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Preface

Since their discovery in 1993 by theAmbros lab there has been a phenomenal increase
in research into microRNAs. There are now thousands of peer-reviewed publications
describing all aspects of their biogenesis and function, and indeed the resulting dis-
eases when they dysfunction. Yet considerable gaps remain in our understanding
of how these tiny regulators of gene expression are borne, live and die. What is
overwhelmingly obvious is that they play a critical role in many if not all impor-
tant cellular processes. Their regulatory niche within the cell lies at the interface
between the mRNA transcript and its translation into a functional protein providing
the cell or organism with yet another mechanism to fine-tune gene expression. Like
transcription factors, individual miRNAs also possess the ability to interact with and
influence the expression of tens to hundreds of target genes providing a mechanism
to rapidly influence entire cellular pathways or processes. Importantly, this interven-
tion can be deployed quickly (and at a cheaper metabolic cost) due to the absence of
a translational step—they are functional without the need to build a protein.

It is these two properties in particular that make them of potential interest to those
involved in the production of recombinant proteins by mammalian cells. The desire
to improve efficiencies in the biosynthesis of Biopharmaceutical products, including
monoclonal antibodies, blood factors, fusion proteins and other exotic polypeptides
continues to motivate research into improving culture medium, bioreactor design,
vector design and process control. In the last decade there have been a number of
research groups in both industry and academia that have focused on what many
believe to be the source of the next major improvements in process efficiencies—
genetically engineering the producer (usually CHO) cell. The goal is typically to be-
stow improved phenotypic characteristics, such as rapid proliferation to high density,
prolonged viability in the challenging environmental conditions in late stage culture,
reduced reliance on particular substrates or reduced sensitivity to waste metabolites,
and high specific secretion rates of an active, intact protein product with the most
desirable post-translational modifications. The search for key molecules responsible
for these cellular properties has resulted in numerous publications describing genes
and proteins whose expression changes in CHO cells under different culture condi-
tions or in cells with different phenotypic characteristics. There have been several
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vi Preface

examples of exogenous dysregulation of particular genes leading to improvement
in these traits though it is less clear how many of these have made their way into
actual industrial processes. One of the challenges associated with this approach is the
fact that complex traits, such as proliferation, are necessarily controlled by multiple
genetic interactions meaning that frequently, engineering the expression of a single
gene may not be sufficient to influence the phenotype. On the other hand, exogenous
overexpression of multiple protein-coding genes places a metabolic burden on cells
whose main role is to generate large quantities of the product, hence causing intra-
cellular competition for biosynthetic resources. miRNAs, therefore, could provide
an alternative means to influence the expression of multiple genes simultaneously
in order to modify the pathways and processes underpinning particular phenotypes
without competing with product protein synthesis.

This volume aims to provide those interested in the potential utility of miRNAs
in the bioprocessing field with a succinct overview of what is known about these
fascinating molecules—their biogenesis, mode of action, known functions in the
cell, how they can be detected, measured and modified—with a particular focus on
relevance to recombinant protein production in CHO cells.

Dublin Niall Barron
2012
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Chapter 1
A General Introduction to MicroRNAs,
Their Investigation and Exploitation in
CHO Cell Lines

Lyne Jossé, Lin Zhang and C. Mark Smales

Abstract MicroRNAs are small (20–23 nucleotides) non-coding RNA molecules
that mainly act as negative regulators of gene expression by binding to target
mRNAs in their 3′UTR. In this chapter, we provide a brief account of the in silico
and experimental tools available for researchers working in protein engineering
in eukaryotic cell factories. In considering the wide influence of microRNAs,
we place a special emphasis on the cellular effects associated with the manipulation
of microRNA and high yield of protein production with reference to use in Chinese
hamster ovary (CHO) expression systems.

Keywords MicroRNA biogenesis · MicroRNA editing · MicroRNA binding
specificity · MicroRNA stability · MicroRNA abundance

1.1 Introduction

MicroRNAs are central to many cellular processes and can regulate a broad range
of targets. This versatility potentially opens many new windows of opportunity for
the biopharmaceutical industry in terms of controlling gene expression and cell phe-
notype in industrial CHO cell lines, particularly as cell engineering strategies which
target multiple genes are increasingly accepted as the most likely to impact upon
desired phenotypes. To date the majority of studies on these molecules have been
undertaken with respect to cancer therapy and much of this knowledge can be di-
rectly related to industrial phenotypes (e.g. those that control growth). Whilst still a
relatively poorly investigated area of gene regulation, the field has benefited from the
development of deep sequencing and RNA sequencing technologies coupled with
comprehensive database platforms which are regularly updated. In addition to the
characterisation of microRNA dynamics, the current effort to annotate the CHO
genome will most certainly accelerate the progression of microRNA investigations
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and cell line development strategies. However, whilst the potential to manipulate
microRNAs for biotechnological benefit holds much promise, it has a number of
pitfalls that are partly due to the fundamental principles of miRNA:mRNA target
recognition and the difficulty in predicting to what degree the titration/manipulation
of a particular microRNA will impinge on its one or many mRNA targets. In this
chapter, we provide a brief account of the in silico (e.g. target prediction software)
and experimental (e.g. reporter genes and sponge vectors) tools available for re-
searchers working in microRNAs and the manipulation of mammalian cell factories.
In considering the wide influence of microRNAs, we place a special emphasis on
the cellular effects associated with the manipulation of microRNA and high yield of
protein production with reference to use in Chinese hamster ovary (CHO) expression
systems.

1.2 Biogenesis and Evolution

MicroRNAs were first described in C. elegans as an antisense RNA regulating the
level of LIN-14 protein (Lee et al. 1993). The number of small RNAs described has
since exploded. As an example the online repository miRBase (http://mirbase.org/)
release 18.0, November 2011 contains 18,226 entries representing hairpin precursor
miRNAs, expressing 21,643 mature miRNA products in 168 species. These include
1,527 in human, 741 in mouse, 408 in rat and surprisingly only two have been
deposited for the hamster.

The maturation pathways of microRNAs are now well defined and the field is
extensively reviewed elsewhere (Kim et al. 2009; Lau and MacRae 2009; Westholm
and Lai 2011; Winter et al. 2009). In summary, microRNA biogenesis is initiated by
the transcription (usually by Pol II) of hairpin-containing RNAs, which are known
as pri-miRNAs or mIRtrons in the case of intronic miRNAs. In the first scenario, the
primary transcripts are cleaved into 55–70 nt hairpins, called pre-miRNAs, by the
nuclear RNase III multicomplex Drosha and its dsRBD partner DGCR8 (Han et al.
2004; Lee et al. 2003) and is subsequently exported to the cytoplasm. For intron-
derived microRNAs, the consensus is that Drosha is substituted by splicing although
cleavage of the miRNA hairpin can occur prior to the splicing of mRNA (Kim
and Kim 2007). Subsequently, miRtrons, which reside in the cytoplasm, undergo a
process known as debranching before adopting a pre-miRNA-like structure (Ruby
et al. 2007). Both pre-miRs are then further shortened by Dicer RNase III to yield
a 22 nt miRNA known as the miRNA/miRNA* duplex, which exhibit characteristic
3′overhangs at either end (Hutvagner et al. 2001; Kim et al. 2009). The strand that
accumulates to a higher level is referred to as the “mature” miRNA, while its less
abundant partner is referred to as the miRNA* or “star” strand. The abundant strand
is thought to be preferentially incorporated into an Argonaute (AGO) protein, which
acts as the core of an effector complex that is routed by the small RNA to targets and
the remaining strand is degraded.

The enzymes involved in the biogenesis of microRNAs are broadly conserved and
many of the bilaterian animal mature miRNAs are also phylogenetically conserved;
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55 % of C. elegans miRNAs are related to human miRNAs and ∼ 55 % Drosophila
miRNAs are related to human (Ibanez-Ventoso et al. 2008) indicating that miRNAs
have had important roles throughout animal evolution and implying that miRNAs are
conserved across several species and tightly regulate their target. Indeed, target genes
are more efficiently repressed by conserved miRNAs as opposed to less conserved
microRNAs (Huang and Gu 2011).

As described above, microRNAs can be found in both intergenic and intragenic
regions, sometimes in clusters. A detailed analysis of 60 microRNAs by Lagos-
Quintana et al (2003) revealed that 33 of these 60 resided in intergenic regions,
7 in sense orientation in non-coding genes/regions, and 13 in sense/7 in antisense
orientation within introns. The apparent discrepancy of microRNA loci of expression
raised at the time a question as to which promoter elements and RNA polymerases
controlled the transcription of microRNAs. It has since been ascertained that the
majority of pri-miRNAs are transcribed by RNA polymerase II (Cai et al. 2004), but
a fraction of these, notably residing upstream of tRNA sequences, Alu sequences or
mammalian-wide interspersed repeat (MWIR) sequences, are transcribed by RNA
polymerase III (Borchert et al. 2006).

1.3 Informative Tools to Predict Targets of MicroRNAs

1.3.1 Target Binding and Specificity

Target genes can be paired to more than one miRNA, likewise a single miRNA could
in theory target hundreds of unrelated messages and as a result it is thought that
almost a third of genes are potentially regulated by microRNAs (Lewis et al. 2005).
This is essentially because in mammalian cells the target recognition is mediated
via imperfect Watson-Crick base pairing to the mRNA i.e. only 6–8 nucleotides
(called the seed region) near the 5′ end of the miRNA show a perfect match (as
opposed to plants where there are few or no mismatches). Notably, the 3′ region
may supplement seed matches or compensate for mismatches (Bartel 2009). Whilst
the sequence differs primarily at the 3′ and 5′-end of the molecule, the biological
significance of these observations is unclear. Kiryu et al also suggested that miRNAs
have positive correlations with accessibilities in broad regions downstream of their
putative binding sites, which could indicate that downstream regions of the target
sites are bound by other proteins, assisting miRNA binding (Kiryu et al. 2011).

To date, only a fraction of miRNAs have been assigned a biological function and
therefore recent efforts have focused on developing prediction software to identify
additional miRNA targets in a specific host in order to further annotate pathways
of regulation. Current prediction tools differ in their approach and performance
and sometimes exhibit poor overlap. However, TargetScan (Friedman et al. 2009),
PicTar (Krek et al. 2005), Miranda (Betel et al. 2008), PITA Top (Kertesz et al.
2007), mIRGator (Nam et al. 2008) and the combined use of these software is a good
starting point to identify potential miRNA:mRNA interactions (for review, see Li
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et al. 2010, Min andYoon 2010). To date such approaches have been limited in CHO
due to the lack of a publicly available annotated genome, however with the recent
publication of the CHO genome such limitations should soon be removed.

1.3.2 MicroRNA Networks

The hundreds of targets predicted to be influenced by a single microRNA suggest a
complex interplay between all genes involved. MicroRNAs are known to play an im-
portant role in development, proliferation, differentiation, and apoptosis (Wijnhoven
et al. 2007; Bueno et al. 2008). Controlling all of these aspects of cell behaviour is
crucial to the development of robust industrial cell factories. A better understanding
of the miRNA-mediated network of genes and cellular pathways is essential if one
is to manipulate miRNA in an informed manner with the aim of improving the cell
“biology” and enhance its bioprocessing capacity. A few bioinformatics tools dedi-
cated to network analysis have recently emerged that may assist this approach. For,
example DIANA-mirPatch identifies molecular pathways potentially altered by the
expression of one or several microRNAs by looking at KEGG pathway enrichment.
Unfortunately, up to now these web-tools remain limited to a set of microRNAs and
exclude the CHO genome. Recently, Hsu et al. (2008) studied the human microRNA-
regulated protein-protein interaction (PPI) network by utilizing the Human Protein
Reference Database (HPRD) and the miRNA target prediction program TargetScan.
They found that an individual miRNA often targets the core gene of the PPI net-
work. Despite advances in such in silico prediction software, the construction of a
microRNA network must be supported by sufficient experimental data. With regard
to this, of particular use for identifying microRNAs that may play a role in an in-
dustrial bioprocessing sense, has been the development of (i) microRNA arrays that
allow the monitoring of microRNA expression of a library of microRNAs associated
with a particular phenotype of interest, (ii) RNA sequencing, (iii) qRT-PCR assays
for the accurate measurement of microRNA amounts in a given sample, (iv) over-
expression and sponge vectors to increase and reduce microRNA levels respectively.
These tools, alongside the in silico prediction tools, now provide the investigator
with a suite of tools to predict, screen for, and validate the influence of microRNA
levels on cell phenotype. Such approaches can now be aligned with transcriptomic
and proteomic investigations that can identify the target mRNAs and subsequent
proteins that microRNA manipulation ultimately influences.

1.4 Parameters that Govern Repression

1.4.1 MicroRNA Stability and Abundance

Aside from the prediction of the microRNA binding sites, the 3′UTR local features,
the actual number and respective abundance of the potential targets must be con-
sidered in any experimental design as they all impact on the microRNA binding. A
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study by Arvey et al. examined several predictors of downregulation (A + U con-
tent, 3′UTR length and the expression level of individual transcripts) and concluded
that the target binding by a miRNA was mostly influenced by the microRNA over
mRNA abundance ratio (Arvey et al. 2011). This ratio is also linked to the num-
ber of predicted targets. The “dilution factor” therefore means that endogenous or
plasmid-borne miRNAs ultimately may have a different influence on their specific
targets depending on the host, target expression level, and culture conditions and as
such these parameters must be considered when manipulating microRNAs. As stated
above, the length of the target 3′UTR can influence mRNA regulation by microR-
NAs and Hinske et al observed that for microRNAs that reside in intronic regions, the
3′UTR of host genes predicted to be targeted by their own microRNA (20 %) are sig-
nificantly longer and hold more adenylate/uridylate-rich elements (AREs) (Hinske
et al. 2010). Qiu et al (2010) also examined how miRNAs evolved with respect to
their target genes and transcription factors (TFs) and showed that microRNAs have
different evolutionary rules than TFs and protein-coding genes.

1.4.2 RNA Editing

A-to-I RNA editing, which causes the conversion of single adenosines into inosines,
is mediated by adenosine deaminases acting on RNA (ADARs) (Yang et al. 2006),
a family of enzymes that recognise double-stranded RNA molecules. The process
can interfere with the efficiency of microRNA maturation and thus with the miRNA
homeostasis within a cell (Godfried Sie and Kuchka 2011; Gommans 2011). It
appears to affect 10 % of primiRNAs downstream processing by interfering with
Drosha-mediated cleavage. Interestingly, there are very few examples of mature
microRNAs influenced by RNA editing although this may be an artefact of the small
RNA sequences. Strikingly, RNA editing is also implicated in de novo generation of
miRNA binding sites in Alu sequences (Borchert et al. 2009).

1.4.3 Control of MicroRNA Expression

How miRNA levels are controlled is less well described and understood. The pro-
moter of protein-coding genes and microRNA are known to share common regulatory
elements (Lee et al. 2007). Putative binding sites for transcription factors of con-
served genomic regions can be found on the UCSC Genome Browser, JASPAR
(http://jaspar.binf.ku.dk/) and TESS (http://www.cbil.upenn.edu/cgi-bin/tess/tess). It
remains to be determined whether a set of mRNAs regulated by an individual miRNA
simply reflects a random set of functionally-independent genes or not. Interestingly,
Cui and colleagues (2007) concluded that genes with more transcription factor -
binding sites have a higher probability of being targeted by miRNAs and have more
miRNA-binding sites, suggesting that transcription factors and microRNAs might
act coordinately.
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1.5 Cellular Effects of MicroRNA Manipulation

1.5.1 Signalling Pathways

Proteins involved in signalling cascades are often more likely to influence the cell
phenotype than other effectors. Consequently, even a subtle fluctuation in their levels
via miRNA binding could have drastic consequence. Saj and Lai examined the re-
lationship between microRNA–mediated regulation and known signalling pathways
and reported evidence of the role of TGF-β/BMP and Ras/MAPK in modulating mi-
croRNA biogenesis (Saj and Lai 2011). The p53 pathway is also known to module
miRNA biogenesis or expression upon DNA damage (for review see (Suzuki and
Miyazono 2010)). On the other hand, some miRNAs have been shown to regulate
p53 (Park et al. 2009) and thus the relationship between regulation of microRNAs
and the regulation of targets by microRNAs is still a relatively unexplored area of
microRNA biology.

1.5.2 MicroRNA and Stress

The principles that govern target capture such as levels of mRNAs and the number
of mRNA targets remain true under conditions of stress (Stern-Ginossar et al. 2008;
Kroll et al. 2010). As exemplified in the above section, miRNA- mediated stress re-
sponses, for example via the p53 pathway, can involve intricate levels of regulation.
In the context of recombinant protein production, an abnormal stress is placed on the
host cells, often activating stress pathways such as those involved in protein folding
and the folding machinery (UPR), secretion, energy metabolism, lipid metabolism
and membrane biogenesis in protein secreting cells. Yang et al (2011) showed that
miR-122 negatively regulates UPR chaperones via the CDK4-PSMD10 pathway.
A similar line of evidence, showed that miR-30c-2* was up-regulated during UPR
activation, concomitant with Xbp1 and could bind the 3′UTR of Xbp1 (Byrd and
Brewer 2011). Another hallmark of cell stress is the re-localization of protein effec-
tors in specialized cell compartments such as Russell bodies (aggregated proteins),
and stress granules (RNAs). Following cellular insults, stress-sensing kinases induce
the formation of stress granules-via eIF2alpha phosphorylation and miRNAs which
normally reside in the cytoplasm can be shuttled to this self-organized compartment.

1.5.3 MicroRNA and Culture Conditions

In biotechnology, the growth rate, the lifespan and the productivity of the host cells
are major determinants of recombinant protein production. As a result, cell engineer-
ing strategies such as the manipulation of cell cycle progression and apoptosis have
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resulted in improved cell lines that can grow to very high densities in suspension cell
cultures (for review see Fussenegger and Bailey 1998; Kim et al. 2011). To improve
the foreign protein productivity, operators can rely on biphasic cultures whereby
cells are encouraged to proliferate at 37 ◦C until the culture reaches the critical
biomass and then the temperature is lowered (28–33 ◦C) to promote a longer and
more viable stationary/production phase (Trummer et al. 2006;Yoon et al. 2003a, b).

The link of microRNA expression and control with cancer (Calin et al. 2002) and
subsequently the regulation of apoptosis (Brennecke et al. 2003) prompted several
microRNA hybridization array analyses of bioprocessing cell lines, with the aim to
identify growth-phase dependent microRNA markers. For example, Gammel et al
took advantage of the fact that microRNAs are highly conserved and used non-
hamster arrays on their CHO model (Gammell et al. 2007). Using this approach, they
showed that miR-21 and miR-24 were up-regulated in CHO-K1 growth-arrested cell
lines, induced either by temperature shift or during normal batch culture. An ensuing
publication into microRNA expression in CHO-K1 cells showed that lowering the
temperature from 37 ◦C to 31 ◦C led to increased levels for: miR-219, miR-518d,
miR-126, miR-30e, miR-489 and miR-345, when measured after 24 h, while miR-7,
miR-320, miR-101 and miR-199 were down-regulated (Barron et al. 2011). Similar
lines of investigation were carried out by Koh et al in human embryonic kidney 293
(HEK293) cells who examined the microRNA expression profiles in batch cultures at
different growth phases (Koh et al. 2009). They reported that 13 out of 14 microRNAs,
including for example hsa-let-7b and hsa-miR-16, were up-regulated in the transition
from exponential to stationary phase indicative of translation slowing down for a large
number of proteins.

Whilst such studies have their merits, they also emphasize that the microRNA
signature greatly fluctuates with the culturing conditions as well as the type of produc-
ing cells. Interestingly, proliferating cells appear to express mRNAs with shortened
3′UTRs and UTRs that contain less miRNA target sites (Sandberg et al. 2008), in-
dicating that some mRNA isoforms may evade post-transcriptional regulation in a
growth-phase dependent manner. The cell density has also been reported to impact
on microRNA biogenesis (Hwang et al. 2009) with confluent cells showing an in-
crease in Drosha processing. These observations show that careful monitoring of all
aspects of cell culturing are crucial for the accurate analysis of miRNA expression
and suggest that many miRNAs may only have a short time span to fulfil their action.

1.6 Validation of MicroRNAs Target Predictions in
Bioprocessing Applications

Chinese hamster ovary (CHO) cell lines are presently the gold standard mam-
malian expression system for the production of recombinant proteins in the
biopharmaceutical industry. The majority of mammalian expressed and approved
biotechnology-derived biopharmaceuticals are produced in CHO cells and it is ex-
pected that this will remain the case for the foreseeable future. Despite being at the
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forefront of the bioprocessing industry, up until recently, a significant disadvantage
and obstacle to undertaking cellular function work with CHO cells was the lack
of genomic resources- outside expressed sequence tags (ESTs) (Kantardjieff et al.
2009) which rendered engineering high producing cell lines more difficult. With
the latest advances in sequencing and the publication of the CHO-K1 genome (see
www.chogenome.org) this limitation is now being removed. At the time of writing
this review a draft genome sequence and annotation of CHO-K1 sequence has been
released publicly by Xu et al. (2011) and other sequencing efforts are also being
undertaken internationally. Although the genome of CHO cell lines in other labora-
tories may diverge due to chromosomal rearrangements this resource remains a very
important source of information and essential to allow the full utilisation and under-
standing of microRNA regulated gene expression in CHO cells. RNA sequencing in
the future will further facilitate this field of research.

The production of complex biotherapeutics in a specific host also demands a good
understanding of the dynamics that control the biology of the cell. As subtle environ-
mental fluctuations are known to impact on the cell networks, it is crucial to develop
methods to monitor the molecular changes that occur under specific conditions. The
era of “omics” has therefore shed light on regulation at the gene, protein or metabolite
levels (Clarke et al. 2011; Li et al. 2010, Melville et al. 2011; Nissom et al. 2006;Yee
et al. 2008) but these studies only covered 10–15 % of the transcriptome and therefore
a large amount of information remains missing or not investigated. In parallel to the
various transcriptomic and proteomic studies that have been on-going in the field of
CHO cell recombinant protein expression, the widespread impact of microRNAs has
now been recognised and highlights a need for accurate, high-throughput techniques
to quantify the abundance of each type of microRNA. As suggested previously in this
chapter, deep sequencing refers to a ground-breaking method that generates millions
of short RNA reads and allows the identification of microRNAs. However, it can
be difficult to discriminate true microRNAs from fragments of other transcripts and
short RNAs, especially when they are under-represented in the cell. The validation
of a novel microRNA follows a set of rigorous rules such as the threshold for reads
(> 10), sequences that flank the mature microRNA and lack of overlap with other
annotated transcripts (Kozomara and Griffiths-Jones 2010).

As yet, only a handful of research groups have concentrated their efforts on
identifying the miRNA population in CHO sub-types and across different culture
conditions. For example, a study by Johnson et al (2010) isolated 350 miRs and
classified them by running a BLAST alignment with known RNAs from the mIR-
Base database. Their work at the time emphasised two important points: first, most
microRNAs found in hamster are highly homologous to their human or mouse coun-
terpart and secondly that a large number of miRNAs are more prone to fluctuations in
their levels as a consequence of small environmental changes. Cgr-let-7f appears to
be the most abundant microRNA in CHO cells and its levels were comparable across
the conditions investigated in the reported study. This is not altogether surprising as
the let-7f family is largely conserved. A similar approach was adopted by Hackl et al
(2011) who mapped 387 mature microRNAs to an artificial sequence consisting of
all microRNAs hairpins. Finally, Lin et al. (2011) compared the levels of miRNA
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in IgG producing and parental cell lines and found that miR-221 and miR-222 were
significantly down-regulated in the antibody producing DG44 cell lines. However,
there was no specific correlation between the volumetric IgG productivity and the
relative expression of miR-221 and miR-222.

A further difficulty in CHO based microRNA studies remains that several of the
target prediction software such as TargetScan still restrict their search to the human
and mouse 3′UTRs and systematic investigation of targets for CHO miRNA is often
hampered by the lack of an experimental database for the Chinese hamster. However,
other software such as TargetRank allow the user to enter unknown sequences. If the
degree of conservation of a particular miRNA between hamster and other vertebrates
is high, one would predict that there is some degree of overlap in their target speci-
ficity. However, because of the different parameters and statistical techniques used
in the current target prediction software it is sometimes difficult to define the ranking
and scoring of targets. As an example, if one looks in either the mouse or the human
genome for the putative targets of let-7f: TargetScan (http://www.targetscan.org/) and
TargetRank (http://genes.mit.edu/targetrank/) agree on the target genes ranked 1 and
3 but disagree on the target gene ranked 2. However, the outcome is similar whether
the search is undertaken with the human or the mouse microRNA. On the other hand,
the top three predicted targets of miR-17, a broadly conserved microRNA, do not
match when the query is run using the same research tools. As discussed above,
because of the disparate nature of the target prediction it is essential to validate the
predicted miRNA:mRNA physical interaction experimentally.

Investigators of CHO microRNA biology can use a number of approaches to
validate the influence of perturbation on cell phenotype as discussed above. If a given
mRNA is a true target of a specific miRNA, then perturbation of the mRNA:miRNA
ratio should lead to a change in the amount of protein encoded by the target mRNA.
Therefore, routine techniques such as Western analysis can be used to validate the
functional importance of a given miRNA/mRNA target pair. Alternatively, ELISA
experiments could also be utilized to quantify differences in protein expression. The
target gene levels can also be verified by real-time RT-PCR. If the mRNA level
is reduced, this suggests that the mechanism of protein downregulation involves
mRNA degradation by deadenylation and exonucleolytic attack. However, if the
miRNA does not primarily regulate gene expression by degradation of its target it
may be more difficult to detect changes in mRNA levels but protein levels should
still be altered due to translation attenuation.

To assess the impact of miR manipulation on protein expression, a few miRNA
target validation reporter gene systems based on luminescence (Firefly (Tanguay and
Gallie 1996), Renilla (Kong et al. 2008) or Gaussia luciferase (Kim et al. 2008)) have
been developed for the quantitative assessment of the degree of post-transcriptional
repression. Commonly, the 3′UTR of the predicted target is cloned downstream of
the luciferase marker and the construct is transfected in the host cells with varying
amounts of microRNAs (which can be upregulated from plasmid DNA or reduced
using sponge vectors). Finally, the quantity of light emitted upon substrate cleavage
is measured for each sample.
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As alluded to previously, another addition to the repertoire of RNA-based gene
regulation is the use of artificial transcripts, termed “sponges” or “antagomirs” that
titrate endogenous microRNAs away from their target and make it less likely to bind
and repress it. The first miRNA sponges were isolated in plants but these decoys
systems could have many applications in the field of recombinant protein production
as a tool in quality control. For example, by regulating genes involved in stress
response, (Ebert et al. 2007; Ebert and Sharp 2010b; Ebert and Sharp 2010a).

1.7 Conclusion and Perspectives

Unravelling the influence of microRNAs on recombinant protein production in CHO
cells is only just beginning. As such, despite the classification of the CHO mi-
croRNA library and the finding of a few miR signatures, at this stage it remains
open to question as to whether microRNA levels are strongly linked to the recom-
binant protein production machinery and if their manipulation can be harnessed
to develop improved CHO host cell lines. The yield of recombinant proteins cur-
rently observed in cultivated CHO cell lines often outperform dedicated secretory
cells that live in the body (Wurm 2004). These yields reflect rapid advances in
the culturing environment, expression vectors, host cell line development and bio-
engineering over the past 1–2 decades. As researchers begin to understand the biology
of microRNA and the control these exert over gene expression new RNA-based ap-
proaches are being explored to potentially engineer hosts with further improved
phenotypes. However, the diverse number of targets that microRNAs influence and
the fact that miR levels change across culture means that manipulation of microR-
NAs to reliably influence improved phenotypes (e.g. growth, recombinant protein
synthesis) is likely to be challenging and will only become a reality once a bet-
ter appreciation of the biology and targets of miRs in the CHO cell is more fully
developed.
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Chapter 2
Biogenesis of Mammalian miRNA

Stephen L. Clarke, McKale R. Davis and Ramanjulu Sunkar

Abstract MicroRNA (miRNA) are small noncoding molecules approximately 22
nucleotides in length that mediate translational repression of target messenger RNA
(mRNA) transcripts. miRNA play important roles in cellular differentiation and
proliferation, regulation of cellular metabolism, and are associated with en-
hanced tumorigenesis observed with many cancers. These small RNA molecules
function by binding with imperfect complementarity to sequences located in
the 3′ untranslated region (UTR) of target mRNA. MiRNA are expressed from
both intergenic or intronic regions of the genome in an RNA polymerase II-
dependent manner and their expression is subject to both feed-forward and negative
feedback regulatory loops. Nascent transcripts known as primary miRNA (pri-
mRNA) undergo nuclear processing to generate ∼ 60–80 nt precursor miRNA
(pre-miRNA) containing imperfect stem-loop structures. Pre-miRNA are sub-
sequently exported out of the nucleus whereupon they are further processed
by the RNase III enzyme Dicer resulting in the formation of a ∼ 20–24 nt
miRNA duplex. Thermodynamic stability of each strand determines which strand
of the miRNA duplex will be retained within the RNA-induced silencing complex
(RISC) to function as the mature miRNA. This mature miRNA then guides the RISC
to sequences within the 3′UTR of target mRNAs to repress protein translation. Due
to the roles that miRNA have in regulating cellular proliferation and metabolism,
they could potentially interfere with recombinant protein expression in cell-based
systems.
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2.1 Introduction

MicroRNAs (miRNAs) are small non-coding regulatory RNA molecules (∼ 22-nt)
that post-transcriptionally regulate gene expression by mechanisms involving trans-
lational repression and/or decreasing mRNA stability. For the purposes of this review,
the focus will be on regulation of mammalian miRNA biogenesis and mechanism
of action. Because an individual miRNA species can regulate many targets, and
because of the heterogeneity observed in mature miRNA sequences, miRNA serve
an essential role in controlling the expression of transcripts and proteins involved
in cellular development, differentiation, and metabolism. Furthermore, alterations
in either miRNA expression or the expression/activity of components required for
miRNA processing and target recognition may contribute to the pathogenesis of a
variety of cancers and other chronic diseases. Thus, characterizing the factors that
are responsible for controlling miRNA biogenesis is beneficial for enhancing our
understanding of mechanisms allowing cells to respond to constantly changing en-
vironmental conditions in addition to providing therapeutic opportunities to prevent
or treat chronic diseases.

2.2 Principles of MicroRNA Biogenesis

miRNA-dependent regulation of gene expression is thought to control the expression
of as much as 60 % of the protein-coding genes expressed in mammals (Friedman
et al. 2009). miRNA represent about ∼ 1–2 % of the eukaryotic microtranscip-
tome and have diverse roles in modulating cellular processes including cellular
proliferation, differentiation, and metabolism in addition to being involved disease
pathogenesis (Liu et al. 2008; Williams 2008; Esau et al. 2006; Farazi et al. 2011).

miRNAs are transcribed primarily in an RNA polymerase II-dependent process
from intergenic regions of the genome or from introns and exons of protein-coding
genes (Fig. 2.1) (Kim and Nam 2006; Lee et al. 2004). The genomic organization
of miRNA genes is the subject of an excellent review article and will only be briefly
described here (Olena and Patton 2010). Approximately one-third of miRNA genes
are located in the introns of protein-coding genes suggesting that the expression of
miRNA and mRNA may be coordinately regulated (Westholm and Lai 2011; Ro-
driguez et al. 2004; Baskerville and Bartel 2005). In mammals ∼ 36–46 % of known
miRNA are clustered as polycistronic genes (Griffiths-Jones et al. 2008). The ex-
pression of miRNA from these clusters suggests that multiple miRNAs affecting
multiple targets could be produced in response to environmental or developmental
cues. As an additional level of complexity, targets of polycistronic miRNA are often
regulated in such a way that multiple protein-protein interactions may be regulated by
the induction of miRNA expression and subsequent translational control (Yuan et al.
2009). Expression of miRNA transcripts may also play an important role in autoreg-
ulatory loops. For example, one of the targets of hsa-miR-613 is the nuclear hormone
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Fig. 2.1 Overview of mammalian miRNA biogenesis and function. The primary (pri-) miRNA
transcripts that can adopt hairpin-like structures are transcribed from miRNA loci. Pri-miRNA
transcripts from miRNA genes are processed to 60–80 nt pre-miRNA transcripts by a complex
containing Drosha and DGCR8 in the nucleus. Alternatively, pre-miRNA may be derived from
intronic regions of protein-coding genes in a Drosha/DGCR8 independent process requiring both
the splicesome and a debranching enzyme known as the lariat debranching enzyme. Both the canon-
ical Drosha-dependent processing and intronic processing pathways generate a pre-miRNA with a
hairpin-like structure that is then exported out of the nucleus into the cytoplasm through Exportin 5
(EXP5). Along withArgonaute (Ago) proteins, Dicer processes the pre-miRNA transcript into a ma-
ture miRNA duplex. The strand in the duplex with the least thermodynamically stable 5′ end (guide
strand) is retained by an Ago protein in mammals. The passenger strand (miRNA∗) is generally
released and degraded. Upon target recognition by the RNA-induced silencing complex (RISC)
based on the seed region complementarity with the target mRNA, the target mRNA undergoes
translational repression

receptor liver X receptor-alpha (LXRα) (Ou et al. 2011). The sterol response ele-
ment binding protein (SREBP), a target of LXRα, binds an SREBP response element
in the promoter of hsa-miR-613 and enhances its expression, thus down-regulating
the expression of LXRα (Ou et al. 2011). Similarly, the expression of the clustered
miRNA hsa-miR-2861 and hsa-miR-3960 is regulated by runt-related transcription
factor 2 (Runx2), a key transcription factor that promotes osteoblast differentia-
tion (Hu et al. 2011). Runx2 enhances the transcription of hsa-miR-2861 which
results in the repression of histone-deacetylase 5 thereby inhibiting the repression
of Runx2 to further promote osteoblast differentitation (Li et al. 2009). Runx2 also
enhances the expression of hsa-miR-3960. A target of hsa-miR-3960 is homeobox
a2 (Hoxa2), a protein that suppresses Runx2 expression (Hu et al. 2011). Thus, the
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Runx2-mediated increase in miR-2861 and miR-3960 expression plays a key role in
promoting osteoblast differentiation by suppressing inhibitors of Runx2 expression.

Similar to other protein-coding transcripts, these miRNA transcripts known as
primary (pri-) miRNA undergo processing that promotes involving the addition of
a 5′-m7G cap structure and polyadenylation (Cai et al. 2004). These pri-miRNA
transcripts are then processed to a ∼ 65-nt precursor (pre-) miRNA in the nu-
cleus by the “Microprocessor” complex consisting of the RNase III-like enzyme
Drosha and its co-factor DiGeorge Syndrome Critical Region 8 (DGCR8; Pasha in
D. melanogaster and C. elegans) (Lee et al. 2003; Denli et al. 2004). Pre-miRNA con-
taining hairpin-like structures are exported from the nucleus in a RanGTP-dependent
process involving exportin 5 (Exp5) before undergoing additional cytosolic process-
ing by Dicer to generate a mature miRNA (Bohnsack et al. 2004; Lund et al. 2004;
Yi et al. 2003).

2.3 Nuclear Processing by Drosha

Drosha is a nuclear protein of 130–160 kDa containing two RNase III domains
(RIIID) and a double-stranded RNA binding domain (dsRBD). Mammalian pri-
miRNA transcripts contain dsRNA hairpins consisting of a ∼ 33 base pair (bp) stem,
a terminal loop, and 5′ and 3′ flanking ssRNA. Although Drosha exhibits RNase
III activity in the absence of its co-factor DGCR8, it requires DGCR8 in order to
bind target RNA (Han et al. 2004). Instead, Drosha interacts with DGCR8 to form
the core Microprocessor complex that is competent for RNA binding and cleavage.
DGCR8 recognizes the ssRNA-dsRNA junction of target RNA through two dsRBDs
and facilitates substrate cleavage ∼ 11 bp from the junction (Han et al. 2006; Zeng
and Cullen 2005). The two RIIIDs of Drosha cleave the 5′ and 3′ strands of the
stem resulting in the formation of a ∼ 65-nt (60–80-nt) pre-miRNA with a 2-nt 3′
overhang (Basyuk et al. 2003). The flanking sequence containing the 3′ overhang
is an important factor for recognition by EXP5 and subsequent nuclear export for
additional cytosolic processing (Bohnsack et al. 2004; Lund et al. 2004; Yi et al.
2003). After binding the pre-miRNA, the EXP5 co-factor GTP-bound nuclear Ran
undergoes cytoplasmic hydrolysis releasing the pre-miRNA into the cytosol.

2.4 Cytosolic Processing by Dicer

Following generation of the pre-miRNA by the Microprocessor complex, the
RNase III-like protein Dicer generates an RNA duplex containing the mature miRNA.
Dicer, an ∼ 200 kDa protein containing DEAD-box RNA helicase domain, PAZ do-
main, two RIIIDs, and a dsRBD, cleaves the pre-miRNA near the loop to generate an
∼ 22-nt duplex that contains both the mature miRNA (guide strand) and a similarly
sized RNA (passenger strand) derived from the opposite stem of the hairpin (Bern-
stein et al. 2001; Grishok et al. 2001; Hutvagner et al. 2001; Macrae et al. 2006).
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Similar to Drosha in the nucleus, Dicer interacts with other proteins forming larger
complexes involved in loading of the RNA induced silencing complex (RISC). The
dsRNA binding protein TAR RNA binding protein (TRBP) and protein activator of
PKR (PACT) are not required for pre-miRNA processing by Dicer, but contribute
instead to the stability of the complex and formation of the RISC (Haase et al. 2005;
Lee et al. 2006; Chendrimada et al. 2005; Melo et al. 2009; Paroo et al. 2009). The
mature miRNA duplex is therefore determined both by recognition of the pri-miRNA
by Drosha in the nucleus and cleavage by Dicer in the cytosol. The mature miRNA
may be located on either side of the pre-miRNA hairpin duplex.

2.5 Targeting is Influenced by The 5′ End of The MicroRNA

The selection of cleavage sites by Drosha and Dicer may produce miRNA with
multiple isoforms depending on the sequence of the 5′ and 3′ ends (Carthew and
Sontheimer 2009). As explained below, differences in nucleotide composition can
alter the “seed” sequence ultimately affecting which protein-coding mRNAs are tar-
geted by the mature miRNA (Chiang et al. 2010). The ability of miRNA to repress
translation is largely a function of the thermodynamic stability of base-pairing be-
tween the miRNA and complementary sequences generally found in the 3′UTR of
target mRNA. In particular, nucleotides at positions 2–8 at the 5′ end of the miRNA
comprise the so-called “seed” sequence for miRNA target recognition (Doench and
Sharp 2004). Although both the 5′ and 3′ ends of miRNA can vary depending on
the addition or deletion of 1–2 nt, alterations in the 5′ sequence can alter the seed
sequence resulting in potential changes in miRNA target specificity. Additionally,
thermodynamic stability of the 5′ and 3′ ends may affect which strand of the duplex
is incorporated into the RISC (Krol et al. 2010). Differential selection of cleavage
sites by Drosha and Dicer can therefore alter both the stability of the duplex and
determine which strand is incorporated into the RISC as a mature miRNA.

2.6 RISC Assembly

Following cleavage by Dicer, the ∼ 22-nt RNA duplex containing both the mature
miRNA (guide strand) and the passenger strand (also referred to as the miRNA∗
strand) is incorporated into the RISC. In order to function in miRNA-mediated reg-
ulation of gene expression, the duplex is separated and the guide strand is retained
in the RISC whereas the passenger strand is removed. RISC assembly occurs in two
steps: first, ∼ 22-nt RNA duplexes are incorporated into Argonaute (Ago) proteins
and second, RNA duplexes are unwound or separated within Ago proteins (Kawa-
mata and Tomari 2010). Argonaute proteins may be divided into three groups based
on sequence similarity and the nature of their substrates: the AGO subfamily, the
Piwi subfamily, and the C. elegans-specific WAGO subfamily (Czech and Hannon



20 S. L. Clarke et al.

2011). This review will focus on the role of AGO proteins on the processing and
function of miRNA in mammals. Although the precise mechanism of assembly in
mammals is not yet known, RNA duplex incorporation into AGO proteins and ATP-
dependent RISC assembly appears to be a Dicer -independent process in contrast
to the well-characterized Dicer-dependent RISC assembly involving Ago2 in flies
(Kawamata and Tomari 2010; Schwarz et al. 2003).

Strand selection by the RISC is a regulated process dependent upon the ther-
modynamic stability of the nucleotides at the 5′ termini at each end of the duplex
(Schwarz et al. 2003; Khvorova et al. 2003). This asymmetric strand selection due to
the relative stability of the 5′ end is known as the “asymmetry rule”. The strand with
the least stable 5′ end (miRNA or guide strand) is retained within the Ago-associated
complex, whereas the passenger strand is unwound from the duplex and degraded
(Kawamata and Tomari 2010; Schwarz et al. 2003; Khvorova et al. 2003). Recent
deep sequencing studies in Drosophila revealed that miRNA∗ species for a few
miRNAs are abundantly expressed and dynamically regulated suggesting that
miRNA∗ might in fact play important gene regulatory roles in a cell-type or cell-stage
specific manner (Okamura et al. 2008). Indeed, miRNA∗ are capable of regulating the
expression of luciferase reporter constructs containing the target sites for miRNA∗
suggesting that the passenger strands likely play an important role in mammalian
gene regulatory networks (Yang et al. 2011).

All fourAGO proteins expressed in humans (AGO1–4) can bind miRNA duplexes
containing central mismatches (Yoda et al. 2010). In contrast to flies, there does not
appear to be strict small RNA sorting system involved in RISC assembly in mammals.
As a result of mismatches in base-pairing in the duplex, the two strands are unwound
by a cleavage-independent (i.e., nuclease-independent) mechanism (Kawamata et al.
2009). Whereas the passenger strand appears to be susceptible to rapid nucleolytic
degradation, the guide strand is retained in the RISC. Upon the formation of a mature
or active RISC, the mature miRNA is then capable of exhibiting a regulatory function
by altering protein translation or mRNA stability.

2.7 MicroRNA Repress Protein Translation

Due to the combinatorial nature of 5′ sequence heterogeneity in the seed region of
the miRNA as a result of pri- and pre-miRNA processing, strand selection, and AGO
association, the appropriate target recognition by mature miRNA is essential to its
ability to participate in regulatory networks. Furthermore, miRNA relative expression
levels and subcellular localization contribute to the complexity of miRNA-dependent
regulation of gene expression. Although all four AGO proteins in humans evolved as
ribonucleases, only AGO2 retains its catalytic activity (i.e., Slicer activity) required
for the cleavage of target mRNA (Meister et al. 2004). Active RISC containing ei-
ther AGO 1, 3, or 4 loaded with guide miRNA is able to recognize target sequence
in the 3′UTR of target mRNA resulting in translational repression but could also
decrease mRNA stability by promoting transcript degradation (Bartel 2009; Eulalio
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et al. 2008; Chekulaeva and Filipowicz 2009). mRNA targets subject to translational
repression and degradation may be localized to cytoplasmic processing (P-) bodies
that are associated with both mature RISC and target mRNA (Parker and Sheth 2007;
Berezhna et al. 2011; Pothof and van Gent 2011). By contrast to widely character-
ized translational inhibition, miRNA can also increase or activate translation of target
mRNA in a cell-cycle dependent manner (Vasudevan et al. 2007; Niepmann 2009;
Roberts et al. 2011). For example, AU-rich elements in the 3′UTR of Tumor Necrosis
Factor-α mRNA that are usually associated with promoting enhanced mRNA decay
can recruit miRNA to either mediate translational up-regulation under serum-starved
condition or repress translation during cellular proliferation (Vasudevan et al. 2007).
These results suggest that miRNA can control both translational repression and acti-
vation of target mRNA in a cell-cycle specific manner thereby allowing cells to adapt
to changes in metabolic or environmental conditions.

As mentioned above, miRNA interact with target mRNA by a mechanism involv-
ing imperfect base-pairing. Although there is little tolerance for mismatches in the
seed region (nt 2–8 of the mature miRNA), targets containing mismatches in the seed
region have nonetheless been described (Vella et al. 2004; Lindenblatt et al. 2009).
Mismatches in the central portion of the miRNA repress endonucleolytic cleavage
of target mRNA while simultaneously allowing the formation of a mature RISC by
increasing the rate of strand dissociation (Yoda et al. 2010; Kawamata et al. 2009).
Rather than a one miRNA: one mRNA model of repression, there are usually multiple
miRNA and/or target sequences required for maximal repression (Doench and Sharp
2004; Hon and Zhang 2007). While most miRNA target sites located in the 3′UTR
serve as the basis of a number of target prediction tools (Lhakhang and Chaudhry
2011; Huang et al. 2011; Hsu et al. 2011; Liu et al. 2010; John et al. 2004), target
sites within the 5′UTR have also been described (Forman and Coller 2010; Grey
et al. 2010; Moretti et al. 2010).

mRNA whose translation are cap-independent or mRNA lacking a 5′-m7G cap
structure are less robustly repressed than those mRNA that are cap-dependent (Pillai
et al. 2005; Mathonnet et al. 2007). Additionally, internal ribosome entry site (IRES)-
containing mRNA are poorly repressed by miRNA (Pillai et al. 2005; Humphreys
et al. 2005). These results suggest that optimal repression may be dependent on
disrupting the interaction between the cap binding eukaryotic initiation factor 4E
(eIF4E) and the cap structure. Although the mechanisms are still not fully under-
stood, alterations in protein-protein interactions are likely to result in an arrest of
translational initiation. For example, GW182, a protein that is a component of the
RISC, may interact with the poly(A) binding protein (PABP) thereby preventing
PABP from binding to the scaffold protein eIF4G resulting in a block in translation
initiation (Wakiyama et al. 2007; Wang et al. 2008; Fabian et al. 2009). Interest-
ingly, both polyadenylated and deadenylated mRNA are subject to miRNA-mediated
repression suggesting the existence of both poly(A)-dependent and independent
mechanisms (Pillai et al. 2005; Beilharz et al. 2009). Some of these mRNA can
also be found in P-body subcellular compartments providing a location wherein the
repressed mRNA may be subsequently decapped and degraded (Parker and Sheth
2007; Cannell et al. 2008). Nonetheless, one of the molecular mechanisms through
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which miRNA modulate protein abundance is through the repression of translation
by impairing translation initiation.

Existing evidence also suggests that miRNA function to repress translation at
a point following translational initiation. Using sucrose gradient fractionation to
examine polysomal distribution of mRNA, results indicate that both synthetic and
endogenous miRNA target messages may be associated with polysomes (Petersen
et al. 2006; Nottrott et al. 2006; Gu et al. 2009). Furthermore, synthetic mRNA
containing a cap-independent IRES may be subject to repression by miRNA and
provides evidence that the regulatory step occurs at some point after the initiation
of translation (Petersen et al. 2006). In fact, numerous miRNA have been found
associated with polysomal fractions indicating that mature miRNA control protein
expression at a point beyond initiation and is consistent with a model wherein miRNA
may also bind to and repress target mRNA at a post-initiation step (Kim et al. 2004;
Nelson et al. 2004; Maroney et al. 2006; Kong et al. 2008). The precise mechanism
controlling the miRNA-induced repression via regulating elongation or termination
steps remains unknown.

2.8 Target Regulation by Altering Transcript Stability

Regulation of post-transcriptional gene expression by miRNA also likely occurs
through the modulation mRNA stability or turnover. Following recognition of the
target mRNA, miRNA promote the deadenylation and decapping of the message
resulting in its destabilization (Fabian et al. 2010). Deadenylation may be, at least in
part, dependent on the interaction between PABP and GW182 of the RISC thereby
impairing the interaction between PABP and eIF4G (Fabian et al. 2009). It does
not appear that deadenylation alone results in enhanced decay, but instead suggests
that deadenylation may be requirement for decapping and degradation by either a
3′–5′ or 5′–3′ exoribonuclease. Intriguingly, recent work using rabbit reticulocyte
lysate suggests that the poly(A) tail, but not the 5′-m7G cap, of target mRNA is
required for miRNA-mediated effects (Ricci et al. 2011). In fact, in these studies
using rabbit reticulocyte lysates, translational repression was independent of either
deadenylation or decreased mRNA stability. Despite examples of deadenylation
and decay occurring to varying degrees, the extent to which these processes play an
important role in mammalian cells remains unclear and may indicate that the primary
means of regulation, at least in mammals, is through a mechanism involved in the
regulation of translation initiation (Fabian et al. 2009).

2.9 Summary

Similar to protein-coding genes, miRNA gene expression is usually regulated through
the recruitment of RNA polymerase II to produce a primary miRNA transcript. This
nascent transcript undergoes nuclear processing to generate 60–80 nt pre-miRNA
transcripts that are then exported out of the nucleus and further processed by the
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RNase III enzyme Dicer to generate a miRNA duplex. The strand of the duplex with
the least thermodynamically stable 5′ terminus is subsequently incorporated into the
RISC and directed towards recognition of the 3′UTR of target mRNA. In mammals,
miRNA regulate protein expression primarily by repressing protein translation. Thus,
alterations in miRNA expression allow cells to fine-tune protein expression to more
appropriately control cellular fate and metabolism. Although there is an enhanced
appreciation for the roles of miRNA in regulating cellular fate and metabolism,
much remains to be known about the mechanisms controlling aspects of miRNA
expression, miRNA turnover, and stoichiometry of miRNA: target ratios required
for target repression.
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Abstract The recent publication of the Chinese hamster ovary (CHO) genome has
heralded the beginning of an exciting new era of research in this industrially impor-
tant cell line. Advances in our understanding of CHO at the molecular level have
the potential to facilitate the development of modified cell lines and biomarkers to
increase the efficiency of recombinant protein production processes. In recent years
there has been growing interest in the function of small non-coding RNA molecules,
known as microRNAs (miRNAs), as targets to enable multigene CHO cell engineer-
ing. To date, miRNAs have been shown to be dysregulated in a number of processes
including cell growth and apoptosis.

Bioinformatics has proven to be an essential supporting technology for miRNA
based studies. In this chapter, we review a new class of miRNA specific in-silico
tool developed to predict which mRNAs a particular miRNA targets in order to de-
termine the impact of a miRNA on biological function. A range of popular miRNA
target prediction algorithms are presented, their underlying principles described and
performance assessed. In addition, publically available repositories of miRNA se-
quence, expression profiling and target data are highlighted. Finally, examples of the
utilisation of these tools to study CHO cells are presented.

Keywords MicroRNA · Bioinformatics · Target prediction algorithm · MicroRNA
data repository · CHO · Bioprocess

3.1 Introduction

The study of miRNA-mediated regulation of CHO cells in industrial culture has
progressed rapidly despite the fact that until recently no genome sequence was avail-
able (Xu et al. 2011). In contrast to other “omics” platforms, the high degree of
conservation of miRNAs across mammalian species has allowed the utilisation of
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cross-species microarrays (Gammell et al. 2007), qPCR and next generation se-
quencing (NGS) platforms (Hackl et al. 2011; Hammond et al. 2011; Johnson et al.
2011) to study these small RNAs in CHO. To date, miRNAs have been implicated in
the control of several industrially relevant phenotypes including growth (Bort et al.
2011; Gammell et al. 2007), apoptosis (Druz et al. 2011), and recombinant protein
production (Barron et al. 2011; Hammond et al. 2011; Lin et al. 2010). As we enter
the next phase of CHO miRNA research computational tools will become increas-
ingly important in unravelling the effects of miRNA expression on the transcriptome,
proteome and ultimately bioprocess phenotypes.

Bioinformatics plays a crucial role in the study of miRNA biology. Researchers
utilise a variety of supporting computational methods in a range of areas from se-
quence analysis to detecting differential expression of miRNAs. While pre-existing
tools were readily available for some of these tasks, a new class of in-silico methods
to predict miRNA interactions with mRNA (therefore predicting miRNA function)
was required. The development of these algorithms was driven by the breadth and
complexity of animal miRNA dependant post-transcriptional control (∼ 30 % of all
protein coding genes are estimated to be targeted by one or more miRNA (Filipowicz
et al. 2008)) along with the extensive wet-lab experimentation required to confirm a
miRNA target.

The aim of this chapter is to describe miRNA target prediction algorithms; we be-
gin by describing the currently accepted rules of miRNA target interaction (Sect. 3.2),
followed by a detailed treatment of the most popular algorithms (Sect. 3.3). Publicly
available data repositories containing precompiled lists of predicted targets, validated
targets and sequence information are described (Sect. 3.4); the chapter closes with
a discussion of algorithm performance (Sect. 3.5) and examples of their application
in CHO studies (Sect. 3.6).

3.2 Principles of MicroRNA Target Prediction

The prediction of miRNA targets in plants is generally straightforward. Here
miRNAs tend to bind their mRNA targets with near perfect complementarity induc-
ing cleavage of the transcript (Rhoades et al. 2002), and while near-perfect matches
between metazoan miRNAs and their respective targets can be found, it is unusual.
Prediction of target interactions in animals is generally more challenging due to
the intricacy of target recognition where sequences often contain gaps, mismatches
and G:U base pairs in multiple positions (Bartel 2009). The complexity of animal
miRNA regulation is reflected by estimates that a single miRNA targets an average
of 100–200 mRNAs (Krek et al. 2005), a single mRNA transcript can be targeted
by hundreds of miRNAs (Friedman et al. 2009) and multiple miRNAs can cooper-
atively repress a range of targets (Wu et al. 2010). Experimental methodologies to
confirm direct miRNA regulation have advanced over recent years; however the num-
ber of confirmed interactions with mRNA remains relatively small. Computational
target prediction remains a critical aspect of assessing global miRNA function and
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Fig. 3.1 miRNA-target
recognition site types. The
four canonical site types are
shown for myotubularin
related protein 3 mRNA
3′UTR and human mir-16–1

prioritising candidates for wet-lab confirmation (Orom and Lund 2010). This section
aims to give the reader an overview of the sequence-based rules that underpin the
most widely used target prediction algorithms from comparative sequence analyses
to thermodynamics.

3.2.1 MicroRNA Seed Region Base Pairing

Determining the degree of complementarity between bases 2–7 at the 5′ end of the
mature miRNA sequence (termed the seed region) to the target transcript (some al-
gorithms require perfect Watson-Crick base pairing to the seed region) is the most
widely used feature in computational target prediction (Bartel 2009). The importance
of this region was first highlighted by Lewis and co-workers who demonstrated a
greater degree of seed region conservation across several species than would be ex-
pected by chance (Lewis et al. 2003). Furthermore, studies that perturbed specific
miRNAs followed by global expression profiling of mRNA (Lim et al. 2005) and
proteins (Baek et al. 2008; Selbach et al. 2008) observed enrichment of seed region
target sites within the resulting differentially expressed gene/protein sets. It has also
been shown that mutations within the miRNA seed region can lead to an elimina-
tion of miRNA function, enhance or reduce their biogenesis (Sun et al. 2009) and
result in the onset of disease (Hughes et al. 2011; Mencia et al. 2009). The extent
of gene expression repression is thought to be affected by variations in the num-
ber of contiguous bases and sequence composition of the gene target binding the
seed (Fig. 3.1). It also should be noted that, in some instances, miRNA mediated
repression can occur in the absence of a seed region match. These “seedless” highly
complementarity miRNA-mRNA interactions have also been shown to mediate
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repression (Azzouzi et al. 2011; Lal et al. 2009). The type of seed match how-
ever, remains central to the scoring systems of many of the algorithms mentioned
later in this chapter (Sect. 3.3).

The most frequently occurring type of seed regions are known as canonical target
sites and are broadly defined by continuous base pairing spanning 7 or 8 nucleotides.
These site types can be further characterised by a match at position 8 (7mer-m8
site), a 7 nucleotide match with binding to an adenosine at position 1 (7mer-A1 site),
and matching either any base at position 8 or an adenosine matched at position 1
at the miRNA 5′ end (8mer site) (Bartel 2009). Studies have demonstrated that
an adenosine at position 1 (complementary or non-complementary) increases down
regulation of the target in comparison to other target site types (Baek et al. 2008;
Nielsen et al. 2007). The presence of adenosines around the seed region seems to be
conserved (Lewis et al. 2005) and is thought to be important for recognition by the
RNA induced silencing complex (RISC).

Another class of seed region types can be categorised by an additional 4–5 base
complementarity with the target mRNA towards the miRNA 3′ end (Bartel 2009).
These types of target recognition have either a perfect match to the seed region
(3′-supplementary) or correct for a mismatch in the seed region (3′-compensatory).
Binding of nucleotides at positions 13–16 of the mature miRNA seems to provide
optimum down regulation of targets (Grimson et al. 2007). The final seed type is
termed “marginal” and is defined by only 6 nucleotide matches with the seed region
(6mer site). Base pairing can begin at position 2 or position 3 of the miRNA. Those
algorithms requiring perfect Watson Crick base pairing with the seed region in order
to decrease the false positive rate would therefore ignore these marginal seeds (Bartel
2009).

3.2.2 mRNA Target Site Location and Abundance

The vast majority of metazoan miRNA binding sites reside within the 3′ UTR of the
target transcript. The first miRNAs discovered, lin-4 and let-7 in C. elegans, both
bind to sites within the 3′UTR of their respective targets (Lee et al. 1993; Reinhart
et al. 2000). The presence of multiple target sites for one or more miRNAs within
the 3′ UTR tends to increase miRNA induced repression. In addition, if these sites
are within 13–35 bases of each other they can act in unison to further downregulate
target translation (Brennecke et al. 2005; Saetrom et al. 2007). Target gene sites
can be distributed toward both ends of the 3′UTR. The location of the target site
along with surrounding sequence composition of the target site seems to affect the
degree of miRNA regulation. For instance, characteristics of target sites including
lying within 15 nt of the stop codon, away from the centre of long UTRs, near
coexpressed miRNAs and close to AU rich regions, tends to increase effectiveness
(Grimson et al. 2007). Kertesz et al. provided evidence of the importance of target site
context, demonstrating the impact of target site accessibility and mRNA secondary
structure on the efficiency of translation repression via miRNA. The importance of
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accessibility within the 3′UTR was further underlined by the observation that these
functional target sites seem to be under evolutionary pressure (Kertesz et al. 2007).

A large proportion of target algorithms, therefore, continue to place emphasis on
the 3′ end of the transcript during scoring. However these sites are not solely confined
to the 3′UTR and recent evidence points to biologically active sites located within
both the 5′UTR and coding sequence (CDS) (Moretti et al. 2010; Schnall-Levin et al.
2011). Sites within these regions seem to occur less frequently and are on the whole
less effective than those within 3′UTR (Bartel 2009), although target binding sites
within the 5′UTR of the transcript can in some cases disrupt translation as efficiently
as those within the 3′UTR (Lytle et al. 2007) and in some instances simultaneous
targeting of both the 5′ and 3′UTR by a single miRNA can also occur (Lee et al.
2009).

3.2.3 Cross Species Conservation

The number of common miRNA targets predicted by the early algorithms following
analysis of the same species was low. To alleviate these concerns a further step was
introduced to determine evolutionary conservation across multiple species which
allowed targets that scored equally well in sequence alignment to be ranked according
to conservation (Bartel 2009). The rationale behind the use of conservation analysis
of transcripts and miRNA target regions is that miRNA-mRNA interactions that
are present across a large evolutionary distance suggests biological functionality.
The majority of target algorithms utilise a combination of seed region pairing and
phylogenetic filtering to reduce false positive results. While conservation provides a
strong indication for functional relevance, not all functional targets of miRNAs are
conserved (Farh et al. 2005).

3.2.4 Thermodynamic Calculations

In recent years significant false positive rates associated with seed rule/conservation
based approaches have driven the development of algorithms that assess the binding
efficiency of a miRNA with its target. Following the observation that the free energy of
hybridisation between the miRNA and mRNA target site (�Gduplex) was an important
factor in determining biological function (Doench and Sharp, 2004), thermodynamic
calculations were incorporated into several algorithms. �Gduplex can be calculated for
each predicted miRNA-mRNA pair, the most commonly used program for this task is
known as the Vienna package (http://www.tbi.univie.ac.at/RNA/) (Hofacker 2003).
The lower the free energy the greater the likelihood of an interaction; a �Gduplex

threshold can be applied to remove putative target interactions above a free energy
level. miRNA target prediction schemes tend to vary this threshold according to
species, e.g. Drosophila—14 kcal/mol (Enright et al. 2003), Human—17 kcal/mol
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(John et al. 2004) and C. elegans—20 kcal/mol (Watanabe et al. 2006). Kertesz et al
have extended the principle of thermodynamic feasibility through the calculation of
the free energy of target accessibility (�Gopen) governing the “opening” of mRNA
structure (target site along with upstream and downstream flanking sequences) to
facilitate the binding of miRNA to target (Kertesz et al. 2007).

3.3 miRNA Target Prediction Algorithms

3.3.1 miRanda

The miRanda algorithm was originally developed for target prediction in D.
melanogaster (Enright et al. 2003) and has now been extended to include human,
mouse, rat and C. elegans (Betel et al. 2008; John et al. 2004). miRanda initially
assesses the complementarity of an entire miRNA to each mRNA 3′UTR via an
extension of the classical Smith-Waterman alignment method. miRanda requires an
almost perfect match within the seed region, although wobble is permitted and can
be compensated by an extra match at the 3′end of the miRNA.

A sequence position dependent “weighted” alignment score (S) is calculated for
each potential mRNA target. Matches in the seed region of the miRNA are assigned
a higher weighting. The algorithm penalises G-U wobbles, gaps, insertions and
deletions. Scoring also takes into account the proximity of the target site to the
miRNA 5′ end. The best scoring alignments are filtered on thermodynamic feasibility
by calculating the �Gduplex of the putative miRNA-mRNA interaction using the
Vienna algorithm (Wuchty et al. 1999). miRanda retains only interactions when
target sequences are above an evolutionary conservation threshold (e.g. PhastCons
score > 0.57) and the target site reside at approximately the same sequence position
(Betel et al. 2008; Enright et al. 2003).

3.3.2 PicTar

The PicTar (probabilistic identification of target sites) (Krek et al. 2005) algo-
rithm differs from other target prediction strategies in that target sites for multiple
miRNAs as well as single miRNAs can be identified. PicTar, inspired by the observa-
tion of coexpression between miRNAs and the presence of multiple target sites within
3′UTRs (Hobert, 2004), attempts to reduce false positives through the identification
of common targets of coexpressed miRNAs. Target identification begins with a set of
miRNAs along with multiple orthologous 3′UTR sequence alignments and followed
by identification of perfect complementarity with the seed region or disruption of
complementarity by a single base difference (bulge, mismatch or wobble) at most.
These matches within regions of the 3′UTR termed “nuclei” are subjected to ther-
modynamic filtering of the resulting duplexes. A free energy threshold is applied,
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for instance a complimentary nuclei the free energy of binding must be within 33 %
of the optimum free energy, while imperfect nuclei must be within 66 %. The re-
maining results are scored against a Hidden Markov Model (HMM) based ranking
of the probability of being common targets of subsets of the miRNAs under con-
sideration. Finally conservation analysis across eight vertebrate species is utilised
to prioritise targets and eliminate false positives. The scores for each species are
calculated individually and combined to give a final score for a gene. The usefulness
of this algorithm is demonstrated by PicTar prediction and subsequent experimental
confirmation of miR-375, miR-124 and let-7b coregulation of the myotrophin gene
(Krek et al. 2005).

3.3.3 Diana-microT

The Diana-microT (Maragkakis et al. 2009a, b) approach utilises an extended miRNA
seed region of up to nine nucleotides known as the “miRNA driver sequence”. This
driver sequence is shifted across the 3′UTR of the target gene to search for alignments
with 7, 8 or 9 nt Watson-Crick base-pairing. DIANA-microT also aims to incorpo-
rate sites with weaker binding of 6 nts or G:U wobbles within target prediction.
DIANA-microT 3.0 attempts to control false positives by filtering potential target
sites without 7 nt Watson-Crick base pairing by applying a threshold to thermody-
namic calculations provided by RNAhybrid (See below). Each individual miRNA
binding site is scored with respect to the binding type (e.g. 6mer) and conservation.
These scores are combined for each individual 3′UTR to produce a gene level “miTG
score” (incorporating assessment against a set of synthetic miRNAs).

3.3.4 TargetScan/TargetScanS

TargetScan was the first method developed to predict miRNA targets in humans
(Lewis et al. 2003). The underlying rationale of the TargetScan method is that, by
returning only perfect seed matches and utilising only groups of orthologous 3′UTRs
as input, the false positive rate can be controlled (although non-conserved sites will
be missed). The algorithm begins by locating perfect complementarity to the miRNA
seed regions. Once a seed match is located TargetScan extends the alignment along
the 3′UTR until a mismatch is located (G:U wobbles are permitted). The optimum
base pairing at the 3′ end of the miRNA is determined and RNAfold calculates the
free energy to the miRNA-mRNA interaction. For each alignment a “Z-score” incor-
porating thermodynamic stability is calculated for each species to assign a rank to
each potential miRNA-target interaction. Further refinement produced the simplified
TargetScanS (Lewis et al. 2005) which is a simplification of TargetScan algorithm
where the criteria for a target match is less stringent and only complementarity to
a 6 nt seed match along with an adenosine located at position 1 is required. The
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algorithm also ranks the outputted prediction based on a “context + score” calculated
from the target type, AU composition, position, site abundance and seed pairing
stability (Garcia et al. 2011; Grimson et al. 2007).

3.3.5 PITA

The PITA algorithm extends the thermodynamic calculation to consider target ac-
cessibility with respect to transcript secondary structure (Kertesz et al. 2007). The
initial stage of PITA predicts targets via seed region complementarity to the mRNA
3′UTR over at least seven bases for human, mouse, worm and fly followed by the
application of a thermodynamic model to calculate ��G, a comparison of the free
energy gained from binding of the miRNA to the potential target gene �Gduplex and
the cost of un-pairing the target for miRNA accessibility �Gopen. The user can also
limit results to conserved miRNAs and mRNA if desired.

3.3.6 RNAhybrid

RNAhybrid attempts to locate the most likely target site with the miRNA seed through
the identification of thermodynamically stable matches in the mRNA 3′UTR (Kruger
and Rehmsmeier 2006; Rehmsmeier et al. 2004). RNAhybrid does not assess pre-
computed alignments to the seed region but rather identifies any regions that have the
ability to form duplexes with a given miRNA. The algorithm also applies a statistical
adjustment to correct for the sequence length of the target and miRNA sequence and
assigns a p-value. In addition, the significance of multiple and conserved sites can
be computed using Poisson statistics.

3.3.7 RNA22

The RNA22 algorithm (Miranda et al. 2006) differs from competing methods in
that target prediction does not use evolutionary filtering allowing the identification
of species specific miRNA-mRNA interactions. In addition, RNA22 does not rely
on locating the reverse complement of the miRNA seed region but attempts to find
overrepresented statistical patterns derived from the mature miRNA within the tran-
script of interest potentially identifying unknown miRNA binding sites (RNA22 can
assess the 3′UTR, 5′UTR and CDS). The initial phase of RNA22 identifies targets
sites by identifying motifs within the mature miRNA. The reverse complement of
statistically significant motifs are compared to the transcript to locate potential bind-
ing sites. As the patterns located in stage one of the algorithm contain redundancy,
one or more of these patterns can map to a single transcript. If a pattern aligns at
a particular location a vote is cast and if multiple patterns align to a location (e.g.
votes ≥ 30) the area is identified as a “target island” for potential miRNA binding. To
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associate a mature miRNA (as opposed to mature miRNA pattern) those areas with
low pattern aggregation are discarded and the remaining target islands are aligned
to the miRNA sequences in a straightforward manner followed by thermodynamic
assessment of binding via the Vienna package after insertion of a linker to form an
in-silico hetroduplex.

3.3.8 mirWalk

mirWalk (Dweep et al. 2011) attempts to locate putative miRNA-mRNA interactions
not only in 3′UTR but in any region of the mRNA. Once Watson-Crick base pairing
across 7 nucleotides is located the miRNA seed is extended until a mismatch is found.
For each miRNA the targets matched are categorised in terms of their position within
the transcript (promoter region, 5′UTR, coding sequence, 3′UTR or mitochondrial
genes) with a p-value reported for each match based on a random seed match. The
mirWalk system allows user friendly overlap with several other prediction algorithms
as well as a collection of validated targets.

3.3.9 Machine Learning

Several approaches have recently emerged that utilise features from known miRNA-
mRNA interactions. Such methods aim to develop a statistical model to predict novel
interactions from the characteristics of those that have already been discovered. One
such approach was developed by Kim and co-workers (Kim et al. 2006). A sup-
port vector machine approach (SVM) algorithm was applied to predict targets for
multiple species. The data utilised to train the algorithm on features selected from
a combination of sequence composition and binding position along with thermody-
namic calculations. miRSVR is an example of a similar approach where a model was
constructed from 57 features derived using a two-class Natrive Bayes (NBmiRTar)
(Yousef et al. 2007) (an artificial negative target dataset was generated for training).
The model was integrated with the predicted targets of miRanda demonstrating how
machine learning and target prediction strategies can be used together. Several other
machine learning approaches have also been described using a variety of compet-
ing algorithms including random forest prediction (Jiang et al. 2007), and in some
instances a combination of different machine learning algorithms (Yan et al. 2007).

3.3.10 Combining in-silico Prediction with Experimental Data

One recently developed approach, HOCTAR (Host Gene Oppositely correlated Tar-
gets) (Gennarino et al. 2009) utilises gene expression analysis to search for inversely
correlated target genes. The creators of the algorithm compiled at list of predicted tar-
gets outputted by TargetScan, miRanda and PicTar. The intergenic miRNAs within



38 C. Clarke et al.

each of the lists were compiled and a single list of miRNAs produced. A dataset
consisting of ∼ 3500 microarray samples was also compiled to calculate correlation
values. The probesets on the chip targeting a miRNA host gene were identified. For
each host gene the Pearson correlation coefficient was calculated between the gene
and all other genes on the array for each dataset. The 3 % of genes with the largest
inverse correlation from each dataset were compiled into a list ranked on the number
of times a gene appeared. The HOCTAR method suffers from the fact that miRNAs
under investigation must result in mRNA transcript degradation and those targets un-
dergoing translation repression would not be detected. A database of HOCTAR target
predictions is available and can be searched by miRNA or gene name (Gennarino
et al. 2011).

3.4 Publicly Available miRNA Data Repositories

3.4.1 miRbase

miRbase is a web-based, searchable database designed to provide access to miRNA
sequences and annotation along with links to miRNA expression profiling data via
NCBI GEO (Kozomara and Griffiths-Jones 2011). The database contains both hairpin
precursor miRNA and mature miRNA sequences. At the time of writing the latest
version, mirBase 18 contained 18,226 hairpin precursors and 21,643 mature miRNA
sequences from 168 species.

3.4.2 microRNA.org

microRNA.org (Betel et al. 2008) provides a tool to study predicted miRNA targets
and miRNA expression in human, mouse and rat. Target predictions are acquired
from the miRanda algorithm and a more recent approach using a machine learn-
ing algorithm—miRSVR. Sequences for miRNA prediction from three mammalian
species (human, mouse and rat) are acquired from mirBase and the UCSC genome
browser. miRNA expression profiles are derived from next generation sequencing
studies of human, mouse rat and cell lines from ∼ 250 small RNA libraries (Landgraf
et al. 2007).

3.4.3 MicroCosm

Microcosm (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/) is a
regularly updated database of predicted targets from miRanda provided by EMBL-
EBI. MicroCosm v5 contains target predictions for mirBase sequences against the
latest builds for EnsEMBL across 22 species’ genomes. The user can search for
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interaction via miRNA ID, keyword, EnsEMBL ID or genome ontology (GO)
term. Results outputted include the miRanda score, thermodynamic stability and
the statistical significance of the predicted interaction.

3.4.4 Tarbase

Tarbase (Vergoulis et al. 2011) is a collection of supporting experimental data
for miRNA-mRNA targets covering nine organisms from a range of experimen-
tal techniques including luciferase reporter assays, high throughput sequencing and
microarrays. Version 6 of the database contains in excess of 65,000 thousand entries
generated by initially scanning the literature using a text-mining pipeline followed
by manual curation of parsed entries. Each entry contains the type of experimen-
tal technique from which the interaction was drawn, manuscript citation, alignment
of the seed region and biological relevance. Tarbase is also cross linked with other
databases including EnsEMBL and Uniprot.

3.4.5 MirTarBase

MirTarBase (Hsu et al. 2011) is a database of 4,270 experimentally confirmed targets
for 14 species. The current build of the database (Version 2.5) covers 669 miRNAS
and 2,533 targets extracted from a total of 1,380 articles in a similar manner to
Tarbase (automatic literature mining followed by manual curation). Experimental
data is predominantly from reporter construct assays or Western blotting and to a
lesser degree from SILAC based proteomic and microarray expression profiling. The
user can conduct a species specific search for the miRNA of interest to return target
interactions. Each target interaction result contains information on the miRNA, gene
and article as well as links to complementary biological databases.

3.4.6 StarBase

Recent years have seen increased application of next-generation sequencing tech-
nologies such as HTS-clip and degradome sequencing for analysis of miRNA
mechanisms through Argonaute protein binding and transcriptional degradation. The
starBase (Yang et al. 2011) database was developed to store the information aris-
ing from such experiments and to integrate these complex data with complementary
resources. The current build of the database contains thousands of miRNA-mRNA
interactions as well as information on Ago and other RNA binding proteins across
six organisms. The database contains a variety of tools including a genome browser,
and a search system to find interactions and integrate data with biological pathway
information such as KEGG, Biocarta and GO.
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3.4.7 miRecords

The miRecords (Xiao et al. 2009) database contains both validated and predicted an-
imal miRNA targets. Predicted targets stored within miRecords are acquired from a
number of target prediction algorithms including TargetScan, PicTar, PITA, RNAhy-
brid, DIANA-microT and RNA22 as well as some machine learning approaches.
Also included are manually curated entries for validated targets from several species
extracted from the literature. At present the database holds 2,286 interactions with
experimental evidence (677 arise from profiling studies). From a search result a user
can see the degree of overlap between predicted target algorithms along with the re-
sults from the literature search including experimental manipulation of the miRNA
(over or under-expression) and effect on the mRNA or protein level.

3.4.8 miR2disease

As its name suggests miR2disease (Jiang et al. 2009) focuses on cataloguing those
miRNA with an impact on human disease. The database contains 3,273 entries for
349 miRNA disregulated in 163 diseases, users can search for miRNAs, genes or
a disease of interest. For example a search for stomach cancer returns a list of
miRNAs with differential expression for several studies along with their role within
the disorder (e.g. causal). Each search returns the method used to detect miRNA
expression level, and validated targets from within the study or TarBase and links to
predicted targets for the microRNA.

3.5 miRNA Prediction Algorithm Performance

Which algorithm is most likely to provide direct miRNA targets? At present the
question is difficult to answer accurately due to large disparity between the numbers
of confirmed targets in comparison to the number of predicted targets. For example,
one study (Sethupathy et al. 2006) compared target predictions for 84 mammalian
targets with 32 miRNAs in the current version of Tarbase that were confirmed using
direct methods, e.g. 3′ luciferase assays. The study suffers from an obvious lack of
experimentally confirmed targets given the breadth of miRNA regulation; however
it is interesting to compare the performance of the individual algorithms against this
set. To determine the false positive rate, a set of ∼ 20 targets confirmed to have
no interaction were used. These experimentally confirmed targets and non-targets
were compared against those predicted byTargetScan, TargetScanS, DIANA-microT,
miRanda and PicTar along with the unions and intersections of various combinations
of the outputs of these algorithms. Each set of predictions were compared in terms
of sensitivity (S) (probability of detecting a true interaction). Early algorithms [Tar-
getScan (S = 21 %), DIANA-microT (S = 10 %)] were found to have low sensitivity,
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with more recent algorithms [(miRanda (S = 49 %), TargetScanS (S = 48 %) and
PicTar (S = 48 %)] significantly increasing in sensitivity. Combining the results from
the five algorithms had the highest sensitivity (S = 100 %) outperforming individual
algorithms and also the union of predictions.

Proteomic and transcriptomic profiling following miRNA transfection/knockout
have also been utilised to test prediction algorithms. Two studies compared predicted
outputs from miRBase Targets, miRanda, PicTar, PITA and TargetScan in terms of
those principles outlined in Sect. 3.2 of this chapter. In this comparison PicTar and
TargetScan had the highest prediction rate for those proteins repressed amongst
the algorithms (although > 66 % of the predicted targets were not detected). The
authors noted that this was due to the utilisation of site conservation and perhaps
stringent pairing with the seed—analysis of perfect seed match against mismatched
seed reduced the benefit of conservation analysis. Ranking predictions based on total
context score (Grimson et al. 2007) proved to be a particularly effective means to
identify proteins that were downregulated (Baek et al. 2008). Further analysis of
the precision (P) (P = correct prediction/total prediction) and sensitivity of in silico
target predictions (Alexiou et al. 2009) on the proteome (Selbach et al. 2008) further
highlighted the effectiveness of TargetScan/TargetScanS (P = 51 %/P = 49 %) and
PicTar(P = 49 %). In comparison, the miRanda (P = 29 %), PITA (P = 26 %) and
RNA22 (P = 24 %) algorithms were found to have a low precision with high false
positive rates.

It is clear that there is no one target prediction algorithm detects all targets of a
miRNA. Current consensus when prioritising targets is to utilise multiple target pre-
diction algorithms (Table 3.1) in combination with sequence and laboratory analysis.
The algorithms chosen should focus both on seed site conservation (e.g. TargetScan,
PicTar and Diana-microT) and thermodynamic calculations (PITA, RNA22). If pos-
sible global profiling tools such as proteomics or microarrays should be used to
compare expression patterns of the predicted targets. In addition the sequence fea-
tures of targets such as multiple sites in close proximity should be used to further
identify candidates (Table 3.2).

3.6 Utilisation of miRNA Target Prediction in CHO Research

The CHO field is beginning to move beyond sequence and differential expression
analysis to determining miRNA function. Two recent studies have illustrated how
the guidelines listed above and integration of predictions with analytical data can be
applied for candidate selection. The first study investigated miRNA expression and
gene expression in parallel across the growth cycle (lag, exponential, stationary and
decline) in order to determine the effect of miRNA on CHO cell function and tran-
scriptome (Bort et al. 2011). Clusters of genes with similar expression patterns were
compared to the target predictions for differentially expressed miRNAs from the 11
target prediction algorithms via the GeneSet2miRNA interface (Antonov et al. 2009).
Only targets predicted by at least four algorithms were retained. Anti-correlation of
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Table 3.2 Summary of online data repositories for microRNAs. The nature of the data included,
source of miRNA target predictions (if present) and web address of resources are presented below

Database Data type Prediction
algorithm

Analytical
techniques

URL

miRBase Sequence NA NA http://www.mirbase.org/
microRNA.org Computational

prediction
miRanda

miRSVR
NA www.microRNA.org

microCosm Computational
prediction

miRanda NA http://www.ebi.ac.uk/
enright-srv/
microcosm/htdocs/
targets/v5/

Tarbase Confirmed targets
Expression profiling

NA Luciferase,
Microar-
ray, NGS,
Proteomics

http://www.microrna.gr/
tarbase

MirTarbase Construct validation
Expression profiling

data

NA Microarray,
NGS,
Proteomics

http://mirtarbase.mbc.
nctu.edu.tw/

starBase microRNA-target
interactions,
protein-RNA
interaction,
Degradome
sequences

NA HTS-CLIP,
Degradome-
Seq

http://starbase.sysu.
edu.cn/

miRecords Computational and
Confirmed Targets

TargetScan,
PicTar, PITA,
RNAhybrid,
DIANA-microT,
RNA22

Luciferase,
Microar-
ray, NGS,
Proteomics

http://mirecords.biolead.
org/doc.php

miRNA and targets gene expression at specific phases of culture was determined to
further prioritise targets and enrichment of biological processes relating to the stages
growth rate (e.g. cell proliferation, cell cycle and apoptosis) was observed for groups
of targets inversely related to their corresponding miRNAs.

Proteomic profiling has also been carried out in CHO cells with artificially overex-
pressed miR7 (Meleady et al. 2012), known to inhibit CHO cell growth and increase
productivity (Barron et al. 2011). Quantitative label-free mass spectrometry was
utilised to measure the differences between negative control cells and cells transfected
with miR7 pre-mirs, with a total of 93 and 74 proteins found to be downregu-
lated and upregulated respectively. Potential targets of those downregulated proteins
were identified through the miRWalk interface by combining the outputs of six tar-
get prediction algorithms (miRanda, miRwalk, miRDB, RNA22, RNAhybrid and
TargetScan). The miRWalk system was configured to identify target matches with a
minimum seed length of seven in the 5′UTR, 3′UTR, promoter or CDS. Only targets
with a p-value of < 0.05 were returned and targets were deemed significant if they
were identified by two or more algorithms in either human, mouse or rat. The analysis
identified catalase (CAT) and stathmin (STMN1) as potential direct targets of miR7
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Fig. 3.2 Western blot analysis
of catalase and stathmin 48
and 96 hrs after miR7
transfection. Both proteins
were identified as potential
targets following analysis
with several in-silico target
prediction methods. (Adapted
from Meleady et al. 2012)

through overlap with several algorithm predictions in mouse and rat. Shown below
(Fig. 3.2) is western blot analysis of these proteins following transfection with miR7
and the negative control, where the expression levels of both proteins are reduced
in comparison to cell with negative control cells at 48 and 96 h prioritising these
proteins for further experimental confirmation.

Expression profiling can aid in prioritising candidates for follow-up, however
expression level alone of a gene/protein changing cannot be directly attributed to
post-transcriptional regulation by a particular miRNA. Emergent techniques such as
HTS-CLIP which identify miRNA-mRNA interaction on a global scale (Chi et al.
2009) by direct analyses of sequences bound to the Ago proteins will increase the
number of validated direct targets in the future allowing us to gain a much clearer
picture of the performance of miRNA target prediction algorithm accuracy.

3.7 Conclusions

Target prediction algorithms will play a greater role in understanding CHO regu-
lations as we attempt to understand the impact of miRNA regulation on industrial
cell culture. The complexity of animal miRNA interactions has led to a proliferation
of computational techniques designed to predict which transcripts are regulated by
a particular miRNA. In this chapter a subset of the most widely used algorithms
and data repositories are described. Traditional algorithms follow multiple general
miRNA and mRNA sequence based rules, while emerging techniques utilise previ-
ously identified and experimental data to predict targets. The performance of these
target prediction algorithms has not been completely quantified as of yet due to the
lack of experimentally validated targets in the literature. There is no universal algo-
rithm for all target types; a general set of best practice guidelines have been suggested
and it is recommended to utilise several streams of evidence including algorithms
that interrogate the seed region (alignment, conservation, the presence of multiple
site etc.) and thermodynamic calculations and where possible, data from expression
profiling studies should be incorporated to filter results.
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Chapter 4
The CHO miRNA Transcriptome

Matthias Hackl, Nicole Borth and Johannes Grillari

Abstract After the initial identification of microRNAs (miRNAs) almost 20 years
ago (Lee et al, RNA 14(1): 35–42, 1993; Wightman et al, Cell 75(5): 855–862, 1993),
research on the functional relevance of this class of small non-coding RNAs has
increased exponentially, especially during the last 15 years. Today the importance of
miRNAs as an additional layer in the regulation of gene expression is well appreciated
and has established miRNAs as important research targets in virtually every area of
cell biology from organism development (Alvarez-Garcia and Miska, Development
132(21): 4653–4662, 2005) to disease (Hammond, Curr Opin Genet Dev 16(1): 4–9,
2006) and cell death (Vecchione and Croce, Endocr-Rel Cancer 17(1): F37–50,
2010).

While several hundred miRNAs have been reported for human, murine and other
mammalian species (Griffiths-Jones, Current Protocols in Bioinformatics 12.9.1–
10, 2010), little attention has been attributed to miRNAs in the Chinese hamster,
or the most widely used Chinese hamster derived cell line—Chinese hamster ovary
(CHO) cells until recently. This is surprising, given the fact that miRNAs are known
to orchestrate complex gene expression networks, thereby acting amidst important
cellular networks that for example drive cell growth and survival and are consequently
also of profound interest for the CHO research community, which is trying to adapt
the cellular phenotype to the needs of modern bioprocesses.

Therefore, the aim of this chapter is to (i) provide a general overview on miRNA
expression in mammalian cells; introduce the reader to potential applications of
miRNAs in bioprocessing, (ii) to summarize the current knowledge about the miRNA
transcriptome in CHO cells and (iii) to provide a perspective to the reader where
this knowledge needs to be expanded so that future applications of miRNAs as
bioprocessing tools will become feasible.
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4.1 MicroRNA Expression and Cellular Phenotypes
in Mammalian Cells

Most of our knowledge on miRNA expression and functionality derives from studies
performed in organisms ranging from C. elegans to human, with a notable lack of
CHO data. Only a handful of studies have been published describing the use of tran-
scriptomic tools for the analysis of microRNA (miRNA) expression in CHO cells
(Table 4.1). Most of these studies were designed to measure miRNA levels under
specific growth or culture conditions, in order to explore their functions and subse-
quently estimate their relevance for modulating CHO cell phenotypes. That changes
in miRNA transcript levels can indeed impact on cellular phenotype seems realistic
based on miRNA research in other mammalian organisms: in models of develop-
mental biology, controlled changes in miRNA expression are known to mediate cell
differentiation and organism development (Guo et al. 2011). In other studies co-
delivery of hsa-miR-93 with transcription factors Oct-4, Klf-4, Sox2 and cMyc can
increase the efficiency of re-differentiating somatic cells into pluripotent stem cells
(Li et al. 2011). In addition the development of certain diseases was shown to be
accompanied by changes in miRNA expression, for example as a consequence of
genetic mutations or rearrangements. In this respect, specific miRNA expression
signatures have been associated to various types of cancer (Lu 2005), since both
oncogenes and tumor suppressor proteins are known to be post-transcriptionally
controlled by miRNAs. Consequently, aberrant expression of miRNAs can allow
for rapid and uncontrolled proliferation or loss of cell contact inhibition, which
eventually will result in oncogenic cellular behavior (Iorio and Croce 2009).

Whether the biological relevance of miRNAs during these alterations in cell phe-
notypes lies in the induction or in the stabilization of the newly adopted cellular
state, currently is unclear (Kosik 2010; Wu et al. 2009); that the transcription of
miRNA genes and the subsequent processing of primary transcripts into mature
miRNAs need to be highly regulated processes, which result in defined levels of
mature miRNA transcripts depending on cell type or environmental condition is
undisputed (Krol et al. 2010). At transcriptional level, this control is mediated by
RNA polymerase II (Pol II) dependent transcription of most miRNA genes (Fig. 4.1),
allowing Pol II-associated transcription factors to bind and regulate the production
of primary miRNA transcripts (pri-miRs). In addition, the activity and levels of pro-
teins involved in processing of pri-miRs into mature miRNAs—especially Drosha
and Dgcr8 (Fig. 4.1)—affects the accumulation of miRNAs on a post-transcriptional
level (Krol et al. 2010). Recently it was found that a number of well-known proteins,
such as p53 or members of the SMAD family, are able to interact with Drosha and
Dicer, thereby promoting the biogenesis of specific subsets of miRNAs (Suzuki et al.
2009; Davis et al. 2010). Overall these findings indicate that the composition of the
miRNA transcriptome at a given timepoint under given conditions is not random but
likely to significantly influence cellular state.

With respect to recombinant protein production cell lines, this means that mea-
suring changes in miRNA levels in response to specific culture conditions or
transitions in cellular state, is likely to increase our understanding of which genes and
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Fig. 4.1 miRNA expression in the context of biopharmaceutical production. Small non-coding
RNAs referred to as microRNA (miRNAs) are transcribed from intergenic loci (1) or processed from
intronic sequences of coding genes (not shown). After transcription of primary miRNA transcripts
(pri-miRs, 2) from miRNA genes in an RNA Polymerase II (RNAPII) dependent manner, pri-miRs
are processed into a ∼ 70 base long precursor miRNA (pre-miR, 3) that becomes exported into
the cytoplasm via Exportin 5 (4). In the cytoplasm the pre-miR gets incorporated into a protein
complex consisting of RNaseIII enzyme Dicer, the RNA binding protein TRBP as well as members
of the AGO protein family (5). Cleavage of the miRNA loop (dicing) results in the formation of
the RNA-induced silencing complex (RISC) with the mature 22 base-long miRNA in its core (6).
Depending on partially complementary sequence matches between a miRNA and its mRNA targets,
the RISC is directed to an mRNA molecule—most frequently its 3′ untranslated regions (UTR)—
resulting in either post-transcriptional repression or degradation (6). By these means, miRNAs
become important regulatory molecules amidst many important cellular pathways (7), which in the
context of biopharmaceutical production suggest an application of miRNAs as targets for cell line
engineering and as biomarkers in cell line development and bioprocess development

miRNAs are related to specific phenotypes. This will further enable the development
of miRNA-based tools both for better prediction and control of CHO cell behavior
under bioprocessing relevant conditions.

4.2 MicroRNAs in the Context of Biopharmaceutical
Production: EngimiRs and Biomarkers

Two future applications of miRNAs in the context of biopharmaceutical production
are currently envisioned as most promising by the research community (Fig. 4.1):
first, the use of miRNAs as targets for cell engineering approaches (engimiRs)
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through which the performance of cell factories for recombinant protein production
can be enhanced; second, the use of miRNAs as indicators of CHO cell pheno-
types, eventually resulting in their application as predictors of specific cellular traits
such as productivity during cell line development—as been recently achieved using
mRNA levels (Clarke et al. 2011)—or as indicators of cellular state during process
optimization.

In the light of published studies in other species, both applications seem realistic:
genetic mutations, deletions or heterologous expression of miRNAs in mammalian
cell lines can severely impact cellular behavior in terms of growth (Yu et al. 2012),
metabolism (Krützfeldt and Stoffel 2006), and protein translation (Nottrott et al.
2006), as well as stress resistance and cell death (Frank et al. 2011). This was
shown for several miRNAs, but most remarkably in the case of miR-21. Initially
miR-21 drew attention as it was repeatedly found overexpressed in many different
tumour types. In vitro studies that followed these observations attributed miR-21
oncogenic activity by showing that it negatively regulates the expression of numerous
tumor suppressor protein mRNAs (Zhu et al. 2008). Finally, also in vivo miR-
21 was confirmed as an oncogene (oncomiR) by Frank Slack’s lab, showing that
conditional overexpression of miR-21 in mice results in the formation of malignant B-
Lymphocytes. In contrast, inactivation of miR-21 overexpression caused the tumors
to regress, presumably due to increased levels of apoptosis (Medina et al. 2010).
Similarly, other miRNAs have been implicated in the regulation of glucose/glutamine
metabolism (Zhu et al. 2011; Gao et al. 2009) and cell cycle regulation (Cloonan
et al. 2008), p53 mediated stress response (Hermeking 2010), or protein secretion
(Lovis et al. 2008). For an in-depth discussion of putative engineering candidates
please consult Chap. 5 of this book and respective reviews (Barron et al. 2011; Müller
et al. 2008).

The possibility of applying miRNAs as biomarkers of cellular state during cell
line development and process optimization, derives from technologies that are be-
ing developed for prognosis and diagnosis of diseases: by mining the plentitude of
miRNA transcriptome data generated from several disease specimens, the levels of
single or sets of miRNAs (so-called expression signatures) can be correlated to the
presence or absence of a disease or even to determine the disease state for a given
patient (Jeffrey 2008). Initally RNA extracts for biomarker discovery were obtained
from tissue samples. Recently, researchers also discovered that miRNAs along with
other types of RNAs and proteins are secreted from cells into the bloodstream (or
find their way into the bloodstream after lysis of diseased cells). The field has now
been exteneded to plasma and serum biomarker discovery (Gilad et al. 2007). Poten-
tial analogous bioprocessing applications lie in the identification of intracellular or
extracellular miRNAs that can indicate early on whether a cell harbors a favorable
phenotype or not, thus shortening the timelines during cell line development and
making screening more targeted and efficient.

Although the road towards these future applications is paved by innovations in the
field of diagnosis and treatment of disease, what is missing is a profound character-
ization of miRNA expression in common recombinant protein production cell lines,
including both CHO, human (HEK293, PerC6) or other animal derived cell lines;
and while few CHO miRNA profiling studies have already been undertaken using
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cross-species array platforms (Table 4.1), the major factor contributing to the lack
of CHO specific miRNA expression data—the absence in public miRNA sequence
data—has only recently been overcome.

4.3 Breaking the Ground for CHO-Specific miRNA Profiling

The often cited lack of availability of public information on genomic and tran-
scriptomic sequences derived from CHO cells has resulted in an expanded use of
cross-species platforms for measuring RNA transcript levels. While this requires
sophisticated verification of results for mRNA array platforms (Yee et al. 2008;
Ernst et al. 2006), the finding that miRNA sequences are generally well conserved
across animals, with an even higher degree of conservation between human, mouse
and rat (Berezikov 2005), has simplified this task for cross-species miRNA plat-
forms. Consequently, all currently available CHO miRNA profiling data (Table 4.1)
were acquired using either human, mouse or rat platforms except for two studies,
which applied next-generation sequencing (RNA-seq) technologies (Hackl et al.
2011; Johnson et al. 2011).

Sequence data collected in these studies have been included in publications,
and are likely to be incorporated into the miRBase miRNA sequence repository—
a database harboring all currently known mature as well as precursor miRNA
sequences—during its next update (Griffiths-Jones 2010). Since these studies were
not primarily designed to pinpoint differentially expressed miRNAs, but to identify
and annotate the maximum number of CHO miRNA sequences, a variety of different
cell types and culture conditions were included in the sequencing efforts: sequenc-
ing libraries were generated from distinct CHO cell lines representing (i) adherent
and suspension adapted cells, (ii) host and recombinant cells, (iii) cells cultivated in
serum-free and serum-containing media and (iv) from a pool of RNA harvested from
growth arrested CHO cells or after cold shock, heat shock or sodium butyrate treat-
ment. By BLAST alignment or mapping sequencing reads to a reference composed
of miRBase miRNA sequences, a high degree of miRNA sequence conservation
between human, mouse, rat and Chinese hamster (Cricetulus grisesus, abbreviated
with cgr in miRNA nomenclature) was confirmed: 350 conserved miRNAs (Johnson
et al. 2011) compared to 380 conserved miRNAs (Hackl et al. 2011) were reported,
which overlap by 340 miRNA sequences and therefore add up to a total of 390 cur-
rently identified mature miRNAs in CHO cells. Although the numbers of mature
miRNAs reported for human (1,921), mouse (1,157) or rat (680) in miRBase version
18 are higher, tissue and cell type specific expression of miRNAs results in much
lower numbers of expressed miRNAs in a cell line (Lee et al. 2008). Therefore, it
is likely the set of 390 mature miRNAs reported in CHO constitutes the majority of
highly conserved miRNAs that are expressed in CHO cells.

Based on the publication of the CHO-K1 genome in August 2011 (Xu et al. 2011),
we also started to look at the genomic location of these 390 CHO miRNAs in the
given reference genome (Hackl et al. 2012): using BLAST alignment unambiguous
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Fig. 4.2 Conservation of CHO miRNAs. 365 CHO miRNAs and the respective 212 precursor-
miRNAs (pre-miRNAs) that gave an unambiguous BLAST alignment in the CHO-K1 genome were
mapped against miRNAs from human, mouse and rat as available in the latest update of miRBase
(version 18, Nov. 2011). a Out of 365 mature miRNAs, 257 (70.4 %) possess a 100 % identical
(full-length alignment and no mismatches) human or rodent homolog. On the primary y-axis the
fraction of the CHO miRNA in percent that could be aligned to a human or rodent ortholog is
shown, while the secondary y-axis shows the number of mismatches observed for the respective
alignment. b An analogous analysis for the 212 CHO pre-miRNAs identified 53 (25 %) sequences
with perfectly identical human or rodent ortholog

hits for 365 mature miRNAs (∼ 94 %) were observed, corresponding to 212 miRNA
hairpins or miRNA gene loci. The respective sequences of both mature and precur-
sor miRNAs were subsequently compared to their human, mouse and rat orthologs
available in miRBase version 18 to find that 257 mature miRNAs (70.4 %) possess
a 100 % identical (full-length alignment and no mismatches) human or rodent ho-
molog (Fig. 4.2a). A similar analysis for precursor miRNA sequences identified 53
pre-miRNAs (25 % of CHO pre-miRNAs) in human, mouse or rat that are 100 %
identical to the CHO ortholog (Fig. 4.2b). Thus, by the use of cross-species microar-
ray platforms, which most commonly comprise combined probe-sets against human,
mouse and rat miRNAs, more than 70 % of the currently annotated CHO miRNAs
can be reliably detected.

Expansion of currently reported CHO miRNA sequences can be achieved by
identification of novel and CHO-specific miRNAs, which was done by mapping
small RNA reads to the mouse reference genome (Hackl et al. 2011). Initially 11
potential miRNA loci were thus identified, of which two miRNAs (cgr-miR-6091
and cgr-miR-6092) gave an unambiguous BLAST hit in the CHO-K1 reference
genome, exhibited a canonical miRNA-like secondary structure and can therefore
be considered as the first CHO-specific miRNAs.

To sum up, the currently available miRNA-seq data from CHO cells point to a high
conservation of mature miRNA sequences compared to human and several rodent
species. Consequently, this raises the question whether miRNA functions are equally
well conserved. The presence of most (80 %) of the so far reported and validated
miRNA binding sites for miR-17-92 in CHO cDNA sequence data suggests a similar
biologic function at least for this miRNA cluster. However, comprehensvie studies
of miRNA binding sites in CHO cDNA sequences have not yet been performed.
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Fig. 4.3 Transcription of miRNAs in CHO cell lines. a Heatmap illustrating mature miRNA tran-
script levels in six distinct CHO cell lines, where clusters of high, medium and low abundant
miRNAs are indicated. b Cumulative fraction plot showing log2 fold changes in miRNA expression
for three different comparisons: CHO-K1 serum-free adapted (sf) versus serum-dependent (fcs),
DXB11 sf versus fcs and CHO-K1 sf versus DXB11 sf. Results indicate a trend towards global
down-regulation of miRNA transcription or processing in serum-free adapted CHO cell lines, but
not for control comparison of serum-free CHO-K1 to DUKXB-11. (data derived from Hackl et al.
2011, ref. 18)

Therefore, several studies in CHO have focused to measure miRNA transcript
levels under certain conditions, in order to relate their expression to cell type, prolif-
eration, apoptosis and recombinant protein production (Table 4.1). In the following,
a detailed summary of the respective results will be given.

4.4 The CHO miRNome

4.4.1 Correlation of miRNA Expression with Cellular State

Quantitative analysis of next-generation sequencing data showed that the majority
of miRNAs in CHO cells exhibit low to medium expression levels (60 %) with only
some miRNAs, especially members of the let-7 family and miR-21 (Hackl et al.
2012), that seem to be highly abundant in CHO cells (Fig. 4.3a). As indicated by the
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heatmap patterns, miRNA expression levels were generally observed to be similar be-
tween different CHO cell lines. However, explorative data analysis identified a clear
difference between serum-free CHO-K1 cells and serum-free DUKXB-11 (dhfr+/−)
as well as in response to presence of serum in cultivation media (Hackl et al. 2011).
Indeed, differential expression analysis showed that the adaptation of three distinct
cell lines (CHO-K1, CHO-K1SV and DUKXB-11), both host and recombinant, to
serum-free growth was accompanied by a global down-regulation of miRNA ex-
pression as indicated in a cumulative fraction plot calculated from available read
count data (Hackl et al. 2011) (Fig. 4.3b). Given the fact that serum withdrawal from
media commonly also decreases the specific growth rate, this observation would
attribute miRNAs an important role in mediating growth of CHO cells, which shall
be reviewed next.

4.4.2 Linking miRNA Expression and Cellular Proliferation
in CHO Cells

A great amount of time and work has been devoted by the research community to
elucidating the importance of miRNAs for cellular proliferation, mainly with the
goal of gaining a better understanding of the oncogenic phenotype of tumor cells.
Today, microarrays are extensively used to compare miRNA expression in various
tumor cells or tissues to the respective normal controls, and miRNAs reoccurring in
these screenings as up- or down-regulated in tumor cells are commonly designated as
either oncomiRs or tumor suppressor miRNAs. To the dismay of cancer researchers,
however, oncogenic or tumor suppressive functions of miRNAs turned out to be
specific for certain types of cells or tissues (Lee and Dutta 2009) since miRNA
function is likely to depend on the individual genetic background of cells (Brenner
et al. 2010). For miRNA research in CHO cells this means that despite the avail-
ability of a variety of miRNA expression data from highly proliferating tumor cells,
independent—CHO specific—data need to be generated, followed by functional
characterization of prioritized miRNAs based on their expression characteristics.

In the first study on miRNA expression in CHO cell factories, Gammell et al.
looked at changes in miRNA levels upon temperature shift from 37 ◦C to 31 ◦C
(Gammell et al. 2007). This shift to lower temperature is commonly used in biphasic
cultivation strategies to switch cells from a proliferative state to growth arrest, typ-
ically accompanied by prolonged viability as well as increased protein production
and secretion (Trummer et al. 2006a, 2006b). While this initial study in 2007 was
mainly focused on establishing and validating the chosen cross-species approach to
miRNA profiling, in a subsequent study the cold-shock experiment was repeated, this
time looking at acute temperature-sensitive miRNAs after 24 h incubation at 31 ◦C
(Barron et al. 2011). Ten miRNAs with significant differential expression were de-
tected, four down-regulated and six up-regulated, which by in silico prediction of
target interactions were associated with regulation of nucleic acid metabolism and
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mRNA transcription, processes known to be reduced upon temperature reduction
(Roobol et al. 2009). Among the down-regulated candidate miRNAs, miR-7 stood
out with greater than 8-fold repression after temperature reduction. Due to its known
interactions with mRNAs of Pak1, which is a member of p21 activating kinases,
and insulin-growth factor receptor 1 (Jiang et al. 2010; Reddy et al. 2008), miR-7
was chosen for functional characterization by transient overexpression and knock-
down. Results from these experiments attributed miR-7 a role as active inhibitor of
cell growth upon overexpression, accompanied by an increase in recombinant pro-
tein production rates, thus mimicking the effects of biphasic cultivation strategies.
Down-regulation of miR-7 using antisense oligonucleotides, however, did not result
in increased growth of CHO cells suggesting redundant mechanisms in the gene
expression control of its targets.

Another recent study focused in detail on the dynamics of miRNA levels during
batch cultivation of CHO-K1 cells (Bort et al. 2011). Overall 118 miRNAs were iden-
tified that were significantly regulated during the course of a batch culture compared
to lag phase by exhibiting a > 1.5 fold change in expression level over time. Cluster
analysis of the expression profiles of these 118 candidates identified two principal
groups: (i) 43 miRNAs (36 %) with constant increase in transcript levels towards
stationary and decline phase, and (ii) 75 miRNAs (64 %) with peak levels during
exponential phase and subsequent down-regulation during stationary and decline
phase, therefore correlating with specific growth rate of cells during batch cultiva-
tion. Among the miRNAs sharing this profile, five distinct miRNA families (miRNAs
with high sequence similarity) and six miRNA clusters (miRNAs organized in close
genomic proximity and therefore belonging to the same transcriptional unit) were
identified that were represented by at least two or more of its members.

The expression pattern of miRNAs of the miR-17-92 cluster was of particular
interest, as this cluster has been previously implicated in the regulation of cell cy-
cle progression (Cloonan et al. 2008; Pickering et al. 2009), proliferation (Manni
et al. 2009) and oncogenicity (Olive et al. 2009). Several studies focusing on target
identification ofmiR-17-92 indicate that this cluster mediates its effect by negative
regulation of important cell cycle protein mRNAs such as CDKN1 A (p21), CDKN1
C (p57), or retinoblastoma 1 (Rb1), as well as apoptosis related protein mRNAs such
as phosphatase tensin homolog (PTEN), or BCL2-like-11 (reviewd by Grillari et al.
2010). Based on RNA-seq data generated from different CHO cell lines (Becker et al.
2011), the majority of the reported target sites for miR-17-92 could be identified in
CHO (Hackl et al. 2011), suggesting a similar function for miR-17-92 in CHO cells.
Therefore, elevated levels of miR-17-92—as observed during exponential growth of
CHO cells—could indirectly induce (or support) a proliferative state by suppressing
cell cycle inhibitors p21 and p57, thus leading to an activation of E2 F transcription
factor.

While this cluster of miRNAs was identified as a potential effector of CHO cell
growth and survival by separate analysis of miRNA array-data, an integrated analysis
of miRNA and mRNA microarray array data from CHO batch cultivation was also
reported (Bort et al. 2011). The results indicate that in particular the up-regulation of a
set of mRNAs during the late phases of batch cultivation where cell growth is slowing
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down to finally become arrested, may be enhanced or controlled by simultaneous
down-regulation of a group of miRNAs, which preferentially bind to these mRNAs.
This observed negative correlation in the expression of miRNAs and their predicted
mRNA targets point towards functional miRNA∼mRNA networks that regulate the
growth of CHO cells.

4.4.3 ApoptomiRs—miRNAs in Control of Survival and Death
of CHO Cells

Quite fittingly, the term apoptomiR was recently established to describe miRNAs that
can influence death and survival of a cell by regulating cellular apoptosis (Vecchione
and Croce 2010). This evolutionary conserved process, which enables an organism
to remove cells no longer useful for its function or even dangerous for its survival was
also shown to trigger the death of CHO cells in cultivation, for example in response
to nutrient depletion or accumulation of toxic metabolites (Arden and Betenbaugh
2004). Hence, several cell engineering approaches employed over-expression of
anti-apoptotic genes such as members of the BCL-2 superfamily of proteins, to
protect CHO cells from undergoing apoptosis and consequently allow for higher cell
densities and therefore space-time yields (Majors et al. 2008, 2009). Since it is likely
that a combination of down-regulation and over-expression of specific pro- and anti-
apoptotic genes is the most promising approach to control apoptosis in CHO cells,
miRNAs, with their range of distinct targets and ability to stabilize cellular states,
might prove to be valuable tools in this endeavor.

So far, only one study has specifically addressed the relevance of miRNAs for
apoptosis in CHO cells by analyzing the changes in miRNA expression upon nutri-
ent depletion, which was shown to increase Caspase-3/7 activity and consequently
trigger apoptosis (Druz et al. 2011). Using microarray technology 70 miRNAs were
identified as either significantly up or down-regulated in cells exposed to nutrient
depleted media compared to fresh media controls. Among these, all 18 members of
the miR-297-669 cluster that were detected on the array were found to be strongly
induced in apoptotic versus control cells, with miR-466h being 452-fold induced
in cells exposed to nutrient depleted media. Such a high level of induction, which
is rarely observed for miRNAs, is possibly the result of miR-466h transcription or
processing being shut-down under normal conditions, thus suggesting an important
but also tightly controlled function for this miRNA: by in silico analyses of potential
miR-466h targets, nine genes with anti-apoptotic function such as BCL2 or BCL2L2
were identified, thus pointing towards a pro-apoptotic function of miR-466h (Druz
et al. 2011).

Druz et al. (2011) further went into functional characterization of miR-466h by
again inducing apoptosis in CHO cells via nutrient depletion, but at the same time
reducing miR-466h levels using antisense-inhibitor sequences. The suppression of
miR-466h induction upon nutrient depletion improved the viability of CHO cells
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compared to negative controls and significantly delayed the onset of apoptosis, prob-
ably due to increased levels of several anti-apoptotic targets of miR-466h (Druz et al.
2011). Thus, miR-466h is the first cgr-apoptomiR that can decide over death and
survival of CHO cells that has been identified.

4.4.4 miRNA Expression Signatures That Support Recombinant
Protein Production

Besides enhanced growth and survival under stressful conditions, high recombinant
protein productivity is an equally desirable trait of an industrially used cell line. With
respect to CHO cells, media and process optimizations have lead to the most signif-
icant increases in recombinant protein titers without much increase in the specific
protein production rates (qP) that commonly range between 25 and 50 pg/cell/day
for monoclonal antibodies. However, since it is known that reduced temperature
in biphasic bioprocesses or small molecules such as sodium butyrate can improve
specific protein production rates, transcriptomics studies have been performed to
identify gene expression changes under these conditions (Yee et al. 2008, 2009).
While these studies gave valuable insights into the cellular pathways that might con-
tribute or stabilize a cellular state of high recombinant protein productivity, they
failed in pinning down individual candidates for engineering productivities.

Knowing that single miRNAs can be potent regulators of CHO cell growth and
survival, the next step was to see whether miRNA expression signatures exist in CHO
cells that can drive or support a state of high protein production and secretion. Lin
et al. addressed this question with an initial comparison of miRNA expression be-
tween recombinant DG44 clones—amplified and non-amplified using methotrexate
(MTX)—and the respective DG44 host cell line (Lin et al. 2010): based on the re-
sults from a cross-species miRNA microarray platform a panel of 16 miRNAs was
selected for qPCR analyses in four IgG producing subclones as well as their respec-
tive parental cell line. Results of qPCR analysis showed that 8 out of 16 miRNAs
exhibited a fold change > 1.5 in at least two out of four recombinant subclones, with
two miRNAs—miR-221 and miR-222—being more than two-fold down-regulated
and miR-17 being up-regulated in all four subclones.

To determine whether expression of these miRNAs correlated with recombi-
nant IgG-productivities, MTX amplification was performed and changes in specific
productivities (qP) were analyzed. In one of the clones that demonstrated a dose-
dependent increase in qP with increasing MTX concentrations, the levels of
miR-221/222 were analyzed at four stages during MTX amplification, however,
no significant correlation between their expression and qP could be detected.

Nevertheless, in the light of an observation that was made based on miRNA-seq
data from recombinant and host CHO cell lines (Hackl et al. 2011), the regulation of
the mir-221 hairpin and its processing in respect to recombinant protein productivity
is of interest: Dicer1 processing of miRNA hairpins (denoted as mirs) results in a
short duplex sequence with 3′ overhangs of which one strand is often (in ∼ 50 % of
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cases) rapidly degraded (the “star” strand, e.g. miR-221∗) while the other strand is
incorporated into a protein machinery and hence more stable and easier to detect (the
mature strand, e.g. miR-221). The other possible outcome of miRNA processing is
that a hairpin actually gives rise to two equally abundant mature miRNAs; in this
case the affixes “-5p” and “-3p” are added to the names to distinguish both forms—
a much clearer nomenclature, which will soon be installed for all miRNAs, thus
replacing the often confusing mature/star nomenclature (personal communication
with Dr. Griffiths-Jones).

In case of miRNAs originating from the mir-221 hairpin, miR-221-3p was ob-
served in several species to be higher abundant than miR-221-5p, and therefore
became known as miR-221, while miR-221-5p was further regarded as miR-221∗.
In CHO cells, however, not only equal expression levels for both mir-221 derived
miRNAs were reported (Hackl et al. 2011), but also that the log-ratio in levels of
miR-221-3p and miR-221-5p changes from positive (i.e. more miR-221–3p = miR-
221) for both serum-free DHFR and K1 host cells to negative for the respective
DHFR and K1 recombinant IgG producing subclones (i.e. less miR-221-3p). With
this, two independent studies using different CHO cell types have identified a re-
lationship between the regulation of miR-221 and recombinant cell phenotype. As
functional characterization of mir-221 is most likely underway, it will be exciting
to see whether targeted reduction of miR-221-3p levels lead to an improvement in
recombinant protein production.

4.5 Perspectives on the Use of miRNA Tools in Biopharmaceutics

The data summarized here on miRNA expression and relevance in CHO cells clearly
point to (i) a high number of expressed miRNAs, (ii) a dynamic in miRNA levels in
response to culture conditions and cellular state and (iii) clear evidence that individual
miRNAs like miR-7 and miR-466h can modify growth and recombinant protein
production capacities or alter the stress responses of CHO cells, respectively. These
first evidences for the opportunities of miRNA research in CHO cells also sets the
need for developing further tools that will facilitate miRNA research in CHO cells:
first, this encompasses the complete characterization of the miRNA transcriptome
including the prediction and verification of novel (CHO-specific) small RNAs as well
as large-scale analysis of miRNA transcription in various CHO cell lines. Secondly,
the recent publication of the CHO mRNA transcriptome in the form 15,000 complete
cDNA sequences with > 90 % coverage of homologous mouse transcripts (Becker
et al. 2011) will allow a detailed analysis of miRNA target sites in CHO cells and
whether they have evolved compared to its close rodent relatives or not. Based on such
analyses as well as experimental approaches employing transcriptomics, proteomics
and a combination of deep-sequencing and miRNA-target crosslinking (Chi et al.
2009; Nonne et al. 2010) it will be possible to gain insights into CHO-specific
miRNA ∼ mRNA target interactions.

Together, these tools will provide the basis to better understand individual or sets
of miRNAs that can be used to modulate (engimiRs) or predict (biomarkers) CHO
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cell behavior in terms of proliferation and stress resistance as well as recombinant
protein production and protein quality.
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Chapter 5
MicroRNAs as Engineering Targets: Pathway
Manipulation to Impact Bioprocess Phenotypes

Aliaksandr Druz, Michael Betenbaugh and Joseph Shiloach

Abstract Chinese hamster ovary (CHO) cells are the primary mammalian culture
system used for recombinant protein production; therefore there are continuous
research and development efforts to improve cell production capabilities by both
genetic modification and process optimization strategies. The genetic modifications
are used to increase specific growth rate, to reduce apoptosis and to improve nu-
trients utilization. Since altering the expression of a single gene or even a single
pathway may not be sufficient to produce desirable phenotypes, regulation of global
gene expression may be a better approach for pathway engineering in CHO cells.
miRNA(s) were found to be global regulators of gene expression with the ability to
simultaneously alter multiple cellular pathways such as cell growth, apoptosis, stress
resistance, metabolism and protein secretion. Therefore, modifications of miRNA
expression profiles may facilitate the design of high-producing CHO cells. Recent ad-
vances in transfection techniques allow the insertion of miRNA mimics or inhibitors
into CHO cells at specific stages of the bioprocess. Unlike traditional engineering
approaches, manipulation of miRNA expression profiles does not burden the transla-
tional machinery of the cell and therefore, cellular metabolic resources are allocated
to recombinant protein production. In this chapter we highlight the industrially-
relevant pathways, report on miRNA involvement in their regulation, discuss how
these miRNAs can be used to improve performance of CHO cells for industrial
applications and propose specific miRNA candidates for CHO cell engineering.
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5.1 Introduction

5.1.1 Potential Role of MicroRNAs in Improving CHO Cells
Suitable for Large-Scale Production of Biologicals

Chinese hamster ovary cells are the primary mammalian culture system used for
production of biopharmaceuticals. This is attributed to their robustness in a bioreactor
and their ability to produce properly folded recombinant proteins with human-like
posttranslational-modifications which is important for maintaining their biological
activity (Barron et al. 2011b; Druz et al. 2011; Kramer et al. 2010; Muller et al. 2008).

Mammalian-based systems for biological production are required to produce
high quantities of product and therefore need to meet process-related requirements
that place high demands on CHO cells to generate suitable product titers and
quality (Dinnis and James 2005). Improving and predicting the performance of
CHO cells in bioreactors is important for enhancement of cell specific productivity
(Clarke et al. 2011).

Limited growth capacities and low tolerance to different environmental con-
ditions in bioreactors (nutrient and growth factor depletion, shear and oxidative
stresses, metabolite accumulation, pH, osmolality and hypoxia) affect cell produc-
tivity. It is possible that these conditions cause apoptosis, reducing the yield and
the quality of the produced proteins (Lim et al. 2010). Generation of stress-resistant
CHO cell lines suitable for efficient production of various biologicals is therefore
important for the biopharmaceutical industry. Additional desired characteristics of
high-producing CHO cells are rapid growth, long term genomic stability and protein
secretion capacity.

The discovery of microRNAs (miRNAs) offers an opportunity to improve the
performance of CHO cells in an industrial-scale bioprocess. It is predicted that nearly
half of the proteins may be affected by miRNAs (Lewis et al. 2005) which are more
abundant than transcription factors. miRNAs have been shown to be global regulators
of gene expression affecting almost all essential cellular processes and functions. So
far, it has been found that miRNAs are involved in cell development, differentiation,
metabolism and proliferation. miRNA expression profiles can also be explored as
biomarkers for desired properties such as resistance to various stresses, growth and
clonal stability and/or engineering targets (Barron et al. 2011a; Druz et al. 2011).

The potential of miRNAs utilization for mammalian cell engineering was high-
lighted by analyzing miR expression profiles under various physiological conditions
(Druz et al. 2011; Gammell 2007). Each miRNA has the potential to post-
trascriptionally affect more than 100 targets and concurrently influence several
interlinked pathways or multiple points of the same pathway in the cell, which
may facilitate creating industrially-relevant phenotypes (Barron et al. 2011a).
One of the key advantages for utilizing miRNAs rather than regulatory proteins
such as transcriptional factors or kinases is the fact that they do not burden the
translational machinery and therefore reduce the metabolic load on the host cells.
As a result, cellular metabolic resources will be better allocated to the production of
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recombinant protein, leading to increase of cell specific productivity. In addition, the
cell can respond faster to miRNA modulations, either naturally or by introduction of
exogenous mimics or inhibitors since there is no need for a translation step (Barron
et al. 2011a; Muller et al. 2008).

Novel large scale transfection techniques allow relatively easy insertion of miRNA
mimics or inhibitors into CHO cells at some stage of the bioprocess (Barron
et al. 2011a). Also, some efficient miRNA expression systems which contain drug-
inducible or heat-shock-inducible promoters that control the timing and expression
levels of chosen miRNAs have been recently reported (Weber and Fussenegger 2007;
Yang and Paschen 2008). Therefore, the investigation of miR expression profiles in
CHO cells under different physiological conditions will facilitate detection of spe-
cific miRNAs that can be manipulated to obtain desired properties in CHO cells.
Alteration of those miRNA expression profiles will introduce another dimension
to genetic engineering of CHO cell to generate more robust CHO cell lines better
suitable to production of biologics (Druz et al. 2011).

5.1.2 Current Strategies for CHO Cell Engineering

There is currently an effort to improve CHO cells’ performance and productivity
through better understanding of the physiology of the cells and their response to the
physical and chemical environment in the bioreactor.

Current process optimization techniques focus on increasing integrated viable cell
density (IVCD) in the bioreactor by enhancing the specific growth rate, reducing
apoptosis, redirecting metabolic pathways to lower accumulation of toxic byprod-
ucts, and increasing nutrient utilization efficiency (Druz et al. 2011; Muller et al.
2008; Chen et al. 2001; Elias et al. 2003; Irani et al. 2002). Most cell line improve-
ment efforts are based on media manipulation or gene engineering approaches by
random integration in the cell. However, newly developed methods such as targeted
homologous integration, RNA interference techniques and zinc-finger nuclease dele-
tions should be evaluated as approaches for cell improvements (Kramer et al. 2010).

One of the main obstacles that researchers face while attempting to alter the CHO
cells performance is the complexity of the intended phenotype such as rapid cell
growth and resistance to various stresses in the bioreactor. Altering the expression
of a single gene or protein or even a single pathway may not be sufficient to produce
the desirable phenotype (Barron et al. 2011b). Therefore in some instances, cells
have been “double engineered” to reach higher growth rates and increase apoptosis
resistance (Fussenegger and Bailey 1998; Ifandi and Al-Rubeai 2005). It should
be noted however that over-engineering of the cells may affect growth due to high
metabolic load on the cells (Yallop and Svendsen 2001).

A comprehensive understanding of cellular pathway control and interaction is
required for developing strategies to globally affect gene expression profiles for
the purpose of engineering CHO cells with improved production properties (Dinnis
and James 2005). Some success has been shown with the modification of the global
gene expression levels through over-expression of transcription factors and artificial
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Zn-finger proteins (ZFP). Over-expression of ATF4 and Xbp1 transcription factors
and the artificial ZFP-TF derived from a synthetic library increased recombinant
protein production capacity of CHO cells (Kwon et al. 2006; Ohya et al. 2008;
Tigges and Fussenegger 2006). Dinnis and James (2005) suggested an approach
based on imitating the molecular events of differentiation of B-lymphocytes
into high producing plasma cells. This inverse engineering strategy enabled the
synchronized expansion and maintenance of high levels of metabolic and secretory
cellular machinery to increase cell-specific production rate in CHO cells.

Below we describe the industrially-relevant phenotypes and pathways with the
existing strategies to improve performance of CHO cells, together with reports on
miRNA involvement in the control of respective pathways. We concentrate on the
possible manipulation of selected microRNAs in CHO cells to globally affect gene
regulation and improve cell performance.

5.2 Applications of MicroRNA for Pathways Engineering
in CHO Cells

5.2.1 Engineering of Growth and Growth Arrest

Volumetric production of mammalian cell culture is a function of cell specific pro-
ductivity and IVC. Higher growth rates increase the rate of biomass accumulation
and the number of viable cells, but suppressing cell growth can increase cell spe-
cific productivity by redirecting the metabolic energy from growth to recombinant
protein production and secretion (Muller et al. 2008; Dinnis and James 2005). This
conflicting relationship is managed by a “biphasic” cell culture strategy where in the
first phase the cell growth is not limited, and in the second phase the cells growth is
arrested to form high-producing cells. The challenge in this approach is to find a way
to arrest cell division without promoting cell death or interfering with recombinant
protein production (Dinnis and James 2005).

Techniques to induce growth arrest include manipulation of growth parameters
(temperature, pH, hyperosmotic pressure), alteration of extracellular environment by
adding specific metabolites or DNA synthesis inhibitors, and addition of cell-cycle
regulators such as nucleotides or nucleosides (Altamirano et al. 2001; Bi et al. 2004;
Carvalhal et al. 2003; Kim and Lee 2002). Each of these methods may affect multiple
cellular processes simultaneously. For example, reduction of culture temperature
was reported to suppress cell growth in a biphasic process which increased product
titer in CHO cells; at the same time, lowered temperature induces changes in gene
expression, protein phosphorylation, nucleotide pools, and consequently a reduction
in cell metabolism (Kaufmann et al. 1999; Yoon et al. 2003). In addition, the effects
of reduced temperature may be cell or product-specific and cannot be generalized
(Dinnis and James 2005; Yoon et al. 2003).

Genetic control of cell cycle progression is another strategy to induce growth
arrest. This can be done by activation of intrinsic cell cycle modulators including
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genes encoding the p21CIP1 and p27KIP1 cyclin E-dependant kinase cdk2 inhibitors
which cause arrest of the cell cycle at G1 phase (Fussenegger and Bailey 1998).
This strategy of cell cycle arrest may also have its own limitations since it is difficult
to engineer higher cell growth rates and growth arrest simultaneously. Besides, the
improvement of cell specific productivity resulting from this approach may also be
cell and product-specific (Dinnis and James 2005).

A microRNA-based strategy is a possible alternative to the existing methods of
manipulating cell growth and arrest. There are reports on miRNA involvement in
cell proliferation and growth by targeting essential genes of cell cycle regulation.
The function of several members of miRNA 17–92 polycistronic cluster was inves-
tigated. Inhibition of miR-18a with antagomirs decreased cell proliferation (Scherr
et al. 2007) and miR-17–5p and miR-20a negatively regulated the expression of E2F1
protein (which, when up-regulated promotes cell cycle progression and overrides the
growth arrest), (O’Donnell et al. 2005). Another study showed that the inhibition of
miR-21 and miR-24 resulted in a significant increase in mammalian cell growth
(Cheng et al. 2005). The growth-inhibitory properties of miR-21 and miR-24 were
also confirmed by their up-regulation during the stationary phase and after a tem-
perature shift when compared to their levels during the exponential growth phase
(Gammel 2007). It was suggested that miR-24 inhibits the progression thorough G1
phase and transition to S phase of the cell cycle by targeting E2F2 and MYC, and
may also regulate DNA repair (Lal et al. 2009).

Several miRNAs have been reported to act as regulators of cell growth cycle.
(1) miR-125b was reported to support cell growth in liver cells, and its inhibition
in human cancer cell lines caused decreased growth (Gammell 2007; Lee et al.
2005); (2) over expression of Let-7 suppressed growth in colon cancer and lung
adenocarcinoma by targeting MYC and RAS gene expression, thus affecting the
pathways controlled by these oncogenes (Akao et al. 2006; Johnson et al. 2005);
(3) expression of miR-133 was found to be correlated with a higher skeletal muscle
growth rate by repression of serum response factor (SRF) in cultured myoblasts (Chen
et al. 2006); (4) the miR-34 family (miR-34 a, b, c) was found to target growth and
growth-arrest related genes including CDK4,and CDK6, c-MYC, CREB, Notch1,
E2F3 (Hermeking 2010).

Other miRNAs affect proliferation of mammalian cell lines: (1) miR-143 and
miR-145 negatively affect cell proliferation by regulating genes of the mitogen-
activated protein kinase (MAPK) family, MAPK7 and ERK5 (Esau et al. 2004);
(2) miR-221 and miR-222 inhibit proliferation in hematopoietic progenitor cells
lines by targeting the Kit gene, which encodes receptor protein with tyrosine-kinase
activity (Felli et al. 2005); (3) miR-372 and miR-373 control proliferation by direct
interference with cell cycle regulation, regardless of increased levels of the inhibitor
p21CIPI and inhibition of CDK by p53; (4) over expression of miR-31 exhibits anti-
proliferative effects in multiple cancer types by associating with the p53-mediated
growth inhibitory pathway, and may trigger caspase activation and apoptosis by sup-
pressing E2F2 gene (Creighton et al. 2010); (5) over expression of miR-7 inhibited
growth by targeting epidermal growth factor receptor (EGFR) and Akt pathway in
glioblastomas. Exogenous increase of miR-7 levels blocked CHO-K1 proliferation
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and increased cell productivity, suggesting its possible role in CHO cells engineer-
ing via decoupling cell growth from growth arrest to enhance recombinant protein
production (Barron et al. 2011a; Kefas et al. 2008).

The use of miRNAs for engineering CHO cells better suitable for growth and
production needs to be evaluated carefully since their effects may be tissue or cell-
specific (Gammel 2007). miR-21 and miR-24 have already been reported in CHO
cells and seem to have growth-inhibitory properties (Gammel 2007). Recent work
on sequencing the CHO microRNA transcriptome will serve as a valuable resource
for identification of specific miRNAs involved in control of cell proliferation and cell
cycle. Next-generation sequencing of miRNAs across different industrially-relevant
conditions such as temperature shift and sodium butyrate treatment, helped to iden-
tify and annotate 387 mature miRNAs conserved in CHO including the members of
miR 17–92 polycistronic cluster, miR-221/222 cluster, let-7 family, miR-34 family,
miR-7, miR-125b, miR-143, and miR-31 (Hackl et al. 2011; Johnson et al. 2011).
The sequencing of cDNA of miR 17–92 cluster validated targets confirmed the con-
servation of respective miRNA binding sites in 19 genes in CHO. The latter serves
as a confirmation of the conserved biological role of this cluster in CHO cells (Hackl
et al. 2011). Further studies of biological functionality of the reported CHO-specific
miRNAs as compared to their role in other mammalian cells will facilitate identifi-
cation of key miRNAs for growth and cell cycle engineering in CHO cell factories.

5.2.2 Engineering of Apoptosis-Resistant Cell Lines
to Increase IVC

Apoptosis or programmed cell death (PCD) is a necessary physiological function
in multicellular organisms that presents difficulty for maintaining high viable cell
densities in mammalian bioprocess applications (Muller et al. 2008). Different stress
conditions in bioreactors such as nutrient limitation, byproduct accumulation, shear
and oxidative stresses, pH, osmolality and hypoxia can trigger apoptosis during CHO
cell cultures. Onset of apoptosis results in a lowered IVC which affects product yield
and properties (Druz et al. 2011; Gammel 2007). As a result, apoptosis prevention
is one of the most investigated techniques in CHO cells engineering.

There are two main approaches to inhibit or slow the apoptotic cascade activation.
The first involves the manipulation of the outer cellular environment by media
supplementation with growth factors, limiting nutrients, and hydrolysates (Majors
et al. 2007; Zanghi et al. 1999). The second employs genetic engineering methods
to reallocate the tightly regulated balance of pro- and anti-apoptotic factors in favor
of the anti-apoptotic proteins (Chiang and Sisk 2005; Lim et al. 2006; Wong et al.
2006). Anti-apoptotic proteins such as Bcl-xL, Bcl-2 and Mcl-1 are known to protect
the cells from apoptosis by maintaining the integrity of mitochondrial membrane.
Exogenous expression of these proteins increases cell density and viability and
protects the culture from apoptosis induction by different stimuli in mammalian
cells (Fassnacht et al. 1999; Fussenegger et al. 2000; Mastrangelo et al. 2000;
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Sauerwald et al. 2006; Tey et al. 2000). Also over-expression of viral homologs of
bcl-2 such as E1B-19K was shown to reduce apoptosis in mammalian cell cultures
(Figueroa et al. 2007; Mercille and Massie 1999; Sauerwald et al. 2002).

RNAi silencing techniques against pro-apoptotic genes have been successfully
applied. Stable inhibition of Bax and Bak with shRNA vectors, and silencing of the
apoptosis linked gene Alg-2 and the transcriptional factor Requiem in CHO cells de-
layed apoptosis, increased cell viability and improved interferon-γ production (Lim
et al. 2006; Wong et al. 2006). Also, the simultaneous down-regulation of caspase-3
and caspase-7 expression improved cell viability and thrombopoietin production in
CHO cells after sodium butyrate treatment (Sung et al. 2007).

miRNA involvement in apoptosis regulation was initially studied in peripheral
blood cells of people diagnosed with chronic lymphocytic leukemia (CLL) where
deletion of miR-15 and miR-16 genes was reported in the majority of patients (Calin
et al. 2002). Later studies revealed that these miRNAs were promoting apoptosis
in malignant B cells by targeting Bcl-2 expression at the post-transcriptional level
(Cimmino et al. 2005). miR-21 (in addition to its involvement in cell growth regula-
tion) was found to be up-regulated in several human cancers and was characterized
as an oncogenic miR. Silencing of miR-21 expression in glioblastoma cells led to
increased apoptosis by activation of caspase 3 and 7 (Chan et al. 2005; Meng et al.
2006; Si et al. 2007).

Cheng et al. have identified several miRNAs involved in apoptosis regulation by
using large-scale antisense miRs inhibition. The inhibition of miR-1d, 7, 148, 204,
210, 216 and 296 in HeLa cells increased apoptosis by activation of caspase 3, while
the inhibition of miR-214 had the opposite effect (Cheng et al. 2005).

Li et al. have investigated the pro-apoptotic role of miR-204 in human trabecular
meshwork (HTM) cells. This miR directly targeted several anti-apoptotic genes and
increased cell susceptibility to apoptosis (Li et al. 2011).

Other miRNAs have a role in the regulation of apoptosis: (1) miR-218 was found
to be involved in NF-kappaB response and apoptosis induction by targeting ex-
pression of the ECOP gene (Gao et al. 2010); (2) miR-1 and miR-133 produced
opposing effects on apoptosis induced by oxidative stress in rat cardiomyocytes
(Xu et al. 2007). miR-1 had a pro-apoptotic function in response to oxidative stress
by targeting heat shock proteins HSP60 and HSP70 and miR-133 seemed to have
an anti-apoptotic role by repressing caspase 9 gene expression; (3) miR-34 family
members were found to function as potent mediators of the p53-induced apoptotic
pathway by targeting anti-apoptotic genes including Bcl-2, and were also found to
participate in a positive feedback loop of p53 activation via increased acetylation
by targeting SIRT1 deacetylase (Hermeking 2010); (4) miR-30 was shown to affect
the levels of the Ubc9 and ITGB3 genes in breast tumor-initiating cells which re-
stricted their self-renewing capacity and targeted them for apoptosis (Yu et al. 2010);
(5) miR-10a was shown to participate in the TRAIL-induced apoptosis pathway lead-
ing to caspase 3 activation in human lung carcinomas (Ovcharenko et al. 2007); (6)
the members of let-7 miRs family, let-7c and let-7g, were shown to target Bcl-xL

directly and Mcl-1 indirectly which led to caspase-3/7 activation and apoptosis
induction in hepatocytes (Shimizu et al. 2010).
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Druz et al. recently showed the up-regulation of the large miR 297–669 cluster dur-
ing apoptotic conditions induced by nutrient depletion in CHO cells. One member of
this cluster, miR-466h was shown to alter the expression of five anti-apopototic genes
from different apoptosis-initiating pathways (bcl2l2, dad1, birc6, stat5a and smo).
Antisense knockdown of miR-466h delayed apoptosis onset in nutrient-depleted con-
ditions by decreasing caspase activation and increasing the cell viability (Druz et al.
2011). One other member of the miR 297–669 cluster, miR-669c, had been previ-
ously associated with impairments in glutathione metabolism which activated the
apoptosis cascade (Lanceta et al. 2010; Maes et al. 2008).

Application of apoptosis regulation-related miRNAs in the engineering of CHO
cells is possible; it should provide researchers with another tool for apoptosis inhi-
bition. The recent sequencing of the CHO cell genome and miRNA transcriptome
will provide information on gene down-regulation in CHO cells by CHO-specific
apoptosis-related miRNAs (Hackl et al. 2011; Johnson et al. 2011; Xu et al. 2011).
The sequencing of CHO-specific miRNAs has revealed a conserved sequence of the
apoptosis-regulating miRNAs such as the miR-15/16 cluster, let-7 family, miR-214,
miR-218, miR-1, and miR-10a. These miRNAs and the miR 297–669 cluster are
possible targets for apoptosis pathway engineering. Due to the complexity of the
PCD and the diversity of the apoptotic stimuli, it may be useful to investigate the
combined effects of several miRNAs affecting genes from different stages of the
apoptosis cascade, and the effects of miRNAs which seem to be involved in global
regulation of the pathway. In addition, it might be worthwhile to consider the engi-
neering of whole clusters of apoptosis-relevant miRNAs, since clustered miRNAs are
known to be transcribed together as polycistronic transcripts to regulate the mRNA of
genes with similar functions (Druz et al. 2011). More studies on CHO cell-specific
miRNAs, their biological role and their effects on CHO cell-specific gene targets
need to be conducted to suggest the most suitable miRNA candidates to be used in
industrial scale bioprocesses.

5.2.3 Role of MicroRNA in Engineering of Stress Response

Stress conditions in bioreactors do not only induce apoptosis but can also affect prod-
uct yield and properties (Muller et al. 2008). For example, high protein expression
and limited secretion can lead to accumulation of aggregated and misfolded pro-
teins, which can generate stress in the endoplasmic reticulum (ER). This stress was
shown to be reduced by ER expansion via ectopic expression of transcriptional factor
X-box-binding protein1, Xbp1 (Tigges and Fussenegger 2006), and over-expression
of the protein disulfide isomerase (PDI) (Borth et al. 2005). Over-expression of ER
chaperones, calreticulin and calnexin (induced by heat shock, amino acid deprivation
and perturbations of Ca2 + levels) increased cell specific productivity of recombinant
thrombopoietin in CHO cells (Chung et al. 2004; Heal and McGivan 1998).

Dissolved oxygen gradients may affect growth, metabolism, and the recombi-
nant protein production. The gradients can be significant in bioreactors as a result of
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inefficient mixing that exposes the cells to different oxygen tensions ranging from
absence of oxygen (hypoxia) to above-atmospheric concentrations (hyperoxia) (Dun-
ster et al. 1997). An example of a genetic engineering approach to reduce oxidative
stress is the over-expression of the antioxidant haptoglobin which increased tolerance
to oxidative stress in CHO cells (Tseng et al. 2004). The effects of shear stress on cell
growth, metabolite consumption, and protein production were investigated in recom-
binant CHO cell cultures producing tissue plasminogen activator (tPA) and human
growth hormone (hGH) (Keane et al. 2003; Senger and Karim 2003). In both cases,
shear stress had a negative effect on recombinant protein production. Elevated levels
of ammonia were identified as another stress condition that lowers the expression of
genes managing cell cycle and protein folding, up-regulates genes affecting energy
metabolism and induces protein degradation (Chen and Harcum 2006; 2007). Cold
stress was shown to have positive effects on recombinant protein production in CHO
cells (Fox et al. 2005) and the exogenous over-expression of the cold-inducible RNA-
binding protein (CIRP) increased the titer of recombinant protein (Tan et al. 2008).

Changes in expression profiles of several miRNAs have been observed in response
to ER and hypoxic stress conditions: (1) miR-708 was shown to be induced during
ER stress by the transcription factor CCAAT enhancer-binding homologous protein
(CHOP), and may facilitate the enhancement of ER protein-folding capacity under
the stress of accelerated protein synthesis (Behrman et al. 2011); (2) miR-204 sup-
ports ER and oxidative stress induction in human trabecular meshwork cells. This
miRNA inhibited two genes involved in the elimination of damaged and misfolded
proteins (SERP1/RAMP4 and M6PR) and facilitated the increase of carbonylated
proteins (Li et al. 2011); (3) The miR-221/222 cluster was down-regulated during
ER stress in human hepatocellular carcinoma cells. The ectopic introduction of miR-
221/222 mimics increased ER-stress induced apoptosis which was associated with
p27Kip1 and MEK/ERK-directed cell cycle regulation (Dai et al. 2010); (4) miR-15a,
miR-16, and miRs-20a were down-regulated at hypoxic conditions in human car-
cinomas (Hua et al. 2006); (5) miR-26, miR-107, and miR-210 were up regulated
in neoplastic cells in response to low oxygen. These miRNAs are likely to decrease
the pro-apoptotic signaling in a hypoxic environment (Kulshreshtha et al. 2007).
miR-210 was also found to be progressively up-regulated in endothelial cells in hy-
poxic conditions and inhibited receptor tyrosine-kinase ligand Ephrin-A3 which is
critical in vascular development (Fasanaro et al. 2008); (6) The up-regulation of the
miR-34 family, while being part of the p53 network, can be also implicated as a
stress response to DNA damage, hyperactive cytokine signaling, and hypoxia (He
et al. 2007); (7) The miR 17–92 cluster was shown to target hypoxia-inducible factor
alpha (Hif-1α), a transcriptional factor known to regulate cellular response to hy-
poxia. The latter has an important role in various biological processes such as glucose
metabolism, pH regulation and angiogenesis (Taguchi et al. 2008); (8) miR-31 was
shown to activate Hif-1α via the inhibition of factor-inhibiting hypoxia -inducible
factor (HIF) (Liu et al. 2010).

Several miRNAs were found to be associated with oxidative stress: (1) the bi-
cistronic transcript miR-144/451 is involved in oxidative stress in erythroid cells.
miR-144 was shown to modulate the oxidative stress response in K562 and primary
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erythroid progenitor cells by directly affecting NRF2 gene expression which induces
the expression of several antioxidant enzymes (Sangokoya et al. 2010). miR-451
protects the erythrocytes against oxidative stress and reverses differentiation de-
fect of erythroid cells by inhibiting the intracellular regulator of cytokine signaling,
14–3-3ξ gene (Patrick et al. 2010). (2) miR-34a and miR-93 were involved in the loss
of oxidative stress defense, and repress expression of genes associated with oxidative
stress regulation and defense mechanism such as Sp1, Sirt1, Mgst1, and Nrf2 (Li
et al. 2011).

Some miRNAs have been associated with other stress inducers in a bioreactor
such as osmostic pressure, shear stresses, and nutrient depletion /gradients: (1) miR-
200b and miR-717 are down-regulated by isotonic and hypertonic treatments in
renal medullary epithelial cells. However, when up-regulated, these miRs inhibit the
activity of transcriptional factor called osmotic response binding protein, OREBP,
a major cellular osmoregulator in kidney cells and T-lymphocytes (Huang et al.
2010); (2) miR-7b was over-expressed in hyperosmolar conditions to down-regulate
the protein levels of Fos. This reduces the activity of transcription factor activator
protein 1 (AP1), a regulator of cellular processes, which is formed by the dimerization
of Fos and Jun proteins (Lee et al. 2006); (3) miR-21 and miR-19a were induced by
shear stress in endothelial cells (Qin et al. 2010; Weber et al. 2010); (4) Members
of miR 297–669 cluster were up-regulated in response to nutrient depletion in CHO
cells (Druz et al. 2011).

The utilization of stress-related miRNAs should be considered for bioprocess-
relevant pathway engineering to eliminate negative effects on recombinant protein
production. The homologs for some stress-related miRNAs (miR-7b, 93, 107, 144,
200b, 210, 708) were reported in CHO cells via next-generation sequencing (Hackl
et al. 2011) and their activity can be examined in CHO cells.

5.2.4 Metabolic Disorders and Their Prevention

Accumulation of lactate and ammonia can significantly affect cell growth and pro-
duction capability (Ozturk et al. 1992). Lactate is a major by-product of glucose and
glutamine metabolism. When glucose is converted to lactate, glutamine metabolism
supports the TCA cycle by its conversion to glutamate and later to α-ketoglutarate,
which generates excessive amounts of ammonia (Muller et al. 2008). Ammonia ac-
cumulation was shown to affect cell growth and the properties of secreted protein
via altered glycosylation pattern in CHO cells (Yang and Butler 2000).

The main approaches to optimize metabolic performance of mammalian cells in-
clude optimization of feeding strategies and genetic engineering of specific metabolic
pathways (Irani et al. 2002). Over-expression of cytosolic pyruvate carboxylase (PC)
enzyme in BHK cell cultures reduced lactate accumulation, and improved glucose
and glutamine metabolism and recombinant protein production in a broad range of
glucose concentrations in culture media (Elias et al. 2003; Irani et al. 2002). Knock-
down of lactate dehydrogenase A enzyme (LDH-A), which catalyzes conversion
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of pyruvate to lactate, reduced glycolytic flux and the specific lactate production
rate in CHO cells (Kim and Lee 2007). However, despite the reduced lactate accu-
mulation and increased rate of oxidative phosphorylation, CHO cells became more
susceptible to oxidative stress after knock-down of the LDH-A (Jeong et al. 2004).
Korke et al. showed that a lowered ratio of glucose consumption to lactate production
in hybridoma cells culture was the result of global changes in gene expression at the
transcription level (Korke et al. 2004) and may be in part due to regulation of genes
by miRNAs (Muller et al. 2008).

Another tool to investigate metabolic phenotypes is a metabolomics approach cou-
pled with 13C-flux analysis of cellular metabolism and its regulation in mammalian
cells. This approach offers the quantification of internal metabolic fluxes, providing
researchers with comprehensive information on cellular energetics (Zamboni and
Sauer 2009).

Several miRNAs have been related to metabolic control. (1) miR-375 was shown
to regulate glucose homeostasis and glucose-mediated insulin secretion in pancre-
atic endocrine cell lines by targeting the myotrophin (Mtpn) gene (Poy et al. 2007).
miR-375 was also shown to down-regulate 3′-phosphoinositide-dependent protein
kinase-1 (PDK-1), resulting in decrease of insulin gene expression in primary rat
islets (El Ouaamari et al. 2008). Over-expression of miR-375 decreased glucose-
induced insulin secretion with no effects on glucose-stimulated ATP production or
intracellular Ca2 + levels (Gauthier and Wollheim 2006); (2) miR-124a, miR-107,
miR-30d were up-regulated, and miR-296, miR-484, miR-690 were down-regulated
at high glucose conditions in pancreatic beta cells. Over-expression of miR-30d in-
creased insulin gene expression indirectly, but had no effects on insulin secretion
(Tang et al. 2009); (3) miR-122 was shown to be involved in regulation of choles-
terol and lipid homeostasis in mice (Esau et al. 2006; Krutzfeldt and Stoffel 2006);
(4) miR-29b involvement in amino acid metabolism was shown in HEK293 cells. This
miRNA controlled the branched amino acid (BCAA) metabolism by targeting the
branched-chain α-ketoacid dehydrogenase (BCKD) enzyme, known to catalyze the
irreversible step in BCAA catabolism (Mersey et al. 2005); (5) Gao and colleagues
showed the effect of miR-23a/b in human B lymphoma cells on the regulation of
glutamine metabolism by targeting mitochondrial glutaminase (GLS) expression. It
was also shown that miR-23a/b is subject to c-MYC regulation (Gao et al. 2009);
(6) miR-378∗, was shown to induce the metabolic shift in breast cancer cells by target-
ing estrogen related receptor (ERRγ), and GA-binding protein α (GABPA), two key
regulators of energy metabolism. Over-expression of miR-378∗ reduced the activity
of the TCA cycle, rendering the cells less dependent on oxidative phosphorylation
and causing increased lactate production (Eichner et al. 2010).

Some metabolism-related miRNAs discussed above (miR-23a/b, -29b, -30d,
-107, -122, -296, -484, -378∗) were already reported in CHO cells (Hackl et al.
2011; Johnson et al. 2011). miR-dependent regulation of metabolic pathways is rela-
tively new; therefore, comprehensive analysis of miR-mediated control of metabolic
enzymes and fluxes and their effects on metabolic phenotypes, coupled with the
investigation of CHO-specific miRs and gene targets, needs to be conducted.
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5.2.5 Protein Secretion Pathway Engineering

Recombinant protein production in mammalian cells is achieved by controlling
recombinant gene expression and optimizing protein secretion. Improving gene
expression has received considerable attention, and approaches such as codon opti-
mization and promoter and enhancer sequence design have been utilized (de Boer
et al. 2004; Kim and Lee 1997; Masuda et al. 2000). However, limited attention has
been given to protein secretion engineering (Muller et al. 2008).

One way to improve the secretion of the recombinant protein is over-expression
of the spliced form of X-box binding protein1 (Xbp-1S), a transcriptional activator
for a number of genes linked to protein secretion and endoplasmic reticulum (ER)
biosynthesis. Over-expression of Xbp-1S in mammalian cells increased recombinant
protein secretion in cases when protein accumulation exceeded the secretory capacity
of the cells (Ku et al. 2008).

Kantardjieff et al. showed direct correlation between enhanced protein production
and overall increase of ER and Golgi-related protein secretion system in CHO and
NS0 cells at low temperature and sodium butyrate treatment (Kantardjieff et al.
2010). Therefore, the genes that are closely engaged in the secretory pathway are
worth considering as potential targets for secretion pathway engineering. Suitable
candidates include coat protein complexes I and II, which recruit the cargo and direct
its traffic through the early secretory pathway between ER and Golgi (Muller et al.
2008; Barlowe 2000). Over-expression of Munc 18b, the regulator of the fusion
of secretory vesicles with the plasma membrane, increased heterologous protein
production in several mammalian cell lines (Peng 2010). In addition, the ectopic
expression of the synaptosome-associated protein (SNAP-23) and vesicle-associated
membrane protein 8 increased mammalian cell productivity (Peng et al. 2011).

Few miRNAs have been associated with controlling the secretory pathway in
mammalian cells: (1) miR-124a and miR-96 affected the genes involved in insulin
secretion in pancreatic β-cells (Lovis et al. 2008). miR-124a increased insulin exo-
cytosis at low glucose concentrations by indirectly increasing the levels of SNARE
protein SNAP25, GTPase Rab3A, and synapsin-1A and by directly targeting the
GTPase Rab27A. miR-96 increased the levels of granuphilin protein, a potent
inhibitor of insulin exocytosis, and decreased the expression of Rab27A-binding pro-
tein, Noc2 (Lovis et al. 2008); (2) miR-9 reduced glucose and potassium-dependent
insulin exocytosis by targeting transcription factor Onecut2 (OC2) which represses
Granuphilin/Slp4, that negatively affects the insulin secretion (Plaisance et al. 2006);
(3) miR-375 has negative effects on the glucose-mediated insulin secretion (Gauthier
and Wollheim 2006).

Although most of the knowledge about miRNA involvement in protein secretion
comes from studies of pancreatic β-cells, there are some reports of miRNA con-
nection to the senescence -associated secretory phenotype, characterized by growth
arrest, increased gene expression and secretion of various proteins (Bhaumik et al.
2009). Bhamuik et al. showed up-regulation of miR-146a/b in senescent human fi-
broblasts. The ectopic expression of miR-146a/b was shown to target a component
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of IL-1 transduction pathway and reduced the secretion of IL-6 and IL-8, thereby
participating in the negative feedback loop which suppresses the imbalance of the
senescence -associated secretory phenotype activity (Bhaumik et al. 2009).

The engineering of protein secretory pathway via manipulation of miRNA levels
is feasible for industrial scale applications in CHO cell cultures, especially consid-
ering that homologs for miR-9 and miR-146a/b have been reported in CHO cells
(Hackl et al. 2011; Johnson et al. 2011). This research is in its early stages and
more studies are needed to identify the effects of manipulating specific genes on
the recombinant protein secretion rates, and to identify the CHO-specific miRNAs
involved in targeting those genes.

5.3 Global Modification of MicroRNA Expression to Improve
CHO Cells Bioprocesses

Global modification of miRNA expression levels is another strategy to improve CHO
cell performance. The fact that mature miRNA expression levels in tumors are usu-
ally lower than their levels in healthy tissues (Lu et al. 2005), and over-expression of
miRNAs frequently prevents transformation of cells to cancer-like phenotype, indi-
cates their possible anti-oncogenic role (Imam et al. 2010; Lee et al. 2010). Therefore,
the global down-regulation of miRNA expression may improve proliferative capac-
ity of the cells and eliminate the stress response activation pathways (Barron et al.
2011a).

Modification of miRNA expression levels by genetic or epigenetic means, and
by varying the levels of the miRNA biosynthesis enzymes and degradation factors,
should be considered for CHO cell engineering (Barron et al. 2011a). An example
of genetic regulation of miRNA profiles is the effect of the oncogenic transcription
factor, c-Myc, which down-regulates miRNA expression levels by direct association
with promoters of pri-microRNAs (Chang et al. 2008). Another study showed the
opposite effect, where c-Myc activates the pro-oncogenic miR 17–92 cluster by direct
binding to this cluster’s promoter (O’Donnell et al. 2005). Other transcription factors,
such as Hif-1alpha, NF-κB and p53 were also shown to affect expression of miRNA
clusters by interaction with their promoters (Sun et al. 2010).

Epigenetic regulation of a single miRNA or an miRNA cluster can be initiated
by DNA methylation and histone modifications; it was shown by the activation of
epigenetically silenced miR-127 in human cancer cell lines (Saito et al. 2006). It is
also possible to alter miRNA biogenesis by knocking down the miRNA processing
enzymes Dicer and Drosha, or by over-expression of degradation factors such as
XRN2 (Martello et al. 2010).

The global modification of miRNA expression needs to be carefully investigated
to avoid potential harmful effects on cell homeostasis. For example, even though
knockout of Dicer and Drosha can be implemented to globally down-regulate miRNA
expression, it can negatively affect cell-cycle progression and mitosis in some cell
lines (Martello et al. 2010). More research needs to be conducted to clarify the effects
of global miRNA alterations on cellular functions in CHO cells.
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Table 5.1 Involvement of miRs in industrially-relevant pathways

microRNA Reported in
CHO

Affected pathway Effect type Target(s)

miR-1 Yes Apoptosis Pro-apoptotic HSP60, HSP70
miR-1d No Apoptosis Anti-apoptotic ?
miR-7 Yes Cell growth Growth inhibitory EGFR

Apoptosis Anti-apoptotic ?
miR-7b Yes Osmotic stress Inhibition of stress response Fos
let-7 Yes Cell growth Growth inhibitory c-Myc, RAS
let-7c/g Yes Apoptosis Pro-apoptotic Bcl-xL Mcl-1
miR-9 Yes Protein secretion Inhibits protein secretion OC2
miR-10a Yes Apoptosis Pro-apoptotic ?
miR-15a@

miR-16
Yes Apoptosis Pro-apoptotic Bcl-2

Hypoxic stress Possible induction of
apoptosis under hypoxia

?

miR-17-5p@
miR-20a

Yes Cell growth Inhibit/promote growth E2F1
Hypoxic stress Possible induction of

apoptosis under hypoxia
Hif1-alpha

miR-18a Yes Cell growth Promotes growth ?
miR-19a Yes Shear stress Anti-proliferative effect under

laminar shear stress
Cyclin D1

miR-21 Yes Cell growth Growth inhibitory
Anti-apoptotic

CDC25A

Apoptosis Decrease in apoptosis under
laminar shear stress

PDCD4

Shear stress PTEN
miR-23a/b Yes Metabolism Control of glutamine

metabolism
GLS

miR-24 Yes Cell growth Growth inhibitory E2F2, c-MYC
miR-26 Yes Hypoxic stress Decrease pro-apoptotic

signals during hypoxia
?

miR-29b Yes Metabolism Control of branched amino
acids metabolism

BCKD

miR-30 No Apoptosis Pro-apoptotic Ubc9, ITGB3
miR-30d Yes Metabolism Regulation of glucose

metabolism
?

miR-31 Yes Cell growth Growth inhibitory E2F2
Hypoxia Possible resistance to

apoptosis under hypoxia
FIH

miR-34a/b/c Yes Cell growth Growth inhibitory CDK4,6, c-MYC,
CREB, Notch1,
E2F3

Apoptosis Pro-apoptotic Bcl-2, SIRT1
Stress response Possible induction of

apoptosis under stresses
Sp1, Sirt1, Mgst1,

Nrf2
miR-93 Yes Oxidative stress Loss of oxidative stress

defense
Sp1, Sirt1, Mgst1,

Nrf2
miR-96 No Protein secretion Inhibits protein secretion Noc2
miR-107 Yes Hypoxia Decrease pro-apoptotic

signals during hypoxia
?

Metabolism Regulation of glucose
metabolism

?

miR-122 Yes Metabolism Regulation of cholesterol and
lipid metabolism

?
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Table 5.1 (continued)

microRNA Reported in
CHO

Affected pathway Effect type Target(s)

miR-124a No Metabolism Regulation of glucose
metabolism

?

Promotes protein secretion Rab27A
miR-125b Yes Cell growth Promotes growth ?
miR-133 No Cell growth Promotes growth SRF
miR-143 Yes Cell growth Growth inhibitory ERK5
miR-146a/b Yes Protein secretion Restrains protein secretion NFκB, IRAK1,

TRAF6
miR-148 Yes Apoptosis Anti-apoptotic ?
miR-144@

miR451
Yes Oxidative stress Protection against oxidative

stress
Nrf2

14-3-3ξ
miR-204 Yes Apoptosis Anti/pro-apoptotic Bcl2l2, BIRC2,

EZR, M6PR,
SERP1

ER and oxidative
stress

Stress induction M6PR

miR-200b Yes Osmotic stress Inhibition of stress
response

OREBP

miR-210 Yes Apoptosis Anti-apoptotic ?
Hypoxia Decrease pro-apoptotic

signals during hypoxia
Ephrin-A3

miR-214 Yes Apoptosis Pro-apoptotic ?
miR-216 No Apoptosis Anti-apoptotic ?
miR-218 Yes Apoptosis Pro-apoptotic ECOP
miR-221@

miR222
Yes Cell growth Growth inhibitory Kit

ER stress Increased ER
stress-induced apoptosis

?

miR-296 Yes Apoptosis Anti-apoptotic ?
Metabolism Regulation of glucose

metabolism
?

miR-372@
miR-373

No Cell growth Promotes growth LATS2

miR-375 No Metabolism Regulation of glucose
metabolism

Mtpn, PDK-1

Protein secretion Inhibits protein secretion ?
miR-378* Yes Metabolism Reduced activity of TCA

cycle
ERRγ, GABPA

miR-466h Yes Apoptosis Pro-apoptotic Bcl2l2, Dad1,
BIRC6, Stat5a,
Smo

miR-484 Yes Metabolism Regulation of glucose
metabolism

?

miR-690 No Metabolism Regulation of glucose
metabolism

?

miR-708 Yes ER stress Improve protein folding RHO
miR-717 No Osmotic stress Inhibition of stress response OREBP

miRs effects on industrially-relevant pathways and their respective targets. (@) indicates combines
miRs with the same effect on the pathway and same targets, (?) indicates unknown miR targets in
relation to specific pathways
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5.4 Conclusions

In this chapter we reviewed the potential role of miRNAs in CHO cell engineering
for industrial applications based on their involvement in regulation of relevant path-
ways in other cellular systems. Table 5.1 summarizes the effects of the reviewed
miRNAs on relevant cellular pathways and targeted genes in various systems. The
recent work on CHO miRNA transciptome sequencing (Hackl et al. 2011; Johnson
et al. 2011) allowed detection of more than 80 % of all miRNAs shown in Table 5.1.
Only a few miRNAs have been studied in CHO cells so far: miR-7, miR-21/24 and
miR-466h. The potential use of miR-7 and miR-466h has already been established
by the manipulation of their expression levels in CHO (Druz et al. 2011; Barron et al.
2011b). Other promising individual miRNAs for CHO cell engineering include those
involved in regulation of multiple pathways: miRs 15a and 16, miRs 17–5p and 20a,
miRs 221 and 222, miR-34 family, miR-21, miR-31, miR-107, miR-124a, miR-204,
miR-210, miR-296, and miR-375. The availability of the CHO cell genome sequence
and the creation of CHO-specific genomic and proteomic tools will help to explore
the activity of these miRNAs and to identify their targets. Another approach is to
re-engineer (over-express or knock down) whole miRNA clusters already reported
to be involved in relevant pathways such as miR 15a/16, miR 221/222, miR 144/451,
miR 17–92, and miR-34b/c clusters. Also, clusters that incorporate the individual
miRs shown in Table 5.1, such as miR 297–669, miR-296/298, miR 23–27 (in-
clude miR-466h, miR-296, and miR-23a respectively) need to be considered for the
generation of robust CHO cell lines.
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Chapter 6
MicroRNAs for Enhancement of CHO Cell
Proliferation and Stability: Insights from
Neuroblastoma Studies

Raymond L. Stallings

Abstract The large-scale production of protein demands cell lines that have high
proliferative potential and minimal tendencies to undergo apoptosis or senescence.
Efforts in biotechnology have emphasized improving the genetic characteristics of
CHO cells to enhance protein production. Many of the features of cell lines that
are desirable for biotechnology enterprises, however, are the subject of anti-cancer
research. Anti-cancer therapy attempts to decrease cell proliferation rates and in-
crease the potential for cell differentiation and apoptosis to occur. Thus, it is possible
for biotechnology oriented research to gain considerable insight from therapeutic
targets identified in cancer related studies. Mature microRNAs (miRNA) are 19–22
nt RNA sequences that negatively regulate gene expression at a post-transcriptional
level which are emerging as potential therapeutic targets for neoplasia. MiRNAs are
significantly involved with cell proliferation, apoptosis, differentiation, senescence,
cell migration and invasion in the context of both normal developmental processes
and in malignant diseases. They can both promote or retard all of these cellular phe-
notypes, dependent on cellular context. The purpose of this chapter is to review the
phenotypic effects of miRNAs in cancer, using the childhood tumor neuroblastoma
as a model, with a view towards understanding how manipulation of miRNAs in
CHO cells might improve the phenotypic features of the lines for biotechnology
purposes.
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6.1 Introduction

The Chinese hamster ovary cell line (CHO), derived by Puck et al. in (1958) has
been widely used in the field of somatic cell genetics to identify novel genes through
mutation analysis. A plethora of drug resistant and auxotrophic recessive genetic
variants could be isolated at high frequency from this cell line (Siciliano et al. 1978;
Siminovitch 1976). CHO cells have a very rapid rate of proliferation and possess a
karyotype where one haploid set of homologues have normal banding patterns and
a second set that have undergone considerable rearrangements to form stable and
well defined marker chromosomes. The chromosome rearrangements have led to
hemizygosity for some genomic regions that has contributed to the ease at which
some recessive mutations can be isolated (Deaven and Petersen 1973). Numerous
studies were undertaken to map genes to the rearranged chromosomes of CHO cells
to further investigate the molecular mechanisms yielding the high frequency of CHO
genetic variants, and to identify regions of synteny with the human genome (Adair
et al. 1983; Adair et al. 1984; Stallings et al. 1984a; Stallings et al. 1983; Stallings
et al. 1982; Crawford et al. 1985; Stallings et al. 1984b).

CHO cells have become the cell line of choice for the biomanufacturing of pro-
teins because of the ease at which they can be genetically manipulated and because
of their outstanding growth characteristics. It is therefore not surprising that consid-
erable research has been undertaken to further enhance the growth characteristics of
CHO cells for biotechnology purposes (Clarke et al. 2011a; Clarke et al. 2011b),
including the use of microRNAs (miRNA) to further manipulate the phenotypic
features of CHO cells (Barron et al. 2011). MiRNAs are tiny 20–22 nt sequences
processed from much larger sequences that negatively regulate gene expression post-
transcriptionally (He and Hannon 2004). These miRNAs act by binding to regions of
homology on the 3′ UTRs of specific mRNA sequences, causing either the degrada-
tion or translational inhibition of the mRNA sequences on the RNA induced silencing
complex (RISC). MiRNAs play major roles in normal physiological processes, and
their dysregulation is intimately associated with the development and progression
of many forms of cancer (He et al. 2007b). This is particularly true of the pediatric
cancer neuroblastoma (Stallings 2009; Stallings et al. 2011; Stallings et al. 2010),
which has been the subject of research in my laboratory. MiRNAs can act in a posi-
tive oncogenic manner, promoting cell division by targeting tumor suppressor genes,
or as tumor suppressors by promoting apoptosis, cell differentiation or senescence
(summarized in Fig. 6.1). Often the phenotypic effects of miRNAs are cancer cell
type dependent, having completely opposite effects in different cancers.

Although the identification of miRNA targets that decrease cancer cell viability
are exactly the opposite traits from genetically engineering CHO cells for increased
proliferation, the same target miRNAs could be of interest for improving pheno-
typic features such as resistance to apoptosis, shorter cell cycle times, etc., for
biotechnology purposes. This chapter is to review some of the lessons learned about
miRNAs in the cancer field, with particular emphasis on the relevance to problems
in biotechnology.
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Fig. 6.1 Summary of miRNAs involved with neuroblastoma cell proliferation, apoptosis, differen-
tiation and invasion, along with some of the validated mRNA targets

6.2 Oncogenic miRNAs in Neuroblastoma

One of the most important oncogenically acting miRNAs is the miR-17-5p-92
polycistronic cluster of six miRNAs mapping to human chromosome 13. The miR-
17-5p-92 polycistronic cluster is over-expressed in many different forms of cancer,
being directly regulated by the c-MYC oncogenic transcription factor (O’Donnell
et al. 2005). The cluster is positively regulated in neuroblastoma by a related family
member, MYCN, which is amplified and over-expressed in a subset of tumors that
have a particularly aggressive phenotype. Members of the miR-17-5p-92 cluster are
expressed at higher levels in neuroblastoma cell lines exhibiting over-expression of
MYCN relative to cell lines with diploid copy number MYCN (Schulte et al. 2008).
Using chromatin immunoprecipitation and luciferase reporter constructs, Fontana
et al. (2008) demonstrated that MYCN protein directly binds to the promoter region
of the miR-17-5p-92 cluster, resulting in up-regulation of the cluster. This group
further demonstrated that ectopic over-expression of a single member of the clus-
ter, miR-17-5p, increases proliferation rates of neuroblastoma cells both in vitro
and in vivo (Fontana et al. 2008). The molecular mechanism of action for mem-
bers of this polycistronic cluster is through targeting multiple members of the TGF-β
canonical signaling pathway, including TGFBR2, SMAD2, SMAD4 and p21 (Fontana
et al. 2008; Mestdagh et al. 2010a). Individual miRNAs within the cluster are con-
served between humans and rodents, so that it would be of interest to determine if
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artificially increasing miR-17-5p-92 levels in CHO cells might further improve the
characteristics of the line for bioprocessing purposes.

6.3 Apoptosis Promoting miRNAs

In general, more miRNAs appear to be down-regulated than up-regulated in can-
cers, indicating that they have major tumor suppressive effects (Bray et al. 2009).
A number of miRNAs cause a variety of cancer cell types to undergo apoptosis
when ectopically over-expressed, including both miR-34a and miR-184 in neurob-
lastoma. My research group was the first to demonstrate that miR-34a has tumor
suppressor functions in cancer (Welch et al. 2007). MiR-34a maps to a region on
human chromosome 1p which is frequently deleted in neuroblastoma tumors, re-
sulting in lower expression of this miRNA. Ectopic over-expression of this miRNA
in neuroblastoma cell lines leads to the arrest of cell proliferation and the induction
of a caspase-mediated apoptotic pathway. miR-34a targets several genes with pro-
proliferative or anti-apoptotic effects, including the E2F3 and MYCN transcription
factors (Cole et al. 2008; Wei et al. 2008; Welch et al. 2007), BCL2 (Bommer et al.
2007), CCND1 (Sun et al. 2008) and CDK6 (Sun et al. 2008). Intriguingly, miR-34
family members are directly up-regulated by the tumor suppressive p53 transcription
factor, which is mutated in greater than 50 % of all cancers (Bommer et al. 2007;
Chang et al. 2007; He et al. 2007a; Raver-Shapira et al. 2007; Tarasov et al. 2007).

MiR-184 is another miRNA with pro-apoptotic effects in neuroblastoma, as orig-
inally demonstrated by Chen et al (Chen and Stallings 2007). Remarkably, even
though miR-184 is predicted to target 100s of mRNA sequences, Foley et al. (2010)
determined that the molecular mechanism leading to apoptosis was due solely to the
targeting of the pro-survival serine-threonine kinase AKT2. siRNA-mediated knock-
down of AKT2 by itself resulted in apoptosis, and an apoptotic phenotype caused by
miR-184 targeting of AKT2 could be rescued by co-transfection of miR-184 with an
AKT2 expression plasmid lacking a 3′ UTR target site.

MiR-34a has many conserved binding sites between vertebrate genomes, indicat-
ing that the engineering of CHO cells with reduced levels of miR-34a could be of
interest. The miR-184/AKT2 interaction site, on the other hand, is poorly conserved,
and might not be of interest for further studies in CHO.

6.4 miRNAs Regulating Cell Differentiation

An important feature of neuroblastoma cells, and other cancer cell types, is their
ability to undergo differentiation following treatment with retinoic acid or other dif-
ferentiating agents (Stallings et al. 2011). Retinoic acid (RA) is a vitaminA derivative
which activates gene transcription by binding to retinoic acid receptors (RAR) which
are attached to retinoic acid response elements, which are short DNA sequence motifs
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mapping to primary RA response genes. RA causes a co-repressor complex, which
includes the nuclear receptor co-repressor 2 (NCOR2) protein, to be displaced from
the RAR heterodimer complex by a co-activator complex. It is now clear that a num-
ber of miRNAs are significantly up-regulated in response to retinoic acid treatment
of neuroblastoma cell lines, indicating a potential role in the process of differen-
tiation (Beveridge et al. 2009; Chen et al. 2010; Chen and Stallings 2007; Foley
et al. 2011; Le et al. 2009; Meseguer et al. 2011; Ragusa et al. 2010). In particular,
functional studies involving ectopic over-expression of miR-125b, miR-10a/b, and
miR-214 indicate that these miRNAs promote neurite out-growth and the activation
of markers of differentiation such as GAP43 and TUBB (Chen et al. 2010; Foley et al.
2011; Le et al. 2009). Conversely, inhibition of endogenous miR-7 and miR-18a pro-
motes neuroblastoma cell differentiation in vitro. Remarkably, miR-10a/b targeting
of the NCOR2 mRNA, with a corresponding decrease in NCOR2 protein, is solely
responsible for triggering the commencement of differentiation. It was demonstrated
by Foley et al. (2011) that the NCOR2 co-repressor complex, in addition to being
displaced by RA, must also decrease via a miRNA-mediated mechanism. The dis-
placement and subsequent decrease in NCOR2 leads to the activation of primary
retinoic acid responsive genes, which in turn launch a cascade of indirect effects
that lead to a differentiated phenotype. The role of miRNAs in neuroblastoma cell
differentiation is clearly very complex and a great amount of further investigation is
required to elucidate these interesting and intricate regulatory networks.

6.5 miRNAs Involved with DNA Methylation

The hypermethylation of gene promoter regions plays a major role in inactivating
tumor suppressor genes in the development of cancer (Kulis and Esteller 2010).
Recently, it was also demonstrated that genome-wide DNA methylation alterations
occur during the process of retinoic acid induced neuroblastoma differentiation,
which appear to be mediated by miRNAs that target DNA methyltransferase (Das
et al. 2010). In studies carried out by Das et al., a large set of genes were deter-
mined to be de-methylated in response to RA, consistent with the decrease in DNA
methyltransferase activity. To determine a potential mechanism for the decrease
in DNMT expression, a miRNA expression screen was performed pre- and post-
RA which identified 17 up-regulated miRNAs. One of the up-regulated miRNAs,
miR-152, was determined to directly target DNMT1, which maintains methylation
patterns during cell division with a preference for hemi-methylated DNA (Hermann
et al. 2004). Interestingly, other miRNAs up-regulated in response to RA, such as
miR-125a/b and miR-26a/b, are predicted to target DNMT3B, and thus might also
contribute to changes in the DNA methylome during differentiation.

An example of one of the genes that was demethylated and over expressed in sev-
eral neuroblastoma cell lines treated with ATRA was nitric acid synthetase (NOS1)
(Das et al. 2010), which catalyzes the generation of nitric oxide and has been im-
plicated in neuroblastoma cell proliferation and differentiation (Ciani et al. 2004).
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Ciani et al. (2004) reported that over expression of NOS1 in SK-N-BE cells results
in increased nitric oxide levels and decreased cell proliferation.

Thus, epigenetic regulation through DNA methylation appears to be controlled
by miRNAs that directly inhibit DNA methyltransferases. Such miRNAs are clearly
capable of launching a cascade of alterations to the cellular transcriptome through
both direct and indirect effects. Alterations in DNA methylation certainly control the
expression of numerous genes in CHO cells, and DNA methylation can contribute to
the loss of productivity in the production of proteins in this cell line (Yang et al. 2010).
The human miR-152/DNMT1 interaction site is broadly conserved in vertebrates,
so it is possible that miRNAs could be mediating DNA methylation changes that
negatively impact upon protein production in CHO cells through the targeting of
DNA methytransferases.

6.6 miRNAs that Inhibit Cell Invasion and Migration Capacity

Ectopic over-expression of miR-152, which directly targets and inhibits DNA methyl-
transferase 1, as described above, also negatively impacts the neuroblastoma cell
invasive potential without affecting rates of cell proliferation (Das et al. 2010). Other
miRNAs, such as miR-128, also reduce neuroblastoma cell motility and invasiveness.
For miR-128 this is accomplished by inhibiting the Reelin and DCX genes following
ectopic over-expression (Evangelisti et al. 2009). In addition, miR-542-5p, when
ectopically up-regulated, was determined to significantly inhibit neuroblastoma cell
invasiveness without any change in the in vitro rate of cell proliferation (Bray et al.
2011). In the same study it was determined that ectopic over-expression of miR-542-
5p inhibited tumor growth in an orthotopic murine xenograft model of the disease.
Interestingly, this miRNA has no impact on in vitro cell proliferation rates. The
mRNA targets of miR-542-5p that result in the decreased invasive potential and in
vivo tumor growth are unknown.

6.7 miRNAs Targeting Larger Ultra Conserved
Non-Coding RNAs

MiRNAs are only one type of non-coding RNA. In addition to miRNAs, there are lit-
erally thousands of longer length non-coding RNAs, the vast majority of which have
unknown functions (Bertone et al. 2004). A subset of longer non-coding RNAs are
transcribed from ultra-conserved regions (UCR) of the genome, which are defined
as being 200 bp in length and having 100 % sequence conservation between human,
mouse and rat genomes. Four hundred eighty-one UCRs have been identified, of
which, ∼ 93 % are transcribed in one or more human tissues (i.e. T-UCRs) (Calin
et al. 2007). Most significantly, approximately 9 % of T-UCRs are differentially
expressed in cancer versus normal tissue, indicating a potential role in cancer (Calin
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et al. 2007). siRNA-mediated inhibition of one T-UCR in a colon cancer cell line
was determined to have anti-proliferative effects (Calin et al. 2007). More recently,
Scaruffi et al. (2009) and Mestdagh et al. (2010b) have reported that T-UCRs are dif-
ferentially expressed in clinically favorable versus unfavorable neuroblastoma tumor
subtypes, indicating a potential role for these non-coding sequences in the develop-
ment of this disease. Interestingly, there is also preliminary evidence indicating that
T-UCRs are regulated by miRNAs (Scaruffi et al. 2009; Calin et al. 2007), adding an-
other layer of complexity to an already complex miRNA regulatory network. In some
instances, larger non-coding RNAs could be acting as “sponges”, i.e. endogenous
competitors for miRNAs (Ebert and Sharp 2010).

Given that T-UCRs have very significant conservation between human and rodent
genomes, by definition, and that some T-UCRs have anti-proliferative effects on
human cancer cells, studies on these sequences in CHO cells would be of potential
interest for further improving the phenotypic characteristics of this cell line for protein
production.

6.8 The Mechanism of MicroRNA Action is not Completely
Understood

Although it is now definitively established that miRNAs target the 3′ UTRs of large
numbers of mRNA sequences, resulting in either degradation of the mRNA or trans-
lational inhibition, there are a number of reports that indicate miRNAs also have
other mechanisms of action. For example, let-7 family members can apparently en-
hance the translational efficiency of target mRNA sequences in cells undergoing cell
cycle arrest, while inhibiting translation in actively proliferating cells (Vasudevan
et al. 2007). Let-7 is also an interesting family of miRNAs from the standpoint
of processing of precursor sequences into biologically active mature miRNAs. The
RNA binding proteins LIN28 and LIN28B can bind to Let-7 RNA precursors, block-
ing their bioprocessing by either Drosha or Dicer into mature sequences (Heo et al.
2009). Additionally, RNA binding proteins can bind to 3′ UTR sequences and pro-
tect mRNA sequences from miRNA targeting (Kedde et al. 2007). The let-7 family
of miRNAs is highly conserved in diverse organisms, indicating that studies of this
family in CHO cells is warranted, particularly in view of the fact that these miRNAs
play major roles in cancer.

It is important to realize that miRNAs can interact with complementary sequences
in the 5′ UTR and in the coding region of genes, in addition to 3′ UTR regions
(Duursma et al. 2008; Orom et al. 2008), although a proteome-wide study by Baek
et al indicated that miRNA interaction with 3′ UTRs had greater efficacy than the
coding regions (Baek et al. 2008). This is likely explained by experiments performed
by Gu et al. (2009), where the authors demonstrated that extending a coding region
through the 3′ UTR of the miRNA target site by modification of the stop codon
resulted in the loss of a miRNAs ability to translationally inhibit the mRNA sequence.
This provides a biological reason for why most miRNA target sites are localized in
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3′ UTRs. It is also of interest that some miRNAs can directly up-regulate gene
transcription by direct interaction with regions of shared homology within the gene
promoter region (Place et al. 2008).

All of the above discussion demonstrates that our understanding of the basic bi-
ology of miRNAs is far from complete. The elucidation of further unconventional
modes of action of miRNAs is likely to have consequences for the use of miR-
NAs as therapeutics in cancer, as well as consequences for the use of CHO and
other established cell lines as “protein factories” for biotechnology and industrial
applications.

6.9 Concluding Remarks

Many of the miRNA/mRNA interaction sites that have been identified in cancer
related studies are highly conserved between vertebrate genomes, indicating that the
same miRNAs are also likely to be involved with the control of CHO cell viability.
Artificial manipulation of miRNA levels in CHO cells holds considerable promise
for increasing the bioprocessing potential of this cell line. The analysis of miRNAs in
CHO cells, however, has been limited do to the lack of a complete DNA sequence map
of either the normal Chinese hamster or CHO genomes. The recent completion of a
DNA sequence map for the CHO genome should allow for the direct identification
of miRNAs in CHO, opening up numerous additional avenues for biotechnology
oriented research (Xu et al. 2011).
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Chapter 7
MicroRNA Detection Methods for Mammalian
Cell Lines and Their Applications in Therapeutic
Protein Production

Nan Lin and Carol Kreader

Abstract Three major categories of detection methods that are applicable to study
miRNA expression in Chinese Hamster Ovary (CHO) cells are reviewed in this
chapter.

Keywords Chinese Hamster Ovary cells · Biotherapeutics · Cell engineering ·
microRNA · qRT-PCR · Microarrays · Next-generation sequencing

7.1 Overview of MicroRNA Detection in Mammalian Cells

MicroRNAs (miRNAs) are 21–25 nt single-stranded non-coding RNAs that play
important roles in gene expression regulation (Bartel 2004). Research in miRNA is
among one of the fastest growing fields in life sciences. In applied research, miR-
NAs are proposed to be valuable biomarkers and cell engineering tools in therapeutic
protein production (Muller et al. 2008). Sensitive and accurate detection methods
for miRNAs are the foundation for basic and applied research alike. In the past
decade, researchers use quantitative reverse-transcription PCR (qRT-PCR), microar-
rays and other direct detection methods to profile and quantify miRNA expression in
mammalian cells. In the past five years, direct and indirect miRNA detection tech-
nologies have developed even more rapidly with increased sensitivity and throughput
in response to the growing research needs.

To this day, miRNA expression remains understudied in the biopharmaceutical
context, particularly in Chinese Hamster Ovary (CHO) cells, despite the fact that
CHO being the most commonly used host cell system for therapeutic protein pro-
duction. The majority of known mature miRNAs are highly conserved in evolution
(Ambros et al. 2003; Lagos-Quintana et al. 2001; Berezikov et al. 2005), which
provides the rationale for application of existing miRNA detection methods in CHO
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cells, regardless of the model organism (human, mouse or rat) used in the original de-
velopment work. With the recent publication of the Whole Genome Sequencing Data
for a CHO K1 cell line (Xu et al. 2011), researchers can expect a rapid increase in
validated miRNA reserach tools for CHO cells and studies for miRNA expression in
biopharmaceutical applications. This review aims to introduce the commonly used
miRNA detection methods in mammalian cells to biopharmaceutical researchers,
in order to aid discovery efforts and eventually tame these “tiny targets” for cell
engineering (Barron et al. 2011b).

There are some unique challenges for miRNA detection (Git et al. 2010; Ham-
mond 2006; Li and Ruan 2009; Yin et al. 2008). MicroRNAs are short—mature
miRNAs are only the size of a typical qRT-PCR primer or probe. They have highly
similar sequences within each miR family therefore detection accuracy often requires
discriminating a single nucleotide. Proper reference gene selection and normalization
for miRNA detection also constitute technical obstacles. Lack of easy purification,
selective enrichment and amplification methods also makes it difficult to detect low
abundant miRNA species. Researchers use different strategies to overcome the tech-
nical obstacles and have successfully developed methods for miRNA detection in
mammalian cells. Among the most commonly practiced are quantitative reverse-
transcriptase PCR (qRT-PCR), microarray and next-generation sequencing (NGS)
based methods (Git et al. 2010), all of which have been applied to studies that are
relevant to biopharmaceutical cell culture. The major findings of these studies are
reviewed in the following sections. This review also introduces several novel miRNA
detection methods that have not yet been reported for biopharmaceutical applications
but can be adapted and validated to suit such purposes.

7.2 RNA Isolation for miRNA Expression Analysis

High quality RNA is essential for accurate miRNA detection and profiling. Mi-
croRNA isolation from mammalian cells can be performed using total RNA isolation
methods that preserve small RNAs (Mraz et al. 2009). Tri reagent based methods
are a good choice (Rio et al. 2010). Users should verify small RNA preservation
when using silica based RNA isolation kits that typically only preserve RNA species
>200 nt. Some detection methods provide options for small RNA enrichment, which
is of particular importance in next-generation sequencing based methods (Creighton
et al. 2009). Storage and handling of miRNA samples is similar to that of total RNA.

7.3 Quantitative RT-PCR

Many researchers consider qRT-PCR the “gold standard” for miRNA detection
(Table 7.1). The specificity of miRNA qRT-PCR methods is achieved by incorpo-
rating designs that are unique for miRNAs. The reverse transcription step typically
utilizes a 5′ sequence tag in the primer for the first-strand synthesis (Wang 2009; Chen
et al. 2005; Schmittgen et al. 2008). The sequence tag is then used for the reverse
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qPCR primer binding, in order to increase specificity of the qRT-PCR and lengthen
the amplicon for detection. For example, Chen and colleagues use a stem-loop de-
sign for the miR-specific RT primers that allow detection and to distinguish between
precursors and mature miRNAs (Chen et al. 2005; Schmittgen et al. 2008). Another
approach is to include a 5′ universal tag in the oligo dT RT primer after adding a
polyA tail to the mature miRNAs (Jacobsen et al. 2011), and the 5′-universal tag is
used as a miR-specific reverse qPCR primer binding site.

It is not surprising that researchers selected qRT-PCR, one of the most well-
established molecular biology methods, in early miRNA studies before CHO genome
sequences were publicly available. Gammell and colleagues investigated the miRNA
expression changes in CHO K1 cells induced by cold shock and published the first
paper examining miRNA expression in CHO (Gammell et al. 2007). They used qRT-
PCR as their method for differential expression analysis. The majority of subsequent
studies published in CHO miRNA all used qRT-PCR for differential expression
analyses, either as the primary method or as the confirmatory method following
microarray experiments (Barron et al. 2011a; Druz et al. 2011; Lin et al. 2010).

While miR-specific RT provides great specificity, it limits the throughput and
increases cost for miRNA qRT-PCR. Simply pooling miR-specific primers for uni-
versal RT may lead to interference between miRs and decrease detection sensitivity
and specificity for the lower abundant miRs. The polyA addition followed by oligo
dT priming method reviewed previously can be used to achieve universal RT reac-
tion; specificity is achieved by strategies in qPCR such as incorporating LNAs in
the primers (http://www.exiqon.com/microrna-real-time-pcr). This approach, natu-
rally, can be used to design qRT panels. Another common strategy for universal RT
is to design panels with limited number (up to 381) of miR qRT assays, then per-
form RT of these miRNAs after experimental validation of specificity and sensitivity
(https://products.appliedbiosystems.com). A novel bioinformatics method partitions
miRNA sequences and subsequently balances RT annealing temperature homogene-
ity, primer dimer formation and sequence cross-reactivity to achieve simultaneous
qRT-PCR of 96 cancer-related miRNAs (Wang 2009).

Utilizing some of the techniques to increase throughput, researchers now routinely
take “quantitative PCR array” approaches that retain the advantages of qRT-PCR,
but utilize high-throughput 96- or 384-well multiplexed qRT assays that focus on
various pathways (Chen et al. 2009). Among the most recently developed methods is
Taqman Low Density Array (TLDA) (Zhang et al. 2010; Gokhale et al. 2010; Wang
et al. 2011) that uses microfluidics cards to format qRT-PCR reactions with very
small reaction volumes to increase throughput of qRT.

Mechanistic studies on miRNA biogenesis call for detection of miR precursors
(pri-miRs and pre-miRs) that are longer in length (Lee et al. 2002). The detection
of the precursor hairpin requires thermo stable RT, since denaturing the hairpin is
essential for first-strand synthesis. Although the stable hairpin exists in both pre-
cursors, some researchers choose to amplify the larger pri-miRNA precursor due to
increased sensitivity and linearity that they observed (Schmittgen et al. 2008).

Last but certainly not least, normalization has always been a point of debate since
the discovery of miRNA, even more so in the less characterized CHO cells. Ideally
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a control RNA should have similar stability and size as the miRNAs analyzed in
qRT-PCR (Chen et al. 2005; Wong et al. 2007), which makes small RNAs better
controls than some traditional housekeeping genes. Koh and colleagues used small
nucleolar RNA U6 as the reference gene. Gammel et al. (Gammell et al. 2007) used
5 S RNA as the housekeeping gene for their qRT-PCR studies. Several researchers
selected miR-16 as the internal control miR based on its expression stability in
various experimental conditions and tissues (Peltier and Latham 2008; Wong et al.
2007; Lin et al. 2010). A very recent publication by Druz et al. (Druz et al. 2011) used
let-7c as the reference gene for qRT based on their microarray data in CHO cells.
Increasing reports describe effective applications of algorithms such as Norm Finder
for evaluating and selection of reference genes for miR qRT in various cell lines and
organisms (Peltier and Latham 2008; Wotschofsky et al. 2011; Zhu et al. 2011; Chen
et al. 2011; Brattelid et al. 2011; Schaefer et al. 2010; Carlsson et al. 2010; Latham
2010; Mortarino et al. 2010). The Vandesompele lab who has published extensively
on qRT-PCR normalization proposed using the mean expression value of all miRNAs
as the normalizer (Mestdagh et al. 2009). All of these normalization methods should
be easily applied to CHO cells.

7.4 Microarrays

In the past decade, microarray-based methods have matured and become standard
practice for transcriptional profiling. Continued discovery of new miRNAs has led
to rapid expansion of miRBASE (Griffiths-Jones et al. 2006, 2008): v17 contains
16772 hairpin precursors representing 19724 mature miRNA products in 153 species.
Humans alone are reported to have 1,492 miRNAs. As a result, array-based profiling
becomes increasingly attractive to perform studies in which qRT-PCR does not pro-
vide sufficient throughput. Numerous types of commercially available and custom
made microarray platforms have been developed and updated with the discovery of
miRNAs. The small size of the miRNAs constitutes one of the technical challenges
for probe design. Current oligonucleotide array platforms use similar principles and
workflow of detection as DNA arrays: probe immobilization, target labeling and
hybridization. For probe design, the oligonucleotide arrays incorporate modified nu-
cleic acids such as Locked Nucleic Acids (LNAs) (Castoldi et al. 2007) or simply
increase probe sizes in order to normalize melting temperature, and achieve high
affinity and single-nucleotide discrimination (Li and Ruan 2009; Yin et al. 2008).
An extended hairpin design in addition to the hybridization sequence has been suc-
cessfully applied to increase specificity and stabilize probe-target interaction (Wang
et al. 2007). Bort and colleagues used a custom LNA based microarray platform
and reported successful differential expression analysis of miRNA expression in lag,
exponential, stationary and decay phases of CHO K1 batch cultures (Bort et al. 2011).

While dual- or single-fluorescent probe labeling and hybridization on glass slide
array platforms remains the most common, many researches developed their own
custom oligo DNA arrays for miRNA profiling with various surface chemistry,
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printing technologies, probe design and labeling techniques (Liu et al. 2008;
Git et al. 2010).

Git and colleagues comprehensively evaluated six commercially available array
platforms for miRNA profiling, and concluded that Agilent, Illumina and Exiqon
microarrays demonstrated least interarray variation, while Exiqon array stood out
for good signal to noise ratio. Agilent, Illumina and Ambion arrays demonstrated the
best correlation with qRT-PCR in this study. All of the cited array platforms may be
suitable for CHO miRNA discovery work, either by using custom-designed probes
against sequenced CHO miRNAs, or by using human/mouse/rat arrays for detecting
highly conserved miRNAs in CHO. Although the Git study was not performed in
CHO, it can be used as a good reference for selecting array platform for CHO based
on the authors’ comprehensiveness.

Nevertheless, the technical challenges for miRNA arrays remain. Besides similar
inherent difficulties with qRT-PCR, RNA amplification to increase signal intensity
is not yet proven to be applicable to miR arrays. Contrary to most linear amplifica-
tion labeling protocols for DNA arrays (Ginsberg 2005), only miRNA precursors,
not mature miRs, can be amplified through indirect labeling (Liu et al. 2004). It is
critical to have a one to one ratio between the precursor and mature miRNA for accu-
rate detection after amplification. However, miRNA precursors and mature miRNAs
often deviate from one to one ratio due to post-transcriptional regulation in miRNA
biogenesis (Lee et al. 2008; Thomson et al. 2006). Hence potential precursor contam-
ination (Yin et al. 2008) may lead to amplification bias and skewed results. Without
effective signal amplification, it can be difficult to achieve an acceptable signal to
noise ratio and low background solely by optimization of washing temperature and
duration, which remains the case for miRNA arrays.

A novel hybridization based technology, microfluidic μParaflo® chips that can
overcome some of the signal to noise challenges discussed above, has come into play
as an alternative to glass slide microarrays. The platform enables massive parallel
synthesis of probes in picoliter-scale reaction chambers. The miRNA is dual-color la-
beled, and hybridization is conducted in these reaction chambers. The detection sen-
sitivity and accuracy of this technology has attracted researchers to perform miRNA
profiling in various species (Vorwerk et al. 2008; Zhu et al. 2007; Guo et al. 2009;
Ding et al. 2009; Zhang et al. 2008). Druz and colleagues successfully employed cus-
tom μParaflo® chips that included 714 mouse and rat miRNA probes for the discovery
of apoptosis regulatory miRNAs, and identified the pro-apototic miRNA, mmu-
miR-466 h in CHO cells (Druz et al. 2011). After this pioneering work, μParaflo®

chips may become a common tool for CHO miRNA profiling as the field grows.

7.5 Other Hybridization Based Methods

Bead-based hybridization for miRNA detection utilizes 5 μm polystyrene beads
coated with oligonucleotide probes to specifically capture biotinylated miRNA. The
hybridization is carried out in the bead suspension, in contrast to the glass array
hybridization methods discussed in the previous section. The BeadArray method
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for miRNA detection is adapted from the cDNA-mediated annealing, selection, ex-
tension and ligation assay (DASL® assay) (Fan et al. 2004). The labeled beads are
randomly assembled and distributed for fluorescent analysis on a 96-well plate Ar-
ray Matrix (Chen et al. 2008). Alternatively, the captured miRNA is detected by
streptavidin-phycoerythrin followed by flow cytometric analysis (Lu et al. 2005).
The beads can be labelled with up to 100 colors, which allows for numerous com-
binations of miRNAs (Biscontin et al. 2010; Siegrist et al. 2009; Wang et al. 2011).
Bead arrays are considered by some to have higher sensitivity, accuracy and flexi-
bility but lower cost than glass arrays, but have not yet been reported to be used in
CHO miRNA studies.

Northern blotting, a well-established RNA analysis method, has been successfully
applied to both mature and precursor miRNA detection. Researchers incorporated
LNA in their probe design and optimized washing conditions to increase sensitivity
and they also successfully increased resolution by altering cross-linking or elec-
trophoresis procedures (Koscianska et al. 2011; Kim et al. 2010, Pall and Hamilton
2008; Varallyay et al. 2008; Valoczi et al. 2004). Lusi and colleagues developed
a novel label-free electrochemical detection method that incorporates an inosine-
modified guanine free capture probe. They reported detection sensitivity to be 0.1
pmol (Lusi et al. 2009). These methods can also be applied to CHO miRNA research.

As mechanistic studies in CHO advance, the need for in situ detection of miRNAs
will increase. In situ detection for miRNAs can elucidate questions such as differen-
tial miRNA expression in sub-cellular compartments or co-localization of miRNAs
and their putative target mRNAs. Probe design and labeling again is the key to
the success of this technique. Early approaches include using hapten-conjugated or
radioactively labeled RNA oligonucleotide probes (Thompson et al. 2007) and LNA-
enhanced probes (Kloosterman et al. 2006; Nelson et al. 2006; Pena et al. 2009).
A recent publication reported single-cell miRNA quantitative detection and imag-
ing using LNA probes (Lu and Tsourkas 2009), which can be useful for evaluating
miRNA expression in a cell-based fashion in CHO cell populations, or for miR target
co-localization studies.

7.6 Next-Generation Sequencing (NGS) for miRNA Profiling

In the past three to four years, NGS methods have flourished in genomics and
transcriptomics research. Sample preparation protocols have been simplified, and
costs greatly reduced, compared with when NGS was in its infancy. These methods
allow for absolute quantification of target sequences with greater dynamic range
and remarkably higher throughput per experiment than microarrays (Schuster 2008;
Buermans et al. 2010). Some of the drawbacks of hybridization based technolo-
gies discussed earlier can be avoided using NGS. The read lengths (50–100 bp)
for the two commonly used NGS platforms for small RNA sequencing (Illumina
Genome Analyzer by Illumina and SOLiD by Applied Biosystems), albeit much
shorter than Sanger sequencing, are well-suited for small RNAs and their precur-
sors (Creighton et al. 2009). The procedures for miRNA profiling using NGS start
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with small RNA enrichment typically by PAGE followed by RNA quality check.
Then small RNA libraries are constructed with 5′- and 3′- sequencing tags incorpo-
rated, and RT reactions are performed to convert the tagged RNA to cDNA. Lastly,
the fraction with adequate size is isolated and sequenced using established methods
such as “sequencing by synthesis” (SBS) isothermal bridge amplification (Illumina)
or bead-based emulsion PCR (ABI SOLiD) (Tian et al. 2010). NGS is particularly
valuable for miRNA discovery work due to the simultaneous availability of sequence
and quantity (read counts).

Additionally, NGS is the only method that can effectively detect isomir sequences
that represent variations of the mature miRNAs from the same precursor, an important
new aspect in miRNA biogenesis (Morin et al. 2008).

The first NGS publication in CHO cells emerged in 2010 (Johnson et al. 2011).
Johnson and colleagues reported sequences of 350 mature miRNA species from four
CHO lines in various culture conditions. The NGS was performed using the Illumina
platform from six cDNA libraries, and the annotations were based on homology with
human, mouse and rat. The majority of annotations were made based on alignment
with mature miRNAs in miRBASE 15.0. Differential expression studies between the
cell lines or conditions were not reported in this publication. Nevertheless, this was
the first report of NGS in CHO miRNA studies. Hackl and colleagues published the
second study on NGS sequencing of CHO miRNA transcriptome less than a year
later. They reported 387 annotated mature miRNAs from six CHO lines in various
culture conditions (Hackl et al. 2011). While choosing Illumina as the NGS platform,
they took a different approach in annotation by using the stem-loop for conserved
miRNA identification. Sophisticated bioinformatics procedures were used to predict
122 novel miRNA. This work is the first to use NGS for differential expression of
miRNAs in CHO in serum and serum-free culture conditions. A third and very recent
publication successfully used the CHO whole genome sequencing data, in addition
to using miRBASE sequences, to identify 190 conserved miRNA hairpin precursors
(Hammond et al. 2011). The authors performed differential expression analyses as
well, and reported more than 80 % (158) of miRNAs as significantly up- or down-
regulated in at least one recombinant protein producing cell line comparing with the
parental CHO K1.

The SoLiD platform, on the other hand, is also employed for NGS miRNA
discovery and profiling for human and mouse (Schulte et al. 2010), but has not
yet been reported in CHO cells. Tian and colleagues reported the potential bias in
miRNA quantitative measurements that could be attributed to cDNA library prepa-
ration protocol differences. They observed in miRNA expression profiling from an
unsequenced genome (sheep) higher variability in read lengths and in end sequence
reads, also higher occurrence of end secondary structures when using the SoLiD
method (Tian et al. 2010). Some researchers successfully adapted a SOLiD protocol
to suit the SBS platform (Buermans et al. 2010).

In conclusion, NGS may require more validation against some of the more mature
methods discussed in this review. Git and Tian both reported good correlation of the
SBS method with qRT-PCR. It is still considered good practice to verify specific
findings from high-throughput studies, NGS in particular, by qRT-PCR. The three
major methods for detecting miRNA in CHO are summarized in Table 7.2. As with
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miRNA expression analysis in other cell lines and organisms, it is good practice to use
one of two high throughput methods, microarrays or NGS, followed by verification
of qRT-PCR when enthusiastic researchers start to swim further into the unknown
waters of CHO miRNA expression. This workflow may increase the confidence in
selecting the miRNAs discovered to proceed to cell engineering work.
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Chapter 8
Manipulating Levels of Specific MicroRNAs in
Mammalian Cells

Carol Kreader and Nan Lin

Abstract In this chapter, we discuss why microRNA (miRNA) manipulation is
of interest to cell line engineering, and review the various approaches used to alter
miRNA levels. We review the design and use of both synthetic and expressed miRNAs
and miRNA inhibitors, as well as targeted insertion and deletion.

Keywords miRNA mimic · miRNA inhibitor · antimiR · Targeted integration ·
Zinc finger nuclease · ZFN

8.1 Why Manipulate MicroRNA Levels?

MicroRNAs are attractive targets for cell line engineering to enhance recombinant
protein expression. Like transcription factors, a single miRNA may regulate expres-
sion from multiple genes in multiple pathways to elicit a given phenotype. The power
of miRNAs is clearly illustrated by a recent report that exogenous expression of a
single transcript encoding the miR-302/367 cluster can initiate reprogramming in
mouse or human fibroblasts to generate pluripotent stem cells (Anokye-Danso et al.
2011), a process otherwise performed by expressing four separate proteins. Unlike
transcription factors, however, miRNAs will not compete with the recombinant pro-
tein for translation. They are processed from longer transcripts by two RNase III
enzymes, Drosha and Dicer, which are not known to play any role in messenger
RNA (mRNA) processing. In addition, miRNAs regulate expression in association
with the RNA induced silencing complex (RISC), which will only interfere with
recombinant protein expression if the encoded transcript includes a miRNA target
site. Finally, miRNAs are readily imitated. Mature miRNA mimics and inhibitors
are short enough to manufacture by standard oligonucleotide synthesis for transient
transfection into cells, and several hairpin precursors plus flanking regions easily fit
into lentiviral and other expression vectors for stable expression (Zhou et al. 2008;
Scherr et al. 2007).
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8.2 Transient miRNA Manipulation with Synthetic Mimics
and Inhibitors

Synthetic, double stranded RNA (dsRNA) oligonucleotides are often transfected
into cells to imitate or mimic an endogenous miRNA. These dsRNA oligos resemble
siRNAs, except that they are usually comprised of the natural mature miRNA
paired with its partial complement instead of two fully complementary strands.
The sequences of all known mature miRNAs and their hairpin precursors are freely
available from miRBase (Kozomara and Griffiths-Jones 2011) and can be accessed
at http://www.mirbase.org/. Although only two Chinese hamster miRNAs had
been submitted to miRBase at the time this chapter was written (cgr-miR-21 and
cgr-miR-7) (Barron et al. 2011; Gammell et al. 2007), miRBase 18, contained
1,157 mouse and 1,921 human mature miRNA sequences, many of which are con-
served. Both the Borth (Hackl et al. 2011) and Lee (Hammond et al. 2012) groups
have published sequencing results for conserved miRNAs expressed in several
CHO cell lines, which can be cross-checked to verify sequence conservation for
miRNAs of interest. Furthermore, the Borth group computationally identified gene
loci and precursor miRNA sequences for several hundred conserved CHO miRNAs
and deposited the sequences in miRBase for addition to future updates (Hackl et al.
2011).

As with siRNAs, various modifications to the dsRNA structure have been shown to
improve efficacy and/or stability. Two nucleotide extensions on one or both 3′-ends,
either the natural 2 nucleotides, 2 uridines, or 2 thymidines, have been reported to
improve performance. An amino group at the 5′-end of the partially complementary
(i.e., non-miRNA) strand may inhibit loading into the RISC complex in favor of
the mature miRNA sequence, and 2′-O-methyl or other modified nucleotides may
improve stability (Czauderna et al. 2003). Alternatively, miRNA mimics are commer-
cially available from several sources. Each has their own proprietary miRNA mimic
design and synthesis processes, and will custom design mimics for any miRNA se-
quence. These companies also sell libraries or panels of individual mimics for all
known human or mouse miRNAs. As an alternative approach to profiling miRNAs
in cell lines by microarray or sequencing, libraries or panels of miRNAs can be
transfected into cells in a medium or high throughput format to screen for desired
phenotypes and identify miRNA targets for cell line engineering.

Whereas some miRNAs may enhance recombinant protein production when up-
regulated, others may interfere with functions essential for good production, and
therefore, need to be inhibited for biopharmaceutical applications. Synthetic miRNA
inhibitors, also called antimiRs, are usually single-stranded RNA (ssRNA) antisense
to the miRNA (i.e., the reverse complement sequence). Modified nucleotides, such
as 2′-O-methyl and locked nucleic acids (LNAs), are often substituted for standard
nucleotides to improve stability and targeting (Davis et al. 2006).

Synthetic miRNA inhibitors are commercially available from most of the same
sources as mimics. In addition, as with miRNA mimics, libraries of miRNA inhibitors
can be screened to identify miRNAs whose inhibition gives a desirable phenotype.
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8.3 Stable Expression of miRNAs or Inhibitors

While synthetic miRNA mimics and inhibitors may be useful to verify or identify
candidate miRNAs for up or down regulation in transient assays, stable expression is
preferred for recombinant protein production. Even the most stable modified oligonu-
cleotide will be diluted to an ineffective level as cells divide. Furthermore, it is neither
practical nor regulatory compliant in production to re-transfect cells every few days
with synthetic miRNAs or inhibitors. For stable expression, constructs encoding
miRNAs or miRNA inhibitors may be inserted into and expressed from the genome.
Both plasmid and viral vectors are used to deliver miRNA and antimiR expression
constructs. To express miRNAs, the DNA sequence encoding the miRNA hairpin
precursor along with 100–200 bases upstream and downstream have been cloned be-
tween an appropriate RNA polymerase II (Pol II) promoter and a 3′-polyadenylation
sequence. However, since miRNAs can be regulated post-transcriptionally (Lee et al.
2008; Thomson et al. 2006), processing of a miRNA into its mature, active form may
be inhibited depending on cell line and growth conditions. As an alternative to the
natural precursor, artificial miRNAs are often used. To construct an artificial miRNA,
the primary sequence of an expressed miRNA is used as a scaffold or backbone, with
the stem sequence replaced by that for the miRNA of interest (Amendola et al. 2009).
Such artificial miRNAs are processed like the parental miRNA used for the scaffold
(Zeng et al. 2002). miRNA hairpin sequences have also been inserted into an artifi-
cial intron in green fluorescent protein (GFP) for expression (Amendola et al. 2009;
Qiu et al. 2008). GFP can be used to report successful transfection, transcription,
and processing, and fluorescing cells can be isolated by Fluorescence Activated Cell
Sorting (FACS).

Most miRNA expression constructs are transcribed from Pol II promoters, analo-
gous to their natural counterparts. Viral promoters such as cytomegalovirus (CMV)
are used for high level expression, while the phosphoglycerate kinase (PGK) pro-
moter is often used for more moderate expression or in cells that suppress or silence
viral promoters. Even higher levels of miRNA may be expressed from an RNA poly-
merase III (Pol III) promoter such as U6 (Zhou et al. 2008). Use of an inducible
promoter, so that expression of the miRNA can be turned on or off at an appropriate
stage, such as when the cells reach a desired density for recombinant protein produc-
tion, may also be beneficial. In fact, conditional expression may be essential if the
miRNA’s activity or its loss is detrimental to cell viability or growth. Tet-inducible
promoters, which can be turned on or off by adding or removing doxycycline from
the culture medium, are commonly used to restrict expression to a desired growth
phase or time-frame (Gossen and Bujard 1992).

Pre-made lentiviral constructs for expressing human and mouse miRNAs are
available from several commercial sources. In addition, vectors with many of the
features mentioned above are commercially available for clone-your-own miRNA
expression, and several companies offer custom-made miRNA expression constructs
as a service.

Stable inhibition of miRNA activity can be achieved by expressing transcripts that
contain miRNA binding sites, i.e., sequences complementary to the miRNA, to act as
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competitive inhibitors. Two main types have been reported—“sponges” and “tough
decoys” (TuDs). Sponge constructs use multiple copies of a miRNA binding site to
“soak up” or sequester miRNAs so that they are not available to regulate their natural
targets (Care et al. 2007; Ebert et al. 2007; Gentner et al. 2009). miRNA binding
sites are often placed in the 3′UTR of GFP or other reporter protein so that loss of
signal indicates sponge function. Sponges have been used to inhibit miRNA activity
in cultured cells, as well as in intact flies (Loya et al. 2009). TuDs, on the other hand,
are a Pol III transcribed RNA with two opposing single-stranded miRNA binding
sites sandwiched between a double-stranded stem and a stem-loop. Although TuDs
have just two miRNA binding sites per molecule, they are transcribed by Pol III, the
enzyme which drives expression of some of the most abundant RNAs. In addition,
TuDs were designed for efficient nuclear export and their secondary structure was
optimized for inhibition (Haraguchi et al. 2009). miRNA inhibition by TuDs has also
been demonstrated in various cell types (Lu et al. 2011; Sakurai et al. 2011). Sponge
and TuD structures with mismatches or additional bases inserted in the middle of the
miRNA binding sites inhibit miRNAs more effectively than perfect complements,
likely because these mismatched or bulged structures can not be cleaved by RISC.
Both published (Haraguchi et al. 2009) and our own unpublished results suggest that
TuDs may inhibit miRNA activity more effectively than sponges, likely owing to a
higher expression by Pol III.

8.4 Targeted Gene Editing

In most published work to date, stably expressed miRNAs and miRNA inhibitors
were integrated semi-randomly into the genome. Semi-random integration by lentivi-
ral or plasmid delivered constructs can disrupt genes with desired functions or activate
those detrimental to recombinant protein expression. In addition, regions surround-
ing the insertion site influence transgene expression, such that expression can vary
or become silenced because of location. While integration at a specific site by ho-
mologous recombination (HR) is fairly efficient in mouse embryonic stem (ES) cells
(Capecchi 2005), such targeted integration is inefficient in other species and cell
lines.

Engineered zinc finger nucleases (ZFNs) that target the desired integration site
can facilitate HR such that targeted integration is sufficiently efficient for cell line
engineering. ZFNs are chimeric proteins, with multiple zinc finger protein domains
fused to the non-specific nuclease domain of FokI restriction enzyme. The zinc finger
domains bind specific DNA sequences and FokI, which acts as a dimer, cuts DNA
between two ZFN pairs. In cells, DNA cleaved by the FokI nuclease is repaired by
non-homologous end-joining (NHEJ) or by HR. Providing a donor construct with
a gene of interest flanked by sequences homologous to those on either side of the
cut site can facilitate HR and lead to insertion of the donor construct (Fig 8.1). This
type of targeted integration has been widely demonstrated for protein expression
(Carroll 2011). Appropriate “safe-haven” sites for targeted integration, that is, sites
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Fig. 8.1 ZFN-assisted targeted integration of a miRNA expression construct at the AAVS1 site. A
miRNA hairpin/precursor sequence plus 100–200 nucleotides upstream and downstream are cloned
after an appropriate promoter between two approximately 800 nucleotide sequences homologous
to either side of the AAVS1 integration site to generate a donor plasmid. This plasmid, along with
either a second plasmid or an RNA transcript that can express the two well-characterized ZFNs
that target the AAVS1 integration site, are transfected into cells. After the AAVS1 ZFNs make a
double-strand cut at the AAVS1 integration site, the miRNA expression construct can be integrated
by homologous recombination

where transgenes can integrate without disrupting normal cellular functions or be-
come silenced, have been identified in humans, mice, and rats. The adeno-associated
virus integration site (AAVS1) in humans (DeKelver et al. 2010; Lombardo et al.
2011) and the Rosa26 locus in mice (Casola 2010) are well established sites for
transgene integration and expression. Several labs have reported successful trans-
genic miRNA expression from Rosa26 in mice (Casola 2010; Medina et al. 2010),
and our own unpublished results with ZFN-technology indicate that miRNAs and
antimiRs can be targeted to and expressed from AAVS1 in human cells. Rats and
hamsters also have the Rosa26 locus, but it remains to be determined whether this site
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can function as a safe-haven for transgene integration in these rodents as it does in
mice.

Some miRNAs may interfere at all stages of cell growth and protein production to
such an extent that complete and permanent knockout of the endogenous miRNA is a
better approach than partial knockdown with an inhibitor. Many individual miRNAs
have been knocked out in mice (Park et al. 2010) taking advantage of the well-
developed genetic methods and the relatively high HR rate in this model organism
(Capecchi 2005). In addition, a collection of miRNA targeting vectors to knockout
428 different mouse miRNAs are available from ES cell repositories (Prosser et al.
2011). However, miRNA knockout has not been reported in systems other than
mouse where HR is less efficient. In theory, ZFNs that target a miRNA’s hairpin
precursor sequence could be used to disrupt its expression, but this has not been
published.

8.5 Selecting miRNAs for Manipulation

Muller et al. (2008) proposed a number of miRNAs involved in growth, apoptosis,
stress resistance, and translation in humans, mouse and/or rat, whose up or down-
regulation could potentially enhance protein production in CHO cells. Other relevant
miRNA targets can be identified by analyzing profile differences between cell lines,
as recently reported by several groups of biopharmaceutical researchers (Barron et al.
2011; Hernández Bort 2012; Druz et al. 2011; Hackl et al. 2011; Johnson et al. 2011;
Lin et al. 2011). Alternatively, libraries or panels of miRNA mimics and inhibitors
can be screened for those that trigger a phenotype conducive to recombinant protein
production, as mentioned above.

8.6 Use of miRNA Binding Sites

Binding sites for miRNAs that are highly expressed, either endogenously or ex-
ogenously, should be avoided in constructs used to express recombinant proteins.
miRNA target sites can be predicted using online tools such as FindTar3 (http://bio.sz.
tsinghua.edu.cn/).

Alternatively, a miRNA binding site can be included in constructs to prevent
recombinant protein expression during growth stages in which the miRNA is highly
expressed, or restrict expression to stages in which the miRNA is reduced or absent.
Brown et al. demonstrated proof of concept for this approach in human dendritic cells
using a GFP expression vector with four miR-155 target sites. GFP expression was
high in immature dendritic cells while miR-155 expression was low, but was reduced
10-fold as cells matured and miR-155 expression increased 1,000-fold. (Brown et al.
2007). Additional examples of the use of miRNA binding sites to restrict transgene
expression are reviewed in Brown and Naldini (2009).
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8.7 Conclusions

miRNA manipulation is a viable strategy for cell line engineering. miRNAs can
regulate multiple targets within a pathway, and are readily imitated due to their small
size. As discussed above, synthetic miRNA mimics and inhibitors can be used to
test predicted functions, as well as to screen for desired functions. Stable expression
of miRNAs or miRNA inhibitors, especially from an inducible construct and with
targeted integration into a “safe haven”, can be used to perpetuate the phenotype
for recombinant protein production. Finally, miRNA binding sites may be useful to
restrict transgene expression temporally.
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