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Abstract

Cell engineering strategies typically rely on energy-consuming overexpression of
genes or radical gene-knock out. Both strategies are not particularly convenient
for the generation of slightly modulated phenotypes, as needed in biosimilar
development of for example differentially fucosylated monoclonal antibodies
(mAbs). Recently, transiently transfected small noncoding microRNAs (miR-
NAs), known to be regulators of entire gene networks, have emerged as potent
fucosylation modulators in Chinese hamster ovary (CHO) production cells.
Here, we demonstrate the applicability of stable miRNA overexpression in CHO
production cells to adjust the fucosylation pattern of mAbs as a model phe-
notype. For this purpose, we applied a miRNA chaining strategy to achieve
adjustability of fucosylation in stable cell pools. In addition, we were able to
implement recently developed artificial miRNAs (amiRNAs) based on native
miRNA sequences into a stable CHO expression system to even further fine-
tune fucosylation regulation. Our results demonstrate the potential of miRNAs
as a versatile tool to control mAb fucosylation in CHO production cells without
adverse side effects on important process parameters.

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; amiRNA/amiR, artificial miRNA; CHO, Chinese hamster ovary; D-Gal,
D-Galactose; D-Glc, D-Glucose; D-Man, D-Mannose; Fru-1-P, fructose-1-phosphate; FUK, fucokinase; FUTS, fucosyltransferase 8; Gal-1-P,
galactose-1-phosphate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GDP-Fuc, GDP-Fucose; GFP, green fluorescence protein; Glc-1-P,
glucose-1-phosphate; HPLC, high-performance liquid chromatography; IgG, immunoglobulin G; LC-MS, liquid chromatography coupled with mass
spectrometry; mAb/mAbs, monoclonal antibody/antibodies; Man-1-P, mannose-6-phosphate; Man-6-P, mannose-1-phosphate; miRNA, microRNA;
mRNA, messenger RNA; NT, non-targeting control siRNA; PC, principal component; PCA, principal component analysis; pre-miRNA, precursor
miRNA; pri-miRNA, primary miRNA; QC, quality control standard; qPCR, quantitative reverse transcription polymerase chain reaction; RNAi, RNA
interference; SD, standard deviation; siRNA, small interfering RNA; UT, untransfected cells; UTR, untranslated region; vc, viable cells; VCC, viable

cell concentration; WT, wild type miRNA.
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1 | INTRODUCTION

Chinese hamster ovary (CHO) cells are widely used in
biotechnology as hosts for the production of recombinant
proteins, including monoclonal antibodies, and enzymes
[1, 2]. Often, CHO cells are genetically engineered to
improve their growth or production characteristics. Usu-
ally, this is achieved using classical methods, such as
knock-out or overexpression of genes [3-5]. However,
while the deletion or overexpression of genes only allows
to switch gene expression on or off, a more precise fine-
tuning of phenotypic changes is often desired, for example,
for the control of protein glycosylation in biosimilars.
In these cases, the possibility to modulate the degree
of gene expression using RNA interference (RNAi) via
small-interfering RNAs (siRNAs) or micro-RNAs (miR-
NAs/miRs) offers an attractive alternative for cell engi-
neering [3, 4, 6-8]. Both molecules are 20-25 base pairs
long, double-stranded, and lead to mRNA cleavage or
repression of protein translation by different modes of
action [9-14]. In contrast to highly target-specific siR-
NAs, miRNAs can target hundreds of genes. Therefore,
the use of miRNAs as engineering tools can be challeng-
ing, but offers the opportunity to control entire cellular
pathways without any energy-consuming translational
burden [15]. Therefore, miRNA-associated engineering
approaches were established as efficient tools in CHO
cell line engineering for the improvement of productiv-
ity, fine-tuning of product quality, the enhancement of
cell growth and survival, and the modulation of metabolic
pathways [3, 6, 8, 16-30]. However, quality-relevant charac-
teristics of therapeutic proteins like antibody fucosylation
have so far been engineered using standard techniques
like knock-out of genes [5, 31-34], siRNA mediated tran-
sient gene knock-down [27, 35, 36] or miRNA-mediated
transient gene knock-down [37] only. Regulation of rel-
evant enzymes by the addition of inhibitors [38-40] or
coexpression of intrabodies are also described [41].

In mammalian cells, miRNA biogenesis involves tran-
scription of primary miRNA (pri-miRNA) by its own pro-
moter (canonical pathway) or from a mirtron (noncanoni-
cal pathway), processing of the pri-miRNA into a precursor
miRNA (premiRNA), and trimming into the regulatory
active mature miRNA [42-47]. However, basic research
studies of miRNAs typically rely on transient transfection

of synthetic ready-to-use double-stranded miRNA mim-
ics, representing mature miRNAs [48, 49]. While this
approach offers the great advantage to screen large num-
bers of molecules in a short time for their initial cellular
effects, it lacks applicability in industrial bioprocesses [18,
37]. Furthermore, the mode of action or target affinity
appears to be dose-sensitive and the high concentrations
of mature miRNAs in screening experiments might not be
achieved in a stable expression context [50, 51]. Neverthe-
less, in order to enable the applicability of this technology
in production processes for biopharmaceuticals, expres-
sion plasmids must be used to stably integrate the miRNA
sequence into the genome, followed by the exploitation
of the native biogenesis pathway. Efficient stable overex-
pression is highly dependent on several factors such as
the plasmid system [23, 52], the genomic integration site
[53-55], and the combination of cell line, medium, and
transfection reagent [56-58]. Plasmid system engineering
for a stable miRNA expression include the optimization
of miRNA flanking regions or promoters [23, 29, 52], hair-
pin structures [59], spacer sequences [60], and chaining
of multiple miRNAs [6, 21, 23, 59-65]. Accordingly, stable
overexpression of miRNAs bears the risk of an insufficient
regulation to trigger a desired biotechnologically relevant
phenotypic change [23, 50].

Therefore, we investigated several approaches to achieve
and improve phenotypic effects which can be accom-
plished by the stable expression of miRNAs in a mon-
oclonal antibody (mAb) producing CHO cell line. To
this end we engineered the fucosylation of a secreted
mADb, as it reflects one of the most important critical
quality attributes for therapeutic mAbs and can there-
fore serve as a suitable model for the generation of
biosimilars [5, 37, 66]. Using this model, we aimed to
transfer our knowledge of transient miRNA-based reg-
ulation [37] to stable cell line engineering, and tested
optimization strategies to improve mAb fucosylation in
order to give a potential outlook for the applicability
of the technology in biosimilar development. In this
context, we also implemented stably expressed artificial
miRNAs (amiRNAs/amiRs) as improved engineering tools
and performed a small-scale metabolite analysis to bet-
ter understand the effects of miRNA-mediated regulation
on the metabolic level of fucosylation precursors in CHO
cells.
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2 | MATERIAL & METHODS

2.1 | Cell culture

Maintenance cultures of suspension-adapted mono-
clonal antibody (IgG) producing CHO-KI-mAbl cells
(Rentschler Biopharma property) with a reported produc-
tivity of >1 g/L [67], were grown in Tube Spin Bioreactor50
tubes (TPP Techno Plastic Products AG, Switzerland) in
ProCHO 5 culture medium (Lonza, Belgium), supple-
mented with 4 mM L-glutamine (Lonza, Belgium). If not
otherwise mentioned, standard cell culture conditions for
all experiments were 37°C, 5% CO,, and 85% rH at 140 rpm
(25 mm orbit) (Kuhner Shaker GmbH, Germany). Viability
parameters were routinely checked using a CEDEX XS
cell counter (Roche Diagnostics, Germany) with a trypan
blue (Thermo Fisher, Germany) exclusion assay. Cells
were passaged every 3 days to a starting cell concentration
of 2 X 10° ve/mL.

2.2 | Artificial miRNAs

For stable cloning, amiRNAs were selected based on pre-
viously described transient experiments [37]. Briefly, for
the design, the wild type (wt) sequences of miR-34a-5p
and miR-669h-5p were adapted in silico towards stronger
binding to their respective mRNA target fucosyltrans-
ferase 8 (FUTS) by changing multiple bases in the miRNA
sequence. AmiRNA mimics and amiRNA encoding plas-
mids were transfected as described in Section 2.4 and 2.5.
Mature amiRNA sequences are given in the supporting
information (Table S1).

2.3 | Plasmids

For miRNA and amiRNA overexpression, the commer-
cial BLOCK-iT Pol II miR RNAi Expression plasmid Kit
with the pcDNA6.2-GW/EmGFP-miR plasmid was used
(Thermo Fisher Scientific, Germany), following the stan-
dard kit protocol. Briefly, the mature miRNA sequence was
synthesized in a guide strand together with a fully com-
plementary passenger strand with two deleted nucleotides
to form a bulge (Eurofins Genomics Gene Synthesis, Ger-
many). Both strands were annealed to form a duplex with
overhangs and ligated into the linearized plasmid har-
boring flanking regions derived from miR-155 for proper
miRNA processing. The pcDNA6.2-GW/EmGFP-miR-neg.
control provided in the kit was used as a mock plasmid.
A published FUTS8 siRNA [27] was cloned into the plas-
mid to obtain a positive control for the metabolite analysis
experiment. Chaining of miRNAs was performed accord-

ing to the strategy suggested by the vendor’s protocol. In
brief, two or four copies of the miRNA were cloned sequen-
tially using a combination of BglII/Xhol restriction sites to
obtain the backbone and BamHI/Xhol to obtain the insert
sequence containing the respective number of miRNA
copies. Both were ligated according to the standard pro-
tocol. All generated plasmids were sequenced to confirm
the correct insertion (Eurofins Genomics Europe Sequenc-
ing, Germany). All mature miRNA sequences cloned into
the expression plasmid were derived from murine miR-
NAs (mmu-miRs, here referred to as “miRs”) and listed
in the supporting information (Table SI). For initial vec-
tor comparison, the miRNASelect pEGP-miR (pEGP-miR)
plasmid was constructed as described previously [20]. The
PCR primers used to amplify premiR sequences includ-
ing ~100 base pairs of the up- and downstream flanking
regions are listed in the supporting information (Table S2).

2.4 | Transient transfection of miRNA
mimics and plasmids

100 nM of the respective miRNA or amiRNA mimic (Hori-
zon Discovery, United Kingdom) were transfected into
CHO cells at a concentration of 31,500 vc/100 pL. As
a positive control, a functional anti-FUT8 siRNA (GAA-
CACUCAUCUUGGAAUCUU) [27] was transfected, while
a nontargeting siRNA (Qiagen, Germany) (NT) and non-
transfected cells (UT) were used as negative controls. For
the transfection of all mimics, TransIT-X2 reagent (Mirus
Bio, USA) was used at a concentration of 0.3 pL/well.
TransIT-X2 reagent and RNA were mixed and incubated
for 20 min at RT and then added to the cells. Subsequently,
the transfected cells were seeded into a 96-well U-bottom
suspension plate (Greiner Bio-One, Austria) which was
sealed afterwards with a BREATHSseal (Greiner Bio-One,
Austria). Cells were cultivated under standard conditions
at 600 rpm until further readout. For transient transfec-
tion of plasmids, cells were also treated as described here
without adding antibiotics.

2.5 | Stable transfection of
miRNA-/siRNA-plasmids

Stable transfection of CHO cells was performed using
the TransIT-X2 Dynamic Delivery System. Briefly, 30,000
vc/mL was plated in 2.5 mL medium in 6-well plates and
incubated agitated for 24 h. A mixture of 250 pL medium,
2.5 pg plasmid, and 7.5 pL transfection reagent was then
added to the incubated cells. Following transfection, cells
were incubated for 24 h staticly at standard conditions and
then transferred to shaken conditions for another 24 h until
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transfection efficiency was determined via fluorescence
measurement of the GFP marker gene. Furthermore, 48 h
post transfection, 3 pg/mL blasticidin (invivoGen, USA)
was added to the medium with each passaging step until
the viability of the cells completely recovered. Cells were
passaged every 2 to 3 days to 2 X 10° vc/mL and viability
and cell concentration were monitored for each passage.

2.6 | Single cell cloning

As soon as the antibiotic selection of stable cell pools was
completed, the stable CHO pool containing pcDNAG6.2-
GW/EmGFP-miR-3096b-5p was selected for single cell
cloning without further addition of antibiotics to screen
for clones with potentially stronger phenotypic effects.
A limiting dilution was performed by seeding cells from
the cell pool at 0.3 vc/well in a 96-well F-bottom sus-
pension plate (Greiner Bio-One, Austria) sealed with a
BREATHSseal. After seeding, the plates were assayed using
light microscopy to select only wells with singe cells
for further experiments. Cells were cultivated staticly
using standard conditions until growth was observed and
these clones were transferred to 24-well and subsequently
6-well U-bottom suspension plates (Greiner Bio-One, Aus-
tria) and cultivated with agitation until assayed for mAb
glycosylation, gene regulation and mAb productivity.

2.7 | Flow cytometry

The percentage of cells expressing GFP was measured
at several checkpoints using the MACSQuant Analyzer
10 (Miltenyi Biotec, Germany). GFP was measured at
525/50 nm using a 488 nm laser (Channel B1) for fluores-
cence excitation. Subsequent data analysis was performed
with the MACSQuantify software.

2.8 | Quantitative reverse transcription
polymerase chain reaction (qQPCR)

The total RNA of analyzed cells was isolated using the
miRNeasy Mini Kit (Qiagen, Germany) following the man-
ufacturer’s protocol. For target regulation analysis, cDNA
was synthesized using the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, USA) according to
the manufacturer’s protocol. QPCR was performed on a
LightCycler 480 instrument (Roche, Switzerland) using
CHO-specific TagMan assays for FUT8 (Cg04433064_ml1,
Applied Biosystems, USA) and for fucose kinase (FUK)
(Cg04505402_m1). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH (Cg04424038_gH)) was used as a house-

in Life Sciences

keeping reference. QPCR was conducted according to the
TagMan Gene Expression Master Mix protocol (Applied
Biosystems, USA). For miRNA quantification, cDNA was
transcribed using the miRCURY LNA RT Kit (#339340,
Qiagen). QPCR was performed with the above described
instrument using the miRCURY SYBR-Green PCR Kit.
Specific miRCURY LNA miRNA PCR primers were used
for miR-34a-5p (YP00204486), miR-3096b-5p (custom syn-
thesis based on miRNA sequence), and mmu-U6-snRNA
(YP02119464), respectively, following the manufacturer’s
protocol. Data were evaluated using the 2724t method
[68]. For transient experiments, cells were analyzed 48 h
post transfection while stably transfected cells were ana-
lyzed after the selection process was completed.

2.9 | Protein A chromatography

To determine the antibody concentration in samples of
supernatants miRNA-regulated CHO cell cultures, pro-
tein A high-performance liquid chromatography (HPLC)
was performed. Supernatants were 0.2 um filtered (Acro-
Prep Advance 96 Filter Plates, Pall Corporation, USA) and
assayed on an UltiMate 3000 system (Thermo Fisher Sci-
entific Inc., USA) with a Protein A POROS A 20 um column
(Thermo Fisher Scientific Inc.) A phosphate buffer was
used for equilibration (pH 7.5) and for elution (pH 2.5). The
mAb was detected by UV absorbance at 280 nm. Concen-
tration was calculated by comparison to a dilution series
of a reference mAbD standard that was measured the same
way and productivity was referenced to the benchmark cell
line.

2.10 | Glycosylation analysis of intact
antibody

Glycosylation analysis was performed by analyzing the
intact mAb on a DionexUltiMate 3000 LC coupled to an
Orbitrap Fusion Lumos mass spectrometer (LC-MS). Pro-
tein A purified cell supernatant was analyzed using a
Thermo Scientific MAbPac RP guard- and separation col-
umn (2.1 X 10 and 1 X 100 mm) thermostated at 80°C. The
LC-MS method followed our recently published method
[69] with slight modifications [37]. Charge-deconvolution,
peak assignment, and annotation of the generated mass
spectrometric data were performed with Intact Mass (Pro-
tein Metrics, USA). The m/z range for the charge decon-
volution was 2600-3400. Differences in the glycosylation
patterns were evaluated by comparing the intensities of
the assigned glycoforms on the respective mAbs to the gly-
coforms of the NT or mock control. Fold changes were
calculated by summation of the value of the relevant



Engineering

SCHLOSSBAUER ET AL.

50f17
in Life Sciences

glycoforms (GOF/GI1F, G1F/G1F (GOF/G2F), G1F/G2F) of
the sample with subsequent division by the respective
reference value. Example spectra are presented in the sup-
porting information for all described cell pools (Figure
S1). Apart from fucosylation, the degree of galactosylation
and sialylation of the produced mAbs can be found in the
supporting information for all described cell pools (Table
S3).

2.11 | Metabolite analysis

Washed and shock-frozen (—80°C) cell pellets of stable
CHO pools containing the pcDNA6.2-GW/EmGFP-miR
plasmid harboring the mock sequence, a FUT8 siRNA,
miR-3096b-5p, 2 x miR-3096b-5p, miR-34a-5p, or 2 X miR-
34a-5p were used for metabolite analysis. The analytical
workflow followed our recently published method with
slight modifications [70]. Briefly, the method included a
cell extraction step and a HILIC-MS analysis step of the cell
extracts, followed by statistical data evaluation. Detailed
sample preparation, the internal standard used for sample
preparation, and the used metabolite standard are given
in the supporting information (Supplementary informa-
tion 1). The standard was used for the determination of the
retention times of the target metabolites. For the evalua-
tion, ion traces of the target analytes were extracted and the
peaks were integrated. For the execution of the principal
component analysis (PCA), the raw data were normal-
ized to the applied cell number. Further data pretreatment
steps comprised centering, scaling (Pareto scaling), and
transformation (power transformation) [71].

2.12 | Statistical analysis

Data are presented as mean + SD. The GraphPad Prism
software (Version 8.0.1) (GraphPad Software, San Diego,
CA, USA) was used for statistical analysis. Statistical sig-
nificance of data was tested by ordinary one-way ANOVA
with Dunnett’s correction. A p-value < 0.05 was considered
significant. The PCA was created with JMP 17.0.0 (SAS,
Cary, NC, USA).

3 | RESULTS

3.1 | Evaluation of stable miRNA
expression systems

Although miRNAs have previously been described as
efficient engineering tools, their effect on glycosylation
remained largely unexplored. In the current study, we

aimed at developing stable miRNA-based tools for glyco-
engineering which enable tailor-made effect modulation,
for example, the production of biosimilars. In CHO DG44
cell lines, efficient miRNA overexpression is dependent
on the plasmid system [23], therefore we initially evalu-
ated two plasmids for stable overexpression of miRNAs
in CHO-K1 production cells to facilitate efficient con-
trol of the model readout mAb fucosylation (Figure 1A).
While the pcDNA6.2-GW/EmGFP-miR plasmid allows
cloning of a mature miRNA sequence of choice, this sys-
tem also enables the expression of any miRNA sequence
of choice and cloning of multiple copies of miRNA inserts
(Figure 1B). In contrast, the second plasmid system pEGP-
miR allows cloning of a native miRNA including its
genomic context, that is, the native flanking regions of the
respective miRNA into the human $-globin intron in front
of GFP. However, the latter system is limited as it allows
only cloning of one copy of the miRNA of choice and,
additionally, a genomic template of the miRNA must be
available.

Our recently published work identified several miRNAs,
which after transient transfection decreased mAb fuco-
sylation in CHO cells by regulating key enzymes in the
fucosylation pathway [37]. A set of candidate miRNAs,
which all reduced the respective target gene expression
and protein fucosylation after transient transfection into
CHO production cells, was selected (Figure 1C). For
the initial evaluation of expression systems, miR-34a-
5p targeting FUTS8 (0.99-fold fucosylation and 0.72-fold
target regulation) and miR-3096b-5p targeting FUK (0.2-
fold fucosylation and 0.74-fold target regulation) were
cloned as single copies into both expression plasmid sys-
tems to cover one strong and one weak fucosylation
regulator and two different target enzymes. Addition-
ally, two miRNAs targeting FUTS8, miR-3062-3p (0.32-fold
fucosylation and 0.44-fold target regulation) and miR-
669h-5p (0.41-fold fucosylation and 0.29-fold target reg-
ulation), were used for later validation experiments. A
CHO-K1 cell line producing an IgGl-type mAb obtained
from Rentschler Biopharma [67] was transiently trans-
fected with the resulting pcDNA6.2-GW/EmGFP-miR-
34a-5p and 6.2-GW/EmGFP-miR-3096b-5p plasmids or
the pEGP-miR-34a-5p and pEGP-miR-3096b-5p plasmids.
Cells transfected with the respective plasmids carrying
a nontargeting miRNA sequence served as reference
(mock). MiRNA overexpression in CHO cells was ana-
lyzed 48 h after transfection via qPCR and revealed a
significantly higher miRNA expression with pcDNA6.2-
GW/EmGFP-miR (4513-fold for miR-34a-5p and 100-fold
for miR3096b-5p) than with pEGP-miR (306-fold for miR-
34a-5p and 70-fold for miR-3096b-5p) for both miRNAs
(Figure 1D). Therefore, the pcDNA6.2-GW/EmGFP-miR
plasmid was used for all further experiments and for
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FIGURE 1 Plasmid system comparison for stable microRNA (miRNA) overexpression in Chinese hamster ovary (CHO) cells. (A)
Schematic representation of the tested plasmid systems. The pcDNA6.2-GW/EmGFP-miR plasmid harbors a mature miRNA sequence of
choice in miR-155 flanking regions, which are located in the 3’untranslated region (3’UTR) of the green fluorescence protein (GFP). The
PEGP-miR plasmid incorporates a miRNA amplified with its genomic context from a reference genome into a human g-globin intron in front
of a GFP reporter. Created with BioRender.com. (B) Simplified schematic overview of the pcDNA6.2-GW/EmGFP-miR cloning system
allowing chaining of multiple miRNAs of the same or different origin. A combination of BglII/Xhol restriction sites is used to obtain the
backbone and BamHI/Xhol to obtain the insert sequence. Created with BioRender.com. (C) Previous results from our work [37] were used as
a starting point for stable miRNA expression. Relative quantification of target mRNA expression (blue) 48 h after transient miRNA mimic
transfection in comparison to nontargeting control siRNA (NT) transfection by quantitative reverse transcription polymerase chain reaction
(qPCR) analysis. Analysis of mAb fucosylation in the supernatant (orange) 72 h after the same transfection compared to NT. Target genes are
fucosyltransferase 8 (FUT8) for miR-3062-3p, miR-669h-5p and miR-34a-5p as well as fucokinase (FUK) for miR-3096b-5p. QPCR data are
presented as calculated x-fold change normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping control and relative
to NT (n = 3 biological replicates, mean + SD). Data for mAb fucosylation is presented as calculated normalized relative shares for every
glycoform (n = 3 biological replicates, mean + SD). (D) Comparison of mature miRNA overexpression after transient plasmid transfection of
pcDNA6.2-GW/EmGFP-miR-3096b-5p, pcDNA6.2-GW/EmGFP-miR-34a-5p, pEGP-miR-3096b-5p and pEGP-miR-34a-5p into mAb producing
CHO cells. MiRNA overexpression was assayed 48 h after transfection via qPCR. QPCR data are presented as calculated x-fold change
normalized to mmu-U6-snRNA housekeeping control and relative to mock (n = 3 biological replicates, mean + SD). Significance was tested
by ordinary one-way ANOVA with Tukey’s multiple comparisons test (**** = p < 0.0001; ***: p < 0.001; **: p < 0.01; *: p < 0.05; ns: p > 0.05).
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cloning of miR-3062-3p and miR-669h-5p to maximize
miRNA overexpression.

3.2 | Comparison of transient and stable
miRNA overexpression systems

As stable overexpression of modulatory miRNAs is manda-
tory for a potential industrial application, effects generated
by transient transfection of miRNAs were compared to
those obtained by stable overexpression of these miRNAs.
Therefore, miRNA overexpression levels, target regula-
tion, and phenotypic changes in mAb fucosylation were
analyzed for transient miRNA mimic transfection, tran-
sient plasmid transfection, as well as stable plasmid
transfection. Cells were transiently transfected with miR-
34a-5p, miR-3096b-5p, miR-3062-3p mimics or pcDNAG6.2-
GW/EmGFP-miR containing a single copy of either of
these miRNAs. Additionally, the same plasmid transfec-
tion was performed with subsequent antibiotic selection to
generate stable CHO cell pools. GFP expression and mAb
fucosylation were monitored for selected cell pools every
2-3 days to ensure stable integration of the plasmid (Figure
2A-C). Mimic-based transient transfections showed con-
sistently higher expression levels for mature miRNAs
miR-34a-5p (~36,000-fold), miR-3096b-5p (~13,000-fold)
and miR-3062-3p (~12,000-fold), followed by transient
plasmid-based transfections with 4513-fold for miR-34a-5p,
100-fold for miR-3096b-5p and 3005-fold for miR-3062-3p,
compared to mock pools. The stable miRNA expressing
cell pools reached considerably lower expression levels
for these miRNAs by 120-fold (miR-34a-5p), 10-fold (miR-
3096b-5p) and 50-fold (miR-3062-3p) (Figure 2A). The
phenotypic effect of afucosylation of the secreted mAb was
evaluated via mass spectrometry (Figure 2B). While cells
transfected with miR-34a-5p and miR-3062-3p reached the
same low degree of fucosylation (~0.5-fold), independent
of the mode of transfection, cells transfected with miR-
3096b-5p displayed a significant loss of effect for the stable
plasmid-based approach (stable plasmid fucosylation 0.64-
fold, transient mimic fucosylation 0.40-fold). Analysis of
the down-regulation of the respective target genes for
the miRNAs miR-34a-5p, miR-3062-3p, and miR-3096b-5p
revealed the weakest regulation of their respective tar-
gets FUT8 and FUK (0.71-fold to 0.64-fold) for the stable
cell pools, followed by the transient plasmid transfections
(0.59-fold to 0.50-fold) and the transient mimic transfec-
tions (0.49-fold to 0.43-fold) (Figure 2C). As a discrepancy
in afucosylation between transiently transfected and sta-
ble CHO cell pools was observed for miR-3096b-5p, this
miRNA was chosen as an adequate model for expres-
sion optimization, using mAb afucosylation as a relevant
readout for biosimilar production.

3.3 | Single cell cloning only yields a few
slightly improved clones

One of the currently used standard methods in industrial
cell line development is single cell cloning, which should
minimize genetic heterogeneity in the cell population and
provide the opportunity to select high expressing cell lines
with the most desirable phenotype. Therefore, we eval-
uated whether single cell cloning of the stable miRNA
expressing cell pool of our model miR-3096b-5p would
enable the generation of cell clones with higher mAb afu-
cosylation capacity, compared to the established cell pools.
Single cell cloning resulted in 23 clonal cell lines (Figure 3).
GFP expression showed broad distributions with a major-
ity of 16 cell lines consisting of cell populations with a very
high percentage (close to 100%) of GFP expressing cells
(Figure 3A), indicating a high degree of stable and active
integration of the plasmid harboring the miRNA. How-
ever, only cell lines 1 and 2 showed significantly lowered
degrees of fucosylation compared to the cell pool with 0.67-
fold and 0.75-fold and an overexpression of mature miRNA
similar to the pool with ~10-fold (Figure S3A), respec-
tively. The majority of cell lines expressing this miRNA
displayed similar or even increased degrees of fucosylation
(Figure 3B). A trend towards a correlation between tar-
get repression and the degree of fucosylation was observed
for single cell clones, but no cell clone with significantly
stronger FUK regulation was identified when compared
to the cell pool (Figure 3C). Regarding process perfor-
mance, productivity was overall negatively influenced by
single cell cloning, as most clones except clone 9 and 16
showed lower titers compared to the pool in a 6-day batch
experiment (<1-fold) (Figure 3D). Many clones displayed
poor growth (Figure 3E), while viability was generally not
affected (Figure 3F). Overall, single cell cloning of our
model miR-3096b-5p did not provide a suitable option to
reliably improve the cellular phenotype.

3.4 | Chaining of miRNAs reliably
increased effect strength

It was previously shown that chaining of miRNAs can
improve product titer [6, 19] and miRNA overexpres-
sion [23]. Therefore, we evaluated the option to chain
several miRNAs within the pcDNA6.2-GW/EmGFP-miR
system to increase mAb afucosylation. To achieve this,
the pcDNA6.2-GW/EmGFP-miR plasmids containing the
model miR-3096b-5p and the reference miR-34a-5p were
further modified to contain two or four copies of the
respective miRNA per plasmid (Figure 1B). After stable
integration into CHO production cells, miRNA overexpres-
sion, target gene regulation, and mAB fucosylation were
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FIGURE 2 Comparison of transient miRNA mimic transfection, transient plasmid transfection, and stable plasmid transfection in
Chinese hamster ovary (CHO) cells for the three example miRNAs miR-34a-5p, miR-3096b-5p and miR-3062-3p. For all plasmid-based
transfections, the pcDNA6.2-GW/EmGFP-miR system was used. (A) Overexpression of mature miRNA. Transient miRNA mimic and
plasmid transfection were assayed 48 h after transfection, stable plasmid transfection after cells completed antibiotic selection. Quantitative
reverse transcription polymerase chain reaction (QPCR) data are presented as calculated x-fold change normalized to mmu-U6-snRNA
housekeeping control and relative to nontargeting control siRNA (NT) for miRNA mimics or mock for plasmid transfections (n = 3 biological
replicates, mean + SD). (B) Analysis of monoclonal antibody (mAb) fucosylation in the supernatant compared to NT or mock. Data for mAb
fucosylation is presented as calculated normalized relative shares for every glycoform (n = 3 biological replicates, mean + SD). (C) Target

regulation after transient transfection of miRNA mimics and plasmids or stable plasmid transfection assayed 48 h after transfection, or as

soon as cells got stable. Target genes were fucosyltransferase 8 (FUT8) for miR-34a-5p and miR-3062-3p or fucokinase (FUK) for

miR-3096b-5p. QPCR data are presented as calculated x-fold change normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

housekeeping control and relative to NT or mock (n = 3 biological replicates, mean + SD). Significance was tested by ordinary one-way
ANOVA with Tukey’s multiple comparisons test (**** = p < 0.0001; ***: p < 0.001; **: p < 0.01; *: p < 0.05; ns: p > 0.05).

determined and compared to the values obtained with the
respective stable cell pool containing single copy plasmids.
For both miRNAs a significant increase in overexpres-
sion was observable when introducing multiple copies
of miRNAs (Figure 4A). Stable overexpression of miR-
34a-5p could be increased from 120-fold (single copy) to
298-fold (two copies) and 350-fold (four copies). Regard-
ing miR-3096b-5p, the resulting overexpression could be
elevated from 10-fold (single copy) to 38-fold (two copies)
and 45-fold (four copies). All copy numbers of miR-34a-5p
resulted in the same degree of fucosylation with ~0.5-fold
(Figure 4B). In contrast, the stable cell pools containing
miR-3096b-5p secreted mABs with fucosylation levels cor-
relating to the overexpression and target regulation with
0.64-fold (single copy) to 0.55-fold (two copies) and 0.38-
fold (four copies). Both miRNAs showed a stronger target
regulation capacity when more than one miRNA copy was
used (Figure 4C). For miR-34a-5p, regulation of its target

FUTS could be improved from 0.64-fold (single copy) to
0.37-fold (two copies) and 0.35-fold (four copies). Stable
expression of the plasmid containing miR-3096b-5p, reg-
ulating FUK, also led to an enhanced regulation when
multiple copies of the miRNA were integrated, from 0.68-
fold (single copy) to 0.28-fold (two copies) and 0.26-fold
(four copies). For all investigated copy numbers of both
miRNAs, none of the analyzed process parameters was
negatively influenced, as mAB titer (Figure 4D), viable cell
concentration (Figure 4E), and viability (Figure 4F) were
not significantly altered during a 6-day batch culture.

3.5 | AmiRNA implementation as
improved engineering tool

In addition to single cell cloning and chaining of miRNAs,
which aimed towards an enhancement of native miRNA
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FIGURE 3 Single cell cloning of stable miR-3096b-5p pool cloned in the pcDNA6.2-GW/EmGFP-miR. (A) Comparison of percentage of

cells exhibiting green fluorescence protein (GFP) signal of 23 clonal cell lines to the cell pool assayed via flow cytometry. (B) Fucosylation of
secreted monoclonal antibody (mAb). Data for mAb fucosylation are presented as calculated normalized relative shares for every glycoform
and relative to the miR-3096b-5p expressing cell pool (n = 3 biological replicates, mean + SD). (C) Gene regulation of fucokinase (FUK) by
miR-3096b-5p in all 23 clonal cell lines. Quantitative reverse transcription polymerase chain reaction (QPCR) data are presented as calculated
x-fold change normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping control and relative to the miR-3096b-5p
expressing cell pool (n = 3 biological replicates, mean + SD). (D) Titer analysis of single cell clones assayed via protein A chromatography in a
6-day batch experiment relative to the miR-3096b-5p expressing cell pool (n = 3 biological replicates, mean + SD). (E) Viable cell density
measured via trypan blue exclusion in a 6-day batch experiment relative to the miR-3096b-5p expressing cell pool (n = 3 biological replicates,
mean + SD). (F) Measurement of viability via trypan blue exclusion in a 6-day batch experiment relative to the miR-3096b-5p expressing cell
pool (n = 3 biological replicates, mean + SD). Significance was tested by ordinary one-way ANOVA with Tukey’s multiple comparisons test
(**** = p < 0.0001; ***: p < 0.001; **: p < 0.01; *: p < 0.05; ns: p > 0.05).

expression, we explored a third approach to implement
miRNAs as engineering tools using artificial molecules.
AmiRNAs, which we recently described as improved vari-
ants of their native counterparts in transient experiments,
were here tested for their suitability for stable integra-
tion (Figure 5A) [37]. Therefore, best regulating amiRs
of the previously described miR-34a-5p (Figure 5B-F)
and miR-669h-5p (Figure 5B-F), were cloned into the
expression plasmid pcDNA6.2-GW/EmGFP-miR and sta-
bly integrated into CHO production cells. AmiR variants

of miR-3096b-5p were not chosen due to metabolic shifts
observed in our previous work. Subsequently, the result-
ing mAb fucosylation was determined and compared to
the fucosylation level obtained in transient transfections
of the respective mimics (Figure 5B). The two artificial
variants amiR-34a-1 and amiR-34a-2 induced strong afu-
cosylation after transient transfection (0.43-fold and 0.37-
fold remaining fucosylation, respectively). However, when
integrated stably into the genome, an even lower degree
of fucosylation (0.19-fold for both) was observed. While
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miRNA were tested. (A) Level of mature miRNA in stably overexpressing Chinese hamster ovary (CHO) cell pools. QPCR data are presented
as calculated x-fold change normalized to mmu-U6-snRNA housekeeping control and relative to mock (n = 3 biological replicates, mean +
SD). (B) Analysis of fucosylation on the secreted monoclonal antibody (mAb) via mass spectrometry. Data are presented as calculated
normalized relative shares for every glycoform and relative to mock (n = 3 biological replicates, mean + SD). (C) Regulation of target genes
fucosyltransferase 8 (FUTS8) for miR-34a-5p or fucokinase (FUK) for miR-3096b-5p expressing cell pools assayed via qPCR. Data are presented
as calculated x-fold change normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping control and relative to mock
(n = 3 biological replicates, mean + SD). (D) Titer analysis of single and chained copy plasmids assayed via protein A chromatography in a
6-day batch experiment relative to mock (n = 3 biological replicates, mean + SD). (E) Viable cell density was assayed via trypan blue exclusion
in a 6-day batch experiment and calculated relative to mock (n = 3 biological replicates, mean + SD). (F) Viability measurement via trypan

blue exclusion in a 6-day batch experiment relative to mock (n = 3 biological replicates, mean + SD). Significance was tested by ordinary
one-way ANOVA with Tukey’s multiple comparisons test (**** = p < 0.0001; ***: p < 0.001; **: p < 0.01; *: p < 0.05; ns: p > 0.05).

low fucosylation was obtained with the second miRNA
miR-669h-5p after transient transfection (0.41-fold), stable
integration of this miRNA caused an increase in fucosy-
lation (0.69-fold). Its artificial variant lost afucosylation
capacity to some degree (0.60-fold) after transient trans-
fection. However, after stable transfection of this amiRNA,
strongly decreased fucosylation (0.43-fold) was observed.
All miRNAs and their amiRNA variants target FUT8
and regulation analysis via qPCR revealed a downregula-

tion correlating strongly with the degree of fucosylation
(Figure 5C). For all cell pools with stably integrated amiR-
NAs, analysis of mAb titers obtained in a 6-day batch
showed no adverse effects on productivity. The two sta-
bly integrated amiR variants of miR-34a-5p even increased
the titer significantly to 1.2-fold (Figure 5D). Viable cell
concentration (Figure 5E) and viability (Figure 5F) were
also not negatively influenced by stable integration of the
miR-34a-5p amiRs. However, transient experiments with
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native miR-669h-5p resulted in poorly growing cells cou-
pled with an adverse effect of lowered cellular viability
[37]. Its artificial variant amiR-669h-5p-1 was designed to
abolish the adverse effect of decreased viability, which was
observed in transient experiments. After stable integration
of this amiRNA, normal cell growth and viability coupled
with low fucosylation were achieved, demonstrating the
potential of amiRNAs to eliminate unfavorable side effects
associated with the respective natural miRNAs.

3.6 |
pools

Metabolite analysis of stable cell

In order to better understand the effects of miRNA overex-
pression on the metabolic state of the cells, we analyzed the
levels of metabolic precursor molecules involved in fucosy-
lation in selected cell pools expressing single and chained
miRNAs. Therefore, a small-scale metabolite analysis of
selected sugar precursors was conducted. In addition to
the mock control containing a plasmid with a nontargeting
miRNA, a positive control was introduced in this exper-
iment by cloning a published FUT8 siRNA [27] into the
plasmid, followed by stable integration into CHO cells.
This positive control showed a strong afucosylation effect
(0.12-fold remaining fucosylation) on the mAb and a very
strong regulatory effect on FUT8 (0.09-fold gene expres-
sion) compared to the mock (Figure 6A). The metabolic
level of the hexose phosphates glucose-1-phosphate (Glc-1-
P), fructose-1-phosphate (Fru-1-P), galactose-1-phosphate
(Gal-1-P), mannose-1-phosphate (Man-1-P) and hexose D-
mannose (D-Man), D-glucose (D-Glc), and D-galactose
(D-Gal) were chosen as relevant metabolites (Figure 6B).

in Life Sciences

A PCA was performed with the data obtained for the
described metabolites. 95.1% of the variation could be
explained by PC1 and PC2 (Figure 6C,D). On PCl, the
CHO cell pool expressing 2 x miR-34a-5p appeared clus-
tered to FUT8 siRNA expressing cells (Figure 6C) in the
score plot. Cells expressing 2 x miR-3096b-5p or miR-34a-
5p clustered closely with the mock control. MiR-3096b-5p
expressing CHO pools clustered with none of the pools
mentioned above. PC2 could resolve differences between
the cell pools containing single or chained miRNA plas-
mids by a shift towards the positive area of PC2 for chained
plasmids (Figure 6C). It appeared furthermore, that PC2
explained the degree of phosphorylation for the selected
metabolites, as nonphosphorylated sugars were found in
the negative area and phosphorylated in the positive area
of the loading plot (Figure 6D). The cells expressing the
chained 2 x miR-34a-5p plasmid or FUT8 siRNA showed
a higher loading on Gal-1-P/Man-1-P and miR-3096b-5p
expressing cells showed a higher loading on D-Gal and
D-Man/D-Glc (Figure 6D).

4 | DISCUSSION

The initial comparison of the two commercially available
plasmid systems enabled us to identify pcDNAG6.2-
GW/EmGFP-miR as the more suitable system for stable
miRNA overexpression. Different expression levels of
miRNAs from plasmids containing a spacer between the
promoter and the miRNA were already observed previ-
ously. Consequently, using GFP as a rather long spacer
sequence similar to the pcDNAG6.2 plasmid, the strongest
effect of miRNA-mediated regulation was observed [60].

FIGURE 5

Implementation of stable artificial miRNA (amiR/amiRNA) expression in Chinese hamster ovary (CHO) cells using the

pcDNAG6.2-GW/EmGFP-miR plasmid system. AmiRNAs for stable expression were chosen based on our recent results and data presented in
green is based on these transient results [37] (A) Schematic representation of the (a)miRNA-mRNA duplex for miR-34a-5p, amiR-34a-1,
amiR-34a-2, miR-669h-5p and amiR-669h-1 and fucosyltransferase 8 (FUT8) from our previous results and their respective regulation on the
fucosylation of a secreted monoclonal antibody (mAb) after transient transfection. Fucosylation data are presented as calculated normalized
relative shares for every glycoform and relative to nontargeting control siRNA (NT) (n = 3 biological replicates, mean + SD). (B) Regulation of

mAb fucosylation after transient mimic and stable plasmid transfection of amiRNAs and their native counterparts. Transient data were

determined 72 h post transfection and stable data, as cell pools completed the antibiotic selection process. Data are presented as calculated

normalized relative shares for every glycoform and relative to NT for mimic transfections or mock for stable integration (n = 3 biological
replicates, mean + SD). (C) Regulation of the target genes fucosyltransferase 8 (FUTS8) for miR-34a-5p, miR-669h-5p, and their artificial
variants (amiRs) expressing cell pools and transient transfections of respective miRNA mimics assayed via quantitative reverse transcription

polymerase chain reaction (qQPCR). Data are presented as calculated x-fold change normalized to glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) housekeeping control and relative to mock (n = 3 biological replicates, mean + SD). (D) Titer analysis of transiently transfected

amiRNA mimics and their native counterparts 72 h post transfection and stable plasmid based integration in a 6-day batch experiment. MAb
Titer was measured via protein A chromatography relative to NT or mock (n = 3 biological replicates, mean + SD). (E) Viable cell density
determined via trypan blue exclusion. For transient mimic transfection, cell density was determined 72 h post transfection, stable cell lines

were assayed after a 6-day batch experiment. X-fold changes are calculated relative to NT or mock (n = 3 biological replicates, mean + SD).

(F) Viability of CHO cells 72 h post transient transfection with amiRNAs and their native counterparts and during a 6-day batch experiment of

stably expressing cell pools. Viability is calculated relative to NT or mock (n = 3 biological replicates, mean + SD). Significance was tested by
ordinary one-way ANOVA with Tukey’s multiple comparisons test (**** = p < 0.0001; ***: p < 0.001; **: p < 0.01; *: p < 0.05; ns: p > 0.05).
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FIGURE 6 Metabolite analysis of selected stable cell pools. (A) Establishment of a positive control for metabolite analysis. A

fucosyltransferase 8 targeting small interfering RNA (FUT8 siRNA) was stably expressed in Chinese hamster ovary (CHO) production cells.
Fucosylation on the secreted monoclonal antibody (mAb) was measured via mass spectrometry. Data are presented as calculated normalized
relative shares for every glycoform and relative to mock (n = 3 biological replicates, mean + SD). Regulation of the target gene FUT8 was
assayed via quantitative reverse transcription polymerase chain reaction (QPCR). Data is presented as calculated x-fold change normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping control and relative to mock (n = 3 biological replicates, mean + SD).
Significance was tested by ordinary one-way ANOVA with Tukey’s multiple comparisons test (**** = p < 0.0001; ***: p < 0.001; **: p < 0.01; *:
p <0.05; ns: p > 0.05). (B) Simplified representation of the interconversion of the analysed sugars and sugar phosphates in CHO production
cells leading to mAb fucosylation. Bold names are metabolites, which are represented in the principal component analysis (PCA), italic
names are metabolites shown for schematic overview that were not assayed in the metabolite analysis. Metabolites are as follows: D-galactose

(D-Gal), galactose-1-phosphate (Gal-1-P), glucose-1-phosphate (Glc-1-P), D-glucose (D-Glc), fructose-1-phosphate (Fru-1-P),
mannose-6-phosphate (Man-6-P), D-mannose (D-Man), mannose-1-phosphate (Man-1-P), GDP-fucose (GDP-Fuc). Created with
BioRender.com. (C) Score plot of the PCA from the metabolite analysis in stably expressing CHO cell pools. (D) Loading plot from the PCA

with the loading of the selected metabolites.

Differences between transiently transfected miRNA
mimics and plasmid based stable miRNA expression were
observed in previous studies for readouts like miRNA
overexpression [23] or productivity [19, 20]. Previous
studies also showed a random distribution of phenotypes
(productivity, product quality, growth) when subcloning
engineered CHO cell lines [72, 73] or nonproducing cell
lines [74, 75] due to the plasticity of the CHO genome, sim-
ilar to the heterogeneous results we obtained in single cell
cloning. Assingle cell cloning did not eliminate population
heterogeneity, the possibility to integrate more miRNA
copies per plasmid by chaining thereby increasing the
mean effect in the stable pool was evaluated. It appeared
that miRNA chains longer than one miRNA trigger a

strong increase in overexpression in CHO cells similar to
earlier findings [23], target regulation [61], or resulting
phenotypic effects like productivity [6, 19] compared to sin-
gle miRNAs. Naturally, miRNAs can occur in functional
clusters either with their own promoter or in an intron
using the promoter of the respective gene [76]. Apart from
clustering of different miRNAs, duplication of the same
miRNA is a major reason for creating efficient and evolu-
tionarily conserved miRNA clusters, similar to the chained
miRNAs presented here [77-79]. In addition to chaining
multiple miRNA copies, the applicability of amiRNAs
to modulate fucosylation without inducing adverse side
effects was shown. Using amiRNA variants of miR-34a-5p,
which is a known FUTS8 regulator in human tumour cells
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[80, 81], we could adjust the stable afucosylation effect of
the native miRNA. Our results with stable expression of
amiRNAs also demonstrate the option to make otherwise
unfavourable miRNAs usable for bioprocessing, as the
natural variant of miR-669h-5p decreased viability in
transient experiments [37], while our artificial variant
of this miRNA did not show this detrimental side effect.
Lastly, our study aimed to investigate possible changes in
metabolite levels as a response to miRNA-mediated regu-
lation in a small-scale metabolome analysis. Generally, all
tested cell lines showed a very similar profile of the tested
metabolites, leading to the conclusion that the stably over-
expressed miRNAs did not change the tested metabolome
in a substantial way. The analysis revealed a fractionation
of the data in the PCA into nonphosphorylated (negative
PC2) and phosphorylated precursors (positive PC2). These
sugars and sugar phosphates are direct precursors of the
fucosylation pathway and might accumulate upon down-
regulation of FUK or FUTS. A shift in the score plot for
cells expressing 2 x miR-34a-5p towards the FUT8 siRNA
was observed, in contrast to the cells expressing only one
copy of this miRNA. As the siRNA and miR-34a-5p both
target and regulate FUTS, this might lead to similar subtle
metabolic changes. On the contrary, the expression of the
chained 2 x miR-3096b-5p plasmid led to a shift of the
cells towards the mock cells, which would indicate more
balanced and favourable levels of the selected metabolites.
Generally, the observed metabolic shifts were subtle, and
little is known about potential feedback loops concerning
the whole glycosylation machinery. Summarized, our find-
ings demonstrate the usability of miRNAs to induce stable
gene regulation and fine-tune phenotypic changes. For the
purpose of biosimilar production, where new methods are
needed to obtain the properties of the originator, chaining
of miRNAs or the application of designed amiRNAs repre-
sents a promising new perspective. These methods enable
a fine-tuning of specific target genes leading to a more
precise regulation of phenotypes, as we demonstrated here
using the example of mAb fucosylation. However, further
studies need to be conducted to conclusively decide
whether increase of overexpression by miRNA chaining or
development of more efficient amiRNAs based on native
miRNAs should be the method of choice for a successful
application of the miRNA technology.
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