultivation phase in fed-batch mode and are for example associated with a cell’s phenotype 
77. PANTHER analysis revealed, that 37 % of the genes predicted to be regulated by miR-1 

are involved in cellular processes with 25 % of total genes involved in metabolic processes. 

A general change of miRNA expression levels could lead to a suppression of effects 

mediated by other miRNAs involved in cellular processes, e.g. miR-1. In this case, a missing 

miR-1 effect during stable fed-batch cultivation would be a miRNA specific effect. To further 

elucidate this topic, other miRNAs with known targets could be evaluated in stable batch 

and fed-batch mode, although such miRNAs are currently not known for CHO. 

In conclusion, the stable screen of NGS derived miRNAs delivered valid results, as miRNA 

levels were elevated to levels mediating biological function, as seen with miR-1 

overexpression. The miRNAs do not seem to regulate the investigated target parameters 

when stably overexpressed in fed-batch mode and therefore, miRNA dependent gene 

regulation seemed to depend on the cultivation mode. Thus, the miRNAs identified by both 

NGS evaluations were evaluated in a transient screen for their biological function. 
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A transient screen of NGS derived miRNA showed small reductions in galactosylation  

18 miRNAs found in one or both of the NGS evaluations were transiently tested. The results 

showed a small reduction in galactosylation from 40 % to 35-37 % but no reduction in 

fucosylation or increase in production capacity. There were two groups of miRNAs reducing 

galactose: miRNAs originally identified to regulate fucosylation (ID:227, ID:228, miR-30c, 

miR-30e) and miRNAs originally identified to regulate galactosylation (miR-16). MiR-16 

additionally triggered a significant upregulation of fucosylation from 90 % to 92 %. 

Generally, these significant differences in glycosylation patterns have to be considered with 

caution, as the differences are very small and significance is probably due to small standard 

deviation within biological replicates. Blasting these miRNA sequences against the CHO K1 

genome showed four hits for ID:227, two hits for ID:228, two hits for miR-30c, one hit for 

miR-30 e and two hits for miR-16. ID:227 and ID:228 were found in the same genomic 

scaffold (about 80,000 nucleotides apart in CHO genome) as well as miR-30c and miR-30e 

(3040 nucleotides apart in CHO genome) whereas miR-16 shares no scaffold with the other 

galactosylation downregulating miRNA. For miR-16 there is a binding site predicted in 

B3GALT1, a Beta-1,3-galactosyltransferase that transfers galactose from UDP-galactose to 

molecules with a terminal beta-N-acetylglucosamine, explaining the decrease in 

galactosylation. MiR-16 has also been described to regulate apoptosis in human cancer 

cells 16,55 and was shown to decrease cell specific productivity in CHO cells producing 

secreted embryonic alkaline phosphatase (SEAP) upon transient transfection 19. However, 

in the present study, no reduction of cell specific productivity was observed upon transient 

miR-16 mimic transfection in an antibody producing CHO DG44 cell line. For miR-30c, 

miR-30e and also for their passenger strands, no binding sites in relevant 

galactosyltransferases could be identified via miRwalk and PANTHER. However, miRNA 

pathway (mirPath) analysis showed that both miRNAs are involved in N-glycosylation and 

target another Galactosyltransferase, B4GALT1. A direct binding site, however, could not 

be detected and B4GALT1 is mainly involved in the production of lactose in the lactating 

mammary gland and might also be involved in the synthesis of N-linked glycans in 

glycoproteins. In a screen of the miR-30 family, miR-30c and miR-30e were also found to 

increase specific productivity of CHO cells producing SEAP 21, which could not be confirmed 

for CHO DG44 cells producing antibodies in the present work. Surprisingly, miR-1, which 

was applied as technical control showed the most prominent effect on galactosylation, with 
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a significant reduction from 40 % to 35 %. In healthy organisms, miR-1 is highly expressed 

in skeletal muscle and heart tissue promoting myocyte differentiation 57. Using miRWalk 

and PANTHER tools as well as mirPath, no targets could be identified that would explain 

reduced N-terminal galactosylation via miR-1. However, these tools only support miRNA 

and target interaction in human, rat or mouse which might be similar but not identical to 

CHO concerning possible target mRNA sequences and can therefore not fully cover all 

possible miRNA-target interactions in CHO.  

Besides the miRNAs identified by NGS evaluations, two further miRNAs described in 

literature were tested transiently. Hsa-miR-557 was shown to increase final product 

concentrations for difficult-to-express proteins during stable overexpression and 

cultivation in fed-batch mode 20. Additionally, hsa-miR-34a was selected as it was shown to 

downregulate FUT8 mRNA in luciferase reporter assays 10,14. In the present study, hsa-miR-

557 could not increase expression capacity during transient or stable overexpression in a 

production clone producing 1.9 g/l in fed-batch mode. Fischer et al., 2017 showed an 

increase in the final concentration of recombinant proteins from about 1.6 g/l to about 

2.0 g/l and an increase from 0.6 g/l to 1.0 g/l when overexpressing hsa-miR-557 via vector 

pcDNA6.2 in CHO cells during fed-batch cultivation. This elevatuion of product 

concentration, was mediated by increasing the integral of viable cell concentration (IVCC) 

from about 700 to over 1000*105 cells/day/ml within 10 days of cultivation in both cases. 

In the present work, IVCC of the tested clonal cell line was 645*105 cells/day/ml within 

9 days of fed-batch cultivation and is therefore comparable to the growth performance of 

the clones used by Fischer et al., 2017. However, hsa-miR-557 did not increase IVCC in CHO 

DG44 cells. A possible explanation could be a missing or to low overexpression of hsa-miR-

557. Strotbek et al., 2013 found a 20-fold overexpression of hsa-miR-557 during stable 

batch expression that lead to an increased product level of 0.35 to 0.45 g/l in a 7 day fed-

batch setup. During stable miRNA overexpression in fed-batch performed in this work, hsa-

miR-557 levels were 6569 fold higher compared to control, therefore being higher than 

described in the literature. Consequently, no elevation of volumetric productivity through 

increased IVCC by hsa-miR-557 could be achieved, although the IVCC of the tested clone 

was comparable to literature and the miR-557 expression level was higher compared to 

literature. However, Fischer et al., 2017 performed their experiments in CHO-S cells, which 

might be the reason of the observed differences. On the other hand, hsa-miR-34a 



Discussion 

128 
 

downregulated fucosylation significantly by 3 % points upon transient mimic transfection 

in CHO DG44 cells. Bernardi et al., 2013b, could show that miR-34a did not reduce FUT8 

mRNA levels 24 h and 48 h post transfection in hepatocarcinoma cells, however reduced 

the FUT8 protein levels to 0.5 fold compared to negative control as shown in wester blot 

analysis. Consequently, miR-34a seems not to induce FUT8 mRNA degradation but rather 

translational repression in hepatocarcinoma cells. In our studies, FUT8 mRNA levels were 

reduced to 0.6 fold change, yet not significantly, compared to negative control, indicating 

FUT8 mRNA degradation induced by miR-34a in CHO DG44 cells. This reduction led, as 

described above, to a significant reduction by 3 percentage points in the fucosylation of N-

linked glycans attached to the recominant protein. This shows that miR-34a can not only 

reduce FUT8 protein levels 10, but also the outcome of FUT8 mediated reactions by 

decreasing the proportion of fucosylted antibody. However, the reduction effect is small 

and during stable expression of miR-34a and cultivation in fed-batch mode, miR-34a did 

neither downregulate FUT8 mRNA levels nor fucosylation, again indicating the importance 

of the cultivation mode when using miRNAs as engimiRs. 

Generally, miRNAs can regulate galactosylation of N-linked glycans attached to 

recombinantly produced proteins during transient expression. However, these effects are 

minor and not relevant for an application in a biopharmaceutical production process as tool 

to engineer recombinant proteins with specific glycosylation patterns or at least 

downregulate specific glycosylation patterns. 

Conclusion 

EngimiRs have been successfully applied by Fischer et al., 2017 to increase production 

capacity in CHO cells in an industry relevant environment (fed-batch) for difficult to express 

proteins (<1 g/l). This work wanted to investigate whether miRNAs could increase 

production capacity in high producer clones (>2 g/l) and could influence the N-glycosylation 

pattern in the Fc part of a recombinantly produced therapeutic protein in CHO DG44 cells. 

A comprehensive analysis of miRNA patterns for a large group of 24 cell lines was 

conducted using NGS. However, the miRNA-target parameter correlations in NGS were not 

mirrored in biological function of miRNAs for high producer clones in CHO DG44. Only mir-

16, mir-30c, miR-30e, ID:227 and ID:228 might reduce galactosylation on transient level, 

however effects are marginal and not relevant for engimiRs as application in an industrial 
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environment. It was found that NGS evaluation plays a crucial role for selection of miRNAs 

and drastically influences the outcome of differentially expressed miRNAs. In addition, the 

cultivation mode seems to influence the function of miRNAs, which is highly relevant when 

applying miRNAs as engineering tool in stable production cell lines.
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6. Summary 

Since the approval of recombinant human plasminogen activator in 1987, the first protein 

commercially expressed in Chinese hamster ovary (CHO) cells, there have been 

tremendous improvements in biopharmaceutical production concerning cell line 

development, cell culture media and cultivation techniques resulting in productivities 

exceeding 10 g/L. Today, cell line development is not only focusing on productivity levels 

but also on product quality. Especially the N-glycosylation pattern is important as it 

determines pharmacokinetics and pharmacodynamics of a recombinant product and plays 

a pivotal role for the development of biosimilars. Optimization of cell line performance can 

be achieved by various approaches, e.g. host cell line or expression vector modifications. 

The latter includes for example stronger promoters, chromatin opening elements, mRNA 

stabilizing elements or signal peptides. In recent years, also miRNAs have been applied as 

tool to improve the productivity of cell lines, at least for difficult-to-express proteins. 

MiRNAs are small, about 22 nucleotides long RNAs that regulate gene expression. A specific 

miRNA can bind several target mRNAs leading to translational repression or mRNA 

degradation. The present study investigated whether miRNAs can be used as a tool to 

further increase productivities of high-expressing cell lines and to optimize the 

glycosylation pattern of the recombinant protein. For that purpose, next generation 

sequencing of small RNAs was performed on 24 CHO DG44 cell lines producing 

recombinant antibodies. The resulting miRNA expression patterns were subjected to 

bioinformatic analyses in order to find correlations with high productivity as well as low 

galactosylation, fucosylation or mannosylation of the antibody. In that way, 30 interesting 

miRNAs were identified and stably overexpressed in antibody producing CHO DG44 cell 

lines to verify a potential impact on cell performance. However, none of these miRNAs 

seemed to have an effect on productivity, growth or the glycosylation pattern. However, 

further transient testing using miRNA mimics revealed five miRNAs - miR-30c, miR-30e, 

miR-16 and two novel miRNAs - that reduced galactosylation significantly from 40 % to 

36 %. In a further set of experiments, it could be demonstrated that miRNA function seems 

to be dependent on the cultivation mode, as miR-1 mediated downregulation of TWF1 

mRNA was visible in transient and stable batch expression but not during fed-batch 

cultivation.  
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In conclusion, the overexpression of some specific miRNAs was shown to influence the 

glycosylation pattern of recombinant CHO DG44 producer cells. However, the observed 

effects are marginal and thus of limited relevance for cell line engineering, especially as an 

impact could only be detected on transient level. The identified correlations between 

miRNA expression and productivity or distinct glycosylation patterns did not have a cause-

effect relationship for most miRNAs, highlighting the importance of biological testing upon 

expression pattern and correlation analyses. Interestingly, it was observed that miRNA 

function seems to be dependent on the cultivation mode. This is of utmost importance 

when working on miRNA function evaluation with the goal to apply miRNAs as engimiRs, 

as most miRNA function studies rely on transient testing in batch mode. However, the 

present data imply, that miRNAs have to be tested in the cultivation environment that is 

used in the final application, e.g. fed-batch bioprocess with a stably expressing cell clone 

for biopharmaceutical production. 
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8. Appendix 

8.1. Plasmids 
pcDNA6.2-GW/EmGFP-miR 

GTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATAT 
GGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTG 
ACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGAGT 
ATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGT 
CAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAG 
TACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGAT 
AGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCA 
AAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTA 
CGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAA 
TTAATACGACTCACTATAGGGAGTCCCAAGCTGGCTAGTTAAGCTATCAACAAGTTTGTACAAAAAAGCA 
GGCTTTAAAACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGG 
ACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCT 
GACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCACC 
TACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGC 
CCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGT 
GAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAAC 
ATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCGACAAGCAGAAGA 
ACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTA 
CCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCC 
GCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGA 
TCACTCTCGGCATGGACGAGCTGTACAAGTAAGCTAAGCACTTCGTGGCCGTCGATCGTTTAAAGGGAGG 
TAGTGAGTCGACCAGTGGATCCTGGAGGCTTGCTGAAGGCTGTATGCTCAGGACACAAGGCCTGTTACTA 
GCACTCACATGGAACAAATGGCCCAGATCTGGCCGCACTCGAGATATCTAGACCCAGCTTTCTTGTACAA 
AGTGGTTGATCTAGAGGGCCCGCGGTTCGCTGATGGGGGAGGCTAACTGAAACACGGAAGGAGACAATAC 
CGGAAGGAACCCGCGCTATGACGGCAATAAAAAGACAGAATAAAACGCACGGGTGTTGGGTCGTTTGTTC 
ATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCACCGTGACCCCATTGGGGCCAATA 
CGCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTCGGGTGAAGGCCCAGGGCTCGCAGCCAAC 
GTCGGGGCGGCAGGCCCTGCCATAGCATCCCCTATAGTGAGTCGTATTACATGGTCATAGCTGTTTCCTG 
GCAGCTCTGGCCCGTGTCTCAAAATCTCTGATGGATCTGCGCAGCTGGGGCTCTAGGGGGTATCCCCACG 
CGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAG 
CGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAA 
GCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTG 
ATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTC 
CACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTT 
GATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACG 
CGAATTAATTCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGT 
ATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAA 
GTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCT 
AACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAG 
GCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAA 
AGCTCCCGGGAGCTTGTATATCCATTTTCGGATCTGATCAGCACGTGTTGACAATTAATCATCGGCATAG 
TATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCATGGCCAAGCCTTTGTCTCAAGAAGAAT 
CCACCCTCATTGAAAGAGCAACGGCTACAATCAACAGCATCCCCATCTCTGAAGACTACAGCGTCGCCAG 
CGCAGCTCTCTCTAGCGACGGCCGCATCTTCACTGGTGTCAATGTATATCATTTTACTGGGGGACCTTGT 
GCAGAACTCGTGGTGCTGGGCACTGCTGCTGCTGCGGCAGCTGGCAACCTGACTTGTATCGTCGCGATCG 
GAAATGAGAACAGGGGCATCTTGAGCCCCTGCGGACGGTGCCGACAGGTGCTTCTCGATCTGCATCCTGG 
GATCAAAGCCATAGTGAAGGACAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAATTGCTGCCCTCT 
GGTTATGTGTGGGAGGGCTAAGCACTTCGTGGCCGAGGAGCAGGACTGACACGTGCTACGAGATTTCGAT 
TCCACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCC 
AGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGCAGCTTATAATGGTTACAA 
ATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCC 
AAACTCATCAATGTATCTTATCATGTCTGTATACCGTCGCTCTTCCGCTGCTTCCTCGCTCACTGACTCG 
CTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAG 
AATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGC 
CGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAG 
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AGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTC 
CTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCA 
TAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCC 
CCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACT 
TATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTT 
CTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCA 
GTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTT 
TTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGG 
GTCTGACGCTCAGTGGAACGACGCGTAACTCACGTTAAGGGATTTTGGTCATGGGTGGCTCGACGAGGGT 
TATTTGCCGACTACCTTGGTGATCTCGCCTTTCACGTAGTGGACAAATTCTTCCAACTGATCTGCGCGCG 
AGGCCAAGCGATCTTCTTCTTGTCCAAGATAAGCCTGTCTAGCTTCAAGTATGACGGGCTGATACTGGGC 
CGGCAGGCGCTCCATTGCCCAGTCGGCAGCGACATCCTTCGGCGCGATTTTGCCGGTTACTGCGCTGTAC 
CAAATGCGGGACAACGTAAGCACTACATTTCGCTCATCGCCAGCCCAGTCGGGCGGCGAGTTCCATAGCG 
TTAAGGTTTCATTTAGCGCCTCAAATAGATCCTGTTCAGGAACCGGATCAAAGAGTTCCTCCGCCGCTGG 
ACCTACCAAGGCAACGCTATGTTCTCTTGCTTTTGTCAGCAAGATAGCCAGATCAATGTCGATCGTGGCT 
GGCTCGAAGATACCTGCAAGAATGTCATTGCGCTGCCATTCTCCAAATTGCAGTTCGCGCTTAGCTGGAT 
AACGCCACGGAATGATGTCGTCGTGCACAACAATGGTGACTTCTACAGCGCGGAGAATCTCGCTCTCTCC 
AGGGGAAGCCGAAGTTTCCAAAAGGTCGTTGATCAAAGCTCGCCGCGTTGTTTCATCAAGCCTTACGGTC 
ACCGTAACCAGCAAATCAATATCACTGTGTGGCTTCAGGCCGCCATCCACTGCGGAGCCGTACAAATGTA 
CGGCCAGCAACGTCGGTTCGAGATGGCGCTCGATGACGCCAACTACCTCTGATAGTTGAGTCGATACTTC 
GGCGATCACCGCTTCCCTCATAATGTTTAACTTTGTTTTAGGGCGACTGCCCTGCTGCGTAACATCGTTG 
CTGCTCCATAACATCAAACATCGACCCACGGCGTAACGCGCTTGCTGCTTGGATGCCCGAGGCATAGACT 
GTACCCCAAAAAAACAGTCATAACAAGCCATGAAAACCGCCACTGCGCCGTTACCACCGCTGCGTTCGGT 
CAAGGTTCTGGACCAGTTGCGTGAGCGCATACGCTACTTGCATTACAGCTTACGAACCGAACAGGCTTAT 
GTCCACTGGGTTCGTGCCTTCATCCGTTTCCACGGTGTGCGTCACCCGGCAACCTTGGGTAGCAGCGAAG 
TCGAGGCATTTCTGTCCTGGCTGGTCTAGAATTGCATGAAGAATCTGCTTAGGGTTAGGCGTTTTGCGCT 
GCTTCGCGATGTACGGGCCAGATATACGC 
 

Table 21 pcDNA6.2-GW/EmGFP-miR vector elements and their position 

element Base positions 

CMV promoter 1-588 

attB1 site 680-704 

EmGFP 713-1432 

5‘ miR flanking region 1492-1518 

3‘ miR flanking region 1519-1522 

attB2 site 1592-1616 

TK polyadenylation signal 1645-1916 

F1 origin 2028-2456 

SV40 early promoter 2483-2791 

EM7 promoter 2846-2912 

Blasticidine resistance gene 2913-3311 

SV40 polyadenylation signal 3469-3599 

pUC origin 3737-4410 

Spectinomycin resistance gene 4480-5490 

Spectinomycin promoter 5491-5624 
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miRNASelect™ pEGP-miR Cloning and Expression Vector 

CCCAACTTTTAAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGAC
ATAATAGCAACAGACATACAAACTAAAGAATTACAAAAACAAATTACAAAATTCAAAATTT
TATCGATGCCTCCCCGTCACCACCCCCCCCAACCCGCCCCGACCGGAGCTGAGAGTAATTC
ATACAAAAGGACTCGCCCCTGCCTTGGGGAATCCCAGGGACCGTCGTTAAACTCCCACTAA
CGTAGAACCCAGAGATCGCTGCGTTCCCGCCCCCTCACCCGCCCGCTCTCGTCATCACTGA
GGTGGAGAAGAGCATGCGTGAGGCTCCGGTGCCCGTCAGTGGGCAGAGCGCACATCGCCCA
CAGTCCCCGAGAAGTTGGGGGGAGGGGTCGGCAATTGAACCGGTGCCTAGAGAAGGTGGCG
CGGGGTAAACTGGGAAAGTGATGTCGTGTACTGGCTCCGCCTTTTTCCCGAGGGTGGGGGA
GAACCGTATATAAGTGCAGTAGTCGCCGTGAACGTTCTTTTTCGCAACGGGTTTGCCGCCA
GAACACAGGTACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTTTAAAAAATG
CTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTTCCCTAATCTCTTT
CTTTCAGGGCAATAATGATACAATGTATCATGCCTCTTTGCACCATTCTAAAGAATAACAG
TGATAATTTCTGGGTTAAGGCAATAGCCGATTAGTTCTCGAGGATCCGACTGTTCTTTTCC
CTCATTACACAGGAAACCGGAATTACAAAGGAGAACGGCTTCCTGTGATGCTCAGCTGTGA
TTACTTTCAACATTCACCCTGGATGTTCTCTTCACTGTGGGATGAGGTAGTAGGTTGTATA
GTTTTAGGGTCACACCCACCACTGGGAGATAACTATACAATCTACTGTCTTTCCTAAGGTG
ATGGAAAAGTCTGCATTCATGGGGTCTCATAGGAAACCAAGAACAAACTGCAGTGTTTTAA
AGTATATCTTGCCTTAAAAGCATTTGCTTATGCTATGCATGAAGTCGCTAGCTCGAGCTTT
TGGAGAATATTTCTGCATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTT
CATATTGCTAATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTTGGGATA
AGGCTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTATC
TTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTTGGCAAAG
CACGTGAGATCTGAATTCTGACACACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGG
TGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGG
CGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGC
AAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCA
GCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTA
CGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTG
AAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGG
ACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCAT
GGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGAC
GGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGC
TGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAA
GCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGAC
GAGCTGTACAAGGCCACCATGACCGAGTACAAGCCCACGGTGCGCCTCGCCACCCGCGACG
ACGTCCCCAGGGCCGTACGCACCCTCGCCGCCGCGTTCGCCGACTACCCCGCCACGCGCCA
CACCGTCGATCCGGACCGCCACATCGAGCGGGTCACCGAGCTGCAAGAACTCTTCCTCACG
CGCGTCGGGCTCGACATCGGCAAGGTGTGGGTCGCGGACGACGGCGCCGCGGTGGCGGTCT
GGACCACGCCGGAGAGCGTCGAAGCGGGGGCGGTGTTCGCCGAGATCGGCCCGCGCATGGC
CGAGTTGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGCCTCCTGGCGCCGCAC
CGGCCCAAGGAGCCCGCGTGGTTCCTGGCCACCGTCGGCGTCTCGCCCGACCACCAGGGCA
AGGGTCTGGGCAGCGCCGTCGTGCTCCCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCC
CGCCTTCCTGGAGACCTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACC
GTCACCGCCGACGTCGAGTGCCCGAAGGACCGCGCGACCTGGTGCATGACCCGCAAGCCCG
GTGCCTGAGCGGCCGCAATCTAGACCAAACTTGTTTATTGCAGCTTATAATGGTTACAAAT
AAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGG
TTTGTCCAAACTCATCAATGTATCTTATCATGTCTGTGATCAGGTACCAAAGGGCCTCGTG
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ATACGCCTATTTTTATAGGTTAATGTCATGATAATAATGGTTTCTTAGACGTCAGGTGGCA
CTTTTCGGGGAAATGTGCGCGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATAT
GTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGT
ATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTG
TTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACG
AGTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAA
GAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGCGGTATTATCCCGTA
TTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGA
GTACTCACCAGTCACAGAAAAGCATCTTACGGATGGCATGACAGTAAGAGAATTATGCAGT
GCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGAC
CGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTG
GGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCA
ATGGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAAC
AATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGCGCTCGGCCCTTCC
GGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGGTCTCGCGGTATCATT
GCAGCACTGGGGCCAGATGGTAAGCCCTCCCGTATCGTAGTTATCTACACGACGGGGAGTC
AGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCA
TTGGTAACTGTCAGACCAAGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTT
TAATTAAAAAGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACG
TGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGAT
CCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCAGCGGTGG
TTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGC
GCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGAACTCT
GTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCG
ATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTC
GGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTG
AGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACA
GGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGGGAAA
CGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTG
TGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGT
TCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGT
GGATAACCGTATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAG
CGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCAAACCGCCTCTCCCCG
CGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAG
TGAGCGCAACGCAATTAATGTGAGTTAGCTC 

 

Table 22 MiRNASelect™ pEGP-miR vector elements and their position 

element Base positions 

EF-1α promoter 130-525 

human β-globin intron 558-1342 

GFP-Puromycin fusion protein 1370-2086 and 2093-2692 

SV40 polyadenylation signal 2712-2842 

Ampicillin resistance 3051-3911 
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8.2. NGS evaluation 
Outlier identification 

 

Figure 57 Multi dimension scaling plot of miRNA expression levels for all 24 cell lines. Cell line 17 was identified as outlier. 
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Principal component analysis 

 

Figure 58 Principal component analysis for the target parameter fucosylation. 

 

Figure 59 Principal component analysis for the target parameter galactosylation. 
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Figure 60 Principal component analysis for the target parameter mannosylation 

 

Figure 61 Principal component analysis for the target parameter productivity 
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8.3. Influence of mannosylation related miRNAs on galactosylation 
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Figure 62 Influence of mannosylation related miRNA from NGS on galactosylation. The miRNAs were cloned into pcDNA6.2, 
transfected in clone 37, cultivated in SMD with blasticidine for 14 days followed by a fed-batch cultivation on shake-flask 
scale. Control plasmids were transfected four times into clone 37. Four negative controls were transfected with negative 
control pcDNA6.2 expressing a nonsense miRNA (n = 4). Tested miRNAs from NGS were tranfected once (n = 1); bars indicate 
mean, error indicates standard deviation 
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9. Statutory declaration 

 

I hereby declare that I wrote the present dissertation with the topic: 

“Investigating the influence of miRNAs on productivity and glycosylation patterns in 

recombinant CHO DG44 cells” 

independently and used no other aids that those cited. In each individual case, I have 

clearly identified the source of the passages that are taken word for word or paraphrased 

from other works. I also hereby declare that I have carried out my scientific work according 

to the principles of good scientific practice in accordance with the current „Satzung der 

Universität Ulm zur Sicherung guter wissenschaftlicher Praxis“ [Rules of the University of 

Ulm for Assuring Good Scientific Practice]. 

   

place , date     Ann-Cathrin Leroux (Signature) 
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