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ARTICLE INFO ABSTRACT

Keywords: Within the biopharmaceutical industry, the cell line development (CLD) process generates recombinant
NGS mammalian cell lines for the expression of therapeutic proteins. Analytical methods for the extensive charac-
RNA-seq terisation of the protein product are well established; however, over recent years, next-generation sequencing
?:ﬁ;ii?pmmics (NGS) technologies have rapidly become an integral part of the CLD workflow. NGS can be used for different
Multiomics applications to characterise the genome, epigenome and transcriptome of cell lines. The resulting extensive
Gol datasets, especially when integrated with systems biology models, can give comprehensive insights that can be
SNVs applied to optimize cell lines, media, and fermentation processes. NGS also provides comprehensive methods to

monitor genetic variability during CLD. High coverage NGS experiments can indeed be used to ensure the
integrity of plasmids, identify integration sites, and verify monoclonality of the cell lines. This review summarises
the role of NGS in advancing biopharmaceutical production to ensure safety and efficacy of therapeutic proteins.

A cell line development (CLD) campaign is the process used to
establish a recombinant mammalian cell line suitable for the manufac-
ture of a therapeutic protein. It starts with the transfection of a host cell
line with a plasmid containing one or more genes of interest (GOIs),
encoding the therapeutic protein sequences and a selectable marker [1].
The plasmid DNA is incorporated into the host cell chromosomes
through either random, or site-specific integration. Cells with one or
more integrated copies of the plasmid are selected by growth in a me-
dium containing a selective agent for the marker gene. The resulting
transfectants should also express the linked GOIs encoding the thera-
peutic protein polypeptides. An increased concentration of the selective
agents for marker genes, such as dihydrofolate reductase (DHFR) and
glutamine synthetase (GS), can be used as a gene amplification strategy
to increase the copy number of marker genes, thereby increasing the
copy number and expression of the linked GOIs and generating more
productive cell lines [2-4]. Alternatively, transposon-based strategies
can be used to generate highly productive cell lines without the need for
time consuming amplification steps [5,6]. To isolate high yielding
clonally derived cell lines that meet regulatory requirements, trans-
fectant cells undergo a round of cell cloning where cell lines are isolated
from a single progenitor cell and then screened to assess productivity.
Clonal cell lines expressing high titers of recombinant protein are chosen
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for progressive expansion and further evaluation of characteristics, such
as the production stability of the clone (i.e. maintenance of high levels of
product expression over successive generations) and the quality of the
recombinant protein, before cell banking.

The majority of approved biotherapeutic proteins are expressed in
mammalian cells, with Chinese hamster ovary (CHO) cells being the
predominant host cell line [7]. The first CHO cell line was isolated in
1957 [8], and several different lineages, including CHO-K1, CHO-S,
DUXB11, and DG44, were subsequently derived [9,10].

CHO cell lines are an attractive host as they can express high levels of
recombinant proteins with human-like folding and post-translational
modification patterns and can be scaled up in suspension for
manufacturing in large-scale bioreactors [11,12]. However, the high
productivity and versatility of CHO cells comes with genome plasticity
and an error-prone DNA replication system [13] that is typical of
immortalised cell lines. This results in chromosomal heterogeneity of the
cell line populations, with cells having different complements of
abnormal chromosome rearrangements and numbers [14].

The random integration of the expression plasmid at different CHO
genomic loci can result in unwanted structural rearrangements affecting
both the plasmid and host genome. Moreover, due to the inherent ge-
netic instability of the CHO cell host, one or multiple copies of the GOI
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can be lost [15] or can accumulate variants in a subpopulation of a
clonal cell line [16], affecting purity, titer, and quality of the final
product, with subsequent effects on manufacturing and drug supply
[17]. Mutations can also spontaneously occur in the host genes involved
in protein post-translational modifications, such as those encoding
glycosylation enzymes, and they can hence impact the product quality
[18].

Next-generation sequencing (NGS) is a technology based on the high-
throughput sequencing of DNA and RNA fragments and can be used to
monitor different cell line characteristics during the steps of a CLD
campaign (Fig. 1). Parallel sequencing of thousands of fragments is su-
perior in coverage, sensitivity, quality, and data output [19-21]
compared with traditional Sanger sequencing analyses. Several NGS
chemistries are used to characterize fragments of different lengths
[22-24]. In this review, we use ‘short-read technologies’ to refer to
[lumina or Ion Torrent platforms and ‘long-read technologies’ to refer to
Oxford Nanopore Technologies (ONT) or Pacific Bioscience (PacBio)
platforms.

NGS is a very powerful tool that can be deployed to monitor cell line
quality during the CLD process and can also provide increased molecular
understanding of CHO cell lines and cell culture processes, helping to
build foundations for rational engineering strategies to continue to
improve the performance of CHO cell systems. In this review, we sum-
marise the applications of NGS in four main sections: 1) characterization
of the host or clone genome; 2) RNA-seq analysis to characterize the
host, clone, and culture process transcriptomes; 3) RNA-seq applications
to detect variants in the GOI; 4) host, clone, and culture process epi-
genomic characterization. NGS can also be used to detect adventitious
agents that can potentially infect CHO cells. Testing of the
manufacturing cell banks of the production cell lines for these adven-
titious agents is a mandatory regulatory requirement to safeguard pa-
tients. NGS is now replacing animal-based viral safety testing methods,
as encouraged in the recent revision to the ICH Q5A viral safety guid-
ance [25]. As this topic has already been covered by several publications
[26-31], it will not be discussed further in this review.

1. Characterization of the host or clone genome

The genome refers to the complete set of DNA of an organism. It
includes protein-coding and non-protein-coding genes, intergenic re-
gions, and specifies all the instructions necessary for an individual to
develop, function, and reproduce. High-quality genome references of
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Chinese hamster [32,33] CHO-K1 [34] and CHOZN [35] are funda-
mental for transcriptome and genome analysis of CHO cell lines. These
resources build upon data, insights, and methodologies developed in
previous studies [36,37] and make the detection of single nucleotide
variants (SNVs) in cell lines both feasible and straightforward [38,39],
facilitating the consequent selection of cell lines with desired genetic
traits [40]. Whole genome characterization is a very data-rich assay that
can discover important features of a given host or clone, but it is not
typically performed during a CLD campaign. In fact, the primary focus is
on the sequence verification of the plasmid prior to transfection, the
detection of the plasmid integration sites in the CHO genome after cell
cloning, and the assessment of the integrity of the GOIs and their asso-
ciated regulatory regions, along with clonality verification in the sub-
sequent steps of the CLD campaign. The verification of the sequences of
the GOIs on the plasmid used for transfection is an important require-
ment and can be generated using capillary-based Sanger sequencing
with sets of primers specifically designed for each plasmid. The advent
of long-read-based methods has made it possible to speed up and reduce
the cost of this process [41-43]. The integration of the plasmid into the
host genome, which occurs following transfection and selection, can
result in plasmid sequence concatemers and truncated and inverted re-
peats. For this reason, it is very important to monitor plasmid integrity
and sequence identity. Cartwright et al. used PacBio single-molecule
real-time technology to sequence amplimers of the plasmid before
transfection and in stably transfected CHO cells at early and late gen-
erations. The study confirmed the genetic plasticity of the immortalized
cell lines, reporting several low-frequency variants not identified in the
plasmid before transfection, in one-third of the assessed samples [44],
highlighting the potential for point mutations to impact recombinant
gene sequences.

Paired-end short reads derived from RNA-seq or DNA-seq experi-
ments of a recombinant cell line can also be specifically analysed to
identify integration sites [45]. Enrichment strategies such as targeted
locus amplification (TLA) or Cas-9 enrichment can be used with NGS to
characterize the integrated plasmids and their surrounding regions,
delivering a greater breadth of information than an amplicon-seq
approach and being at the same time quicker and lower-cost than
high-coverage genome sequencing. TLA is a cross-linking-based tech-
nique that generates complex DNA libraries, covering more than 100
kilobases surrounding a specific sequence [46,47]. In combination with
NGS, this technique enables the complete sequencing and haplotyping of
targeted regions of interest and is suitable for integration site
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Fig. 1. This overview of cell line development (CLD) procedures highlights where next-generation sequencing (NGS) techniques can be applied throughout

the process.
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identification [48,49]. Cas9 is a component of the bacterial clustered
regularly interspaced short palindromic repeats (CRISPR) system and
can be used for targeted enrichment of specific genomic regions fol-
lowed by long-read sequencing [50-52]. Owing to the length of the
fragments, this approach results in more detailed information on the
copy number, orientation, and structure of transgenes integrated into
the same locus, which is otherwise difficult to infer with short-read
sequencing. Where non-site-specific integration methods are used for
cell line development, the integration sites, derived by the TLA/NGS or
by the long-read sequencing experiments, are ‘molecular fingerprints’
univocally associated with an individual clonal cell line. Hence, inte-
gration site sequences can be used to verify the clonal origin of a cell line
by using specifically designed qPCR primers to assess the integration
sites of a defined number of subclones derived from the clone [53].
Clonality assurance can also be inferred by the statistical analysis of
single-nucleotide variants derived by whole-genome sequencing char-
acterizations. Khun et al. demonstrated that the most specific SNVs fixed
in a clonally-derived cell line can be used to confirm clonal derivation of
a cell line with high confidence and to quantify the clonal fractions
present in non-clonal samples [54].

As with other mammalian cells, some genetic information related to
mitochondrial function, including oxidative phosphorylation, is enco-
ded by the mitochondrial genome in CHO cells. An analysis by Kelly
et al. [55] revealed widespread mitochondrial DNA heteroplasmy in a
panel of 22 CHO cell lines, in which 197 variants were identified with an
allele frequency between 1 % and 99 %. Interestingly, loss-of-function
mutations have been found with different frequencies among clones,
suggesting a phenotypic effect of the mtDNA variation and providing a
justification for the metabolic variability frequently observed in
extended fed-batch cell culture [56].

The knowledge of the CHO genome and its annotation [57] provides
the foundations for important CHO technology initiatives, such as the
development of a genome-reduced CHO host [58] or the whole-genome
CRISPR-based functional assays [35], aimed at developing the
next-generation of CHO cell factories. Similarly, multiple genomic
studies have been geared towards identifying expression hotspots suit-
able for targeted integration [59-61].

2. RNA-seq analysis to characterize the host, clone, and culture
process transcriptomes

The transcriptome refers to the complete set of RNA transcripts
produced by an organism at a given time and under specific conditions.
It is composed of different types of RNAs (protein-coding and non-
protein-coding) and reflects the expression of the genes at a given
moment, providing insights into cellular functions and responses to
environmental changes. Transcriptome analyses can be used to investi-
gate the differential gene expression profiles that correlate with the
phenotypic differences observed between hosts, as described in the
comparison of CHO-S, CHO-K1, and DG44 CHO cell lines [62]. KOnitzer
et al. found that expression levels of sialyl transferases and enzymes
synthesizing sialic acid precursors are correlated with differences in
antibody glycosylation between CHO cell lines [63]. In a comparison of
clones expressing monoclonal antibodies (mAbs), Sha et al. [64] found a
good correlation between product titer and the transcript level of the
GOIL. They also identified overexpression of genes involved in secretion
and protein transportation in the high-producer clones. Similar results
have been confirmed by a recent study on different clonal cell lines
expressing mAbs and bispecific antibodies during fed-batch production
[65]. In another study [66], cell lines with high specific productivity
(qP) for a mAb showed upregulation of genes involved in protein
intracellular transport and surprisingly also upregulation of genes
associated with apoptosis and cell death. The same study also identified
significant phenotypic differences between subclones derived from the
same parental cell, explained by the genome or epigenome plasticity of
the CHO cell lines [67]. Another transcriptome analysis [68]
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demonstrated that the transcript level of the GOI was the major qP
determinant, whilst the expression of many genes related to cell growth
and housekeeping functions was negatively correlated with it. Tran-
scriptomic analyses have also been useful to understand the mechanisms
of action of some media components and to better characterize feeding
strategies. Kretzmer et al. demonstrated that the addition of bromo-
deoxyuridine to the media influences the electron transport chain [69],
whilst Schulze et al. demonstrated that the supplementation of butyric
acid regulates the transcription of genes involved in cell proliferation
and histone modification in an intensified CHO cell fed-batch process
[70]. Genes involved in cell cycle and primary metabolism have also
been found upregulated in feed-spiked cultures with a higher produc-
tivity [71]. RNA-seq was also able to identify furin as the main enzyme
responsible for the undesirable cleavage of an IgG4 Fc-fusion protein
[72].

MicroRNAs (miRNAs) and long non-coding RNAs (IncRNAs) are two
major families of the non-protein-coding transcripts and are important
regulators of gene expression.

MiRNAs are endogenous short RNAs (21-25 nucleotides) that pro-
mote cleavage or translational repression of their targets; they have
important post-transcriptional regulatory roles in animals and plants
[73] and have also been identified in CHO cell lines producing recom-
binant proteins. Their short length and ability to simultaneously target
multiple genes make them ideal candidates for gene manipulation in
biotherapeutic protein-expressing cell lines [74-76]. Several studies
uncovering different mechanisms used by microRNAs to influence the
production of recombinant proteins in CHO cell lines have been sum-
marised in a review by Liu et al. [77]. LncRNAs are non-protein-coding
transcripts greater than 500 nucleotides in length, mostly generated by
RNA polymerase II, and have varied functions [78]. They have been
shown to have a key role in gene regulation [79] and a recent
CRISPR-Cas13 screen in five human cell lines demonstrated essentiality
for some of them, independently of their nearest protein-coding genes
[80]. RNA-seq has been used to identify IncRNAs in CHO cell lines [81,
82], and some studies correlated their expression with cell growth and
productivity [83,84].

Single-cell RNA-seq (scRNA-seq) is a high-resolution measurement of
gene expression, made at the level of individual cells, capable of iden-
tifying rare cell types and unravelling the cellular dynamics that shape
tissue heterogeneity. Whilst bulk RNA-seq provides a robust and cost-
effective method to assess the overall gene expression landscape of a
sample, scRNA-seq maximises the resolution of the assay, exploring
cellular heterogeneity and discovering novel cell types, but it comes
with a higher cost and a more complex data analysis and interpretation.
Tzani et al. [85] used single cell transcriptomics to investigate the pro-
duction instability of a CHO cell line expressing a mAb. They identified
transcriptional heterogeneity in the cell population, with a reduced
expression of the transgene and of the genes associated with protein
production and assembly. Another scRNA study demonstrated tran-
scriptome homogeneity in suspension CHO-K1 and adherent HEK293FT
cells under standard culture conditions, with most of the observed dif-
ferences primarily driven by the cell cycle [86].

Molecular mechanisms determining an optimal producer cell line are
often complex and, generally, not simply related to a single gene or gene
product [87,88]. Transcriptome analyses can be used to better describe
system-wide properties of a given host, clone, or culture process, and
this information is valuable for the optimization of cell lines, media, and
fermentation processes. Nevertheless, the high number of potential
target genes and the lack of information on the mechanistic models
governing biotechnological processes can be a limitation for tran-
scriptomic analyses and, in general, of all omics experiments, chal-
lenging the observational results to become actionable [89].
Multi-omics approaches integrated with system biology models repre-
sent a valid strategy to provide a holistic view of the biological state of a
sample. They can indeed capture the complexity of the processes more
completely than any single omics approach and have been successfully
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applied to better understand diseases [90-92], to personalise treatments
and optimize therapies in precision medicine [93-95], and also to better
characterise recombinant CHO cell lines [96-99].

3. RNA-seq applications to detect variants in the GOI

Protein primary structure is a critical quality attribute for bio-
therapeutics [100,101]. A sequence variant of the GOI can indeed
generate unwanted impurities, with consequences for the efficacy, sta-
bility, and safety of the final product. Different types of variants exist:
single-nucleotide variants (SNVs) are the smallest genomic variants and
consist of differences in a single nucleotide, whilst insertion/deletion
variants (indels) are caused by extra or missing nucleotides and typically
affect fewer than 50 nucleotides [102]. Structural variants (SV) are DNA
rearrangements involving larger regions, which can include inversions
and balanced translocations or large insertions or deletions [103]. The
application of NGS analyses to characterize cell lines can be equally
informative and, at the same time, faster than the traditional mass
spectrometry (MS)-based techniques [104] used to detect sequence
variants in the product itself. Furthermore, NGS data analyses can
inform on the underlying causes of sequence variants.

Differences in the library preparation, sequencing chemistry, and
bioinformatic analysis used can result in varying levels of sensitivity and
specificity of the analyses. Monitoring strategies based on amplicon
sequencing of the GOI have been proven successful in CLD campaigns
with confirmatory evidence from high-throughput protein analytical
assays for variants with frequencies higher than 5 % [105]. Zhang et al.
[106] demonstrated an increase in the occurrence of low-frequency
(0.1 %-0.5 %) SNVs proportional to the population doubling levels
(PDLs), confirming the genomic instability of the characterized cell
lines. Interestingly, they also established a high-confidence lower limit
of detection of 0.1 % in RNA-seq experiments.

Unique molecular identifiers (UMIs) are short arbitrary oligonucle-
otide sequences attached to the library fragments before the PCR
amplification step and can be used to increase the sensitivity and spec-
ificity of the assay. These unique tags, specific for each fragment, can be
used to distinguish PCR duplicates of a single fragment from different
fragments derived from a given transcript in RNA sequencing experi-
ments [107]. Collapsing the amplimers and generating a high-quality
consensus of PCR amplimer is also a valid strategy for reducing the
rate of false positives with both short- and long-read sequencing tech-
nologies [108-112]. Untargeted RNA-seq experiments have, by defini-
tion, a less biased design compared with amplicon-seq experiments and
hence can reveal the presence of chimeric transcripts or non-designed
splicing products. The de novo reconstruction of untargeted RNA-seq
short reads revealed mis-splicing and intron retention events in the
heavy chain gene of a mAb-producing CHO clone [113]. These tran-
scripts produced truncated heavy chain products and their assembly
with light chain products mimicked the appearance of fragments iden-
tified by routine purity assays. In another mAb-producing CHO cell line,
a similar approach combining MS analysis and genome sequencing was
able to identify an abnormal heavy chain fusion transcript as the un-
derlying cause of an aberrant heavy chain peptide with an extra mass of
11 kDa [114].

NGS analyses have been successfully employed for a wide range of
applications and have demonstrated great sensitivity; however, these
analyses are not exempt from challenges. The sequencing coverage in
the experiment design and technical variables introduced during sample
preparation, library construction, sequencing and bioinformatic analysis
are factors determining false-positive and false-negative results [115].
CHO cell lines are easy to culture and generate samples, and this offers
the possibility to perform experiments in replicates and/or in parallel to
proteomics experiments. These can be integrated to provide a proteo-
genomic analysis of the results [116].
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4. Host, clone, and culture process epigenomic characterization

The epigenome refers to the reversible modifications, on the DNA
and/or its binding proteins (like histones), affecting gene expression
without altering the DNA sequence [117]. These events can influence
the stability of the GOI expression during long-term culture [118,119]
and have hence been the subject of many important studies. A seminal
study pointed out differences among the genomes of six related CHO cell
lines and demonstrated that culture conditions, media, and specific
phenotypes are associated with distinct states of DNA methylation,
maintained in the transition between exponential and stationary growth
phases [120]. A subsequent study [121] demonstrated that DNA
methylation in the promoter region is an ON/OFF switch for gene
expression and it is followed by other layers of regulation involving
histones and differentially expressed IncRNAs. Marx et al [122]
demonstrated that DNA methylation of promoters, either recombinant
or endogenous, leads to the loss of active histone marks in favour of
distinct repressive heterochromatin marks. These results are in agree-
ment with the findings that targeting the DNA methyltransferase is a
successful epigenetic strategy to enhance the expression level of the GOI
and to increase the stability of expression in stable [123] and transient
[124] systems. Dhiman et al. compared the genome and the tran-
scriptome of stable and unstable CHO cell lines, with low, medium, or
high copy number of the GOI [125]. They demonstrated that the inte-
gration site is a major determinant for the expression stability and
developed a genome catalogue of loci that are favourable and unfav-
ourable for targeted transgene integration.

NGS is the basis of multiple assays to characterize recombinant cell
lines expressing therapeutic proteins and provides a comprehensive,
high-throughput approach to several genetic analyses. Applications,
largely employed in different biomedical fields, have the potential to
uncover important aspects of the CHO biology. One example of this is
the use of chromosome conformation capture techniques, which are
employed to determine the physical interaction of genomic regions from
the same or different chromosomes with each other and with nuclear
structures [126]. In particular promoter capture Hi-C has been used to
identify important transcriptional mechanisms mediated by long-range
interactions between regulatory elements and gene promoters [127,
128]. This approach, combined with RNA-seq, can disclose the
promoter-enhancer interactions, determining actively transcribed re-
gions, also named transcription factories [129], and can be employed to
describe the dynamic interactions of the GOI promoters during CHO cell
culture processes. This analysis could also take advantage of the tran-
scription starting sites atlas in CHO-K1 cell lines and Chinese hamster
tissues published in a recent study [130].

Here, this review has summarised several studies using genome,
epigenome and transcriptome analyses to uncover important features of
recombinant CHO cell lines, disclosing mechanisms determining cell
productivity and quality of the final product. These NGS assays aim to
identify bottlenecks and opportunities to optimise the efficiency, and the
productivity of biotechnological processes used to produce bio-
therapeutics. Typically, these assays are applied to pilot projects to
support increased mechanistic understanding and platform develop-
ment, due to cost and the uncertainty associated with execution time,
interpretation and the actionability of the results. On the other hand,
other assays like variant analysis of the GOI and clonality assays based
on TLA analysis followed by specific insertion site qPCR can be routinely
executed during CLD. This is possible thanks to multiple factors,
including contained cost, defined execution timelines and standardised
protocols for sample preparation, experimental set up and bioinfor-
matics analyses. Overall NGS analyses constitute a comprehensive
toolset to ensure quality, clonality, and stability of cell lines expressing
biotherapeutics and can be used to enhance cell line development and
cell culture process optimization which in turn have the potential to
improve development timelines and reduce production costs for
biologics.
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Glossary

Alignment: The process of comparing a sequence of DNA or RNA with a reference genome
or transcriptome. It is required by bioinformatic workflows used for different analyses
likewise variant calling, gene expression quantification, RNA-seq, CHIP-seq, ATAC-
seq.

ATAC-sequencing: Assay for transposase-accessible chromatin sequencing that combines
active transposase treatment of the genome with NGS. It is used to unravel, genome-
wide chromatin accessible regions.
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ChIP-sequencing: Chromatin immune precipitation sequencing (ChIP-Seq) that combines
chromatin immunoprecipitation with NGS to identify genome-wide DNA binding sites
for proteins (transcription factors, histones or other proteins interacting with the
DNA).

Coverage: Also known as sequencing depth, reports the number of times a nucleotide is
sequenced, averaged on the size of the sequenced target (genome, transcriptome etc.).
Higher coverage increases the accuracy of sequencing results.

Chromosome conformation capture: Techniques used to determine physical interactions of
genomic regions. Alternative methods have been developed with different scopes: 3 C
detects interaction between known sites; 4 C detects unknown interactors of a known
bait sequence; 5 C can identify all regions interacting within a given genome domain;
and Hi-C is a genome-wide assay.

Library Preparation: Preparation of DNA or RNA samples used for the sequencing, which
might include the fragmentation of the material and the addition of adapters to the
ends of the fragments for sequencing.

Long-read sequencing: Technology able to decipher the sequence of long DNA or RNA
fragments (typically at least 10,000 nucleotides) in a single continuous string.

RNA-sequencing: RNA-sequencing (RNA-seq) is the characterization of the RNA transcripts
present in a cell or tissue at a given time. It provides insights into gene expression
profiles and functional characteristics of transcripts, likewise splicing events or
presence of variants.

Short-read sequencing: Technology used to decipher the sequence of DNA or RNA fragments
in continuous strings of short length (hundreds of nucleotides). Single-end technology
employs a single read to cover only one end of the sequenced fragment, whilst the
paired-end provides more detailed information with two reads covering both ends of
the fragment.

Variant: A difference between the sequenced DNA or RNA and the reference genome or
transcriptome. Variants consisting in substitutions of single nucleotides are defined
single nucleotide variants (SNVs), when they affect the coding sequence of a gene they
can be further classified as synonymous or non-synonymous or nonsense. Duplica-
tions, insertions, inversions, and translocations describe other types of variants.
Structural variants (SVs) are alterations encompassing at least 50 base pairs.
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