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Cas, CRISPR-associated;

CHO, Chinese Hamster Ovary;

CRISPR, Clustered Regularly Interspaced Short Palindromic Repeats
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dsRNA, double-stranded RNA;

EPO, Erythropoietin;

GFP, Green Fluorescent Protein;

HEK, human embryonic kidney;

hPSCs, human Pluripotent Stem Cells;

HSL, histone stem-loop;

iPSCs, induced pluripotent stem cells;

IRE, iron responsive element;

KO, knock-out;

IncRNA, long non-coding RNA;

miRISC, microRNA-induced silencing complex;
miRNA, microRNA;

MMTV-LTR, mouse mammary tumour virus . long terminal repeat;
MRE, microRNA responsive element;

PORF, primary Open Reading Frame;
pre-miRNA, precursor microRNA;

pri-miRNA, primary microRNA;

RBP, RNA binding protein;

RepO, repressor-dependent operon/promoter;
RNAI, RNA interference;

rtTA, reverse tetracycline-controlled transactivator;
shRNA, short-hairpin RNA;

siRISC, siRNA-induced silencing complex;
siRNA, short interfering RNA;

SLBP, Stem-Loop Binding Protein;

sncRNA, short non-coding RNA;
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sxRNA, structural interacting RNA;

TINCR, Tissue Differentiation-Inducing Non-Protein Coding RNA;
TRE, transactivator-responsive element;

uORF, upstream Open Reading Frame;

UTR, untranslated region;

SEAP, Secreted embryonic alkaline phosphatase;

VEGF, Vascular endothelial growth factor;
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Abstract

The majority of cell engineering for recombinant protein production to date has relied on
traditional genetic engineering strategies, such as gene overexpression and gene knock-
outs, to substantially improve the production capabilities of Chinese Hamster Ovary (CHO)
cells. However, further improvements in cellular productivity or control over product
quality are likely to require more sophisticated rational approaches to coordinate and
balance cellular pathways. For these strategies to be implemented, novel molecular tools
need to be developed to facilitate more refined control of gene expression. Multiple gene
control strategies have been developed over the last decades in the field of synthetic
biology, including DNA and RNA-based systems, which allow tight and timely control over
gene expression. microRNAs have received a lot of attention over the last decade in the CHO
field and have been used to engineer and improve CHO cells. In this review we focus on
microRNA-based gene control systems and discuss their potential use as tools rather than

targets in order to gain better control over gene expression.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

1 Introduction

Chinese Hamster Ovary (CHO) cells are the preferred system for the production of
biopharmaceuticals [1]. Improving their production capabilities has always been desirable
in order to reduce the cost of producing therapeutic proteins [2]. Significant improvements
in cell growth and productivity have been achieved in the last few decades, mainly via
bioprocess and media optimization, increasing protein titres from the initial few milligrams
per litre to more than 10 g/L. Although there have been large efforts to push the boundaries
further by cell engineering, such strategies to date have been limited in terms of industrial
application.

Since the first CHO genome was published in 2011, advances in next-generation sequencing
and other ‘omics technologies such as proteomics or metabolomics, have improved our
ability to study CHO cells on a systematic and genome-wide scale [3-6]. In addition, the CHO
field has recently entered the systems biology era with the development of the first
consensus genome-scale model, integrating the available genomic, transcriptomic,
proteomic and metabolomic data. This model should facilitate a better understanding of
CHO cell biology, leading to novel rational genetic engineering approaches to optimize CHO
cell lines for bioprocessing [7,8].

Several studies have acknowledged that improvements in cellular productivity will not
likely be achieved by engineering a master gene or small subset of genes, but rather by
coordinating and balancing a variety of complex cellular pathways in an optimal way [6,9-
11]. In this context, it is likely that traditional cell engineering strategies, such as crude gene
overexpression, gene knock-down or gene knock-out might not be nuanced enough to
address some of these challenges [4]. More sophisticated approaches, such as metabolic
pathway rewiring or gene dosage engineering will be required. For these to be
implemented, gene control systems beyond the ON/OFF paradigm and allowing fine-tuning

of gene expression need to be established. These systems would ideally utilize expression
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vectors capable of linking transgene expression to endogenous molecules, for example
microRNAs (miRNAs), which show specific expression profiles, in order to provide the right
transgene dose at the right time, in response to a specific metabolic or environmental signal
(Figure 1).

The field of synthetic biology offers the most promising approach to gain better control over
gene expression, and ultimately be able to rationally engineer organisms and control their
behaviour [12]. A variety of DNA- or RNA-based expression control systems allowing fine
control of gene expression has been developed. DNA-based systems are mainly
transcriptional control elements or inducible promoters. Although the number of inducible
promoters available in mammalian cells is small when compared with E. coli or yeast, there
have been several examples of inducible promoters applied to the production of
biopharmaceuticals in mammalian cells [13-15]. Some examples include the doxycycline-
inducible Tet-ON / Tet-OFF system, the metallothionein expression system, responsive to
heavy metals, the glucocorticoid-inducible mouse mammary tumour virus long terminal
repeat (MMTV-LTR) or a biotin inducible promoter [16-20]. RNA-based systems are mainly
riboswitches. Originally discovered in bacteria, these RNA-domains can undergo changes in
their secondary structure after binding of a small-molecule ligand to modulate transgene
expression at both transcriptional and post-transcriptional levels [21]. In mammalian cells,
riboswitches responsive to small molecules, but also to proteins, have been developed [22-
24]. One of the main drawbacks of these types of inducible elements is the need to add a
controller molecule to the culture in order to modulate transgene expression. A more
interesting group of RNA-based inducible systems is the one in which the regulating
molecules are endogenously expressed miRNAs or synthetic siRNAs. This review focuses on
the state-of-the-art miRNA/siRNA-based genetic switches and on their potential use to
improve control over transgene expression in CHO cells. In addition, we discuss the

challenges in adapting the currently developed miRNA-based gene control strategies, which
6
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mainly focus on cell therapy or diagnostic applications, to the context of biopharmaceutical

bioprocesses and CHO cells.

2 miRNAs and siRNA biogenesis and function

miRNAs are a type of short non-coding RNA (sncRNA) (21-25 nt) that play an important
role in the regulation of gene expression at the post-transcriptional level [25]. The canonical
biogenesis pathway of miRNAs involves several steps. First, a miRNA gene is transcribed in
the nucleus by RNA polymerase II to produce a primary miRNA transcript (pri-miRNA),
which comprises a hairpin domain flanked by two single stranded RNA domains [26]. The
pri-miRNA is processed by the RNase-III enzyme DROSHA to form a 60-80 nt long precursor
miRNA (pre-miRNA), that conserves the hairpin-like secondary structure and can be
exported to the cytoplasm by Exportin5 [27,28]. There, the pre-miRNA is cleaved by a
second RNase-III, Dicer, to form a dsRNA intermediate, from which the mature miRNA
strand will be loaded into Argonaute Il proteins (AGO2), as part of the miRNA-induced
silencing complex (miRISC) [29,30]. Based on an imperfect sequence complementary
between the loaded mature miRNA and its mRNA target, the miRISC complex can bind to
the untranslated regions (UTR) of the target mRNA transcript and inhibit its translation, or
in some cases of high level of complementarity between the miRNA and its target lead to
endonucleolytic cleavage of the transcript [31].

Short interfering RNAs (siRNAs) can be derived from different biogenesis pathways, such
as cleavage of long double stranded RNA (dsRNA) by Dicer, or be introduced artificially in
the cell [29,32]. siRNAs are also loaded into AGO2 proteins and guide the binding of the
siRNA silencing complex (siRISC) to their target mRNA molecules. Whereas typically
miRNAs can have multiple targets due to their imperfect complementarity, siRNAs are
specific to their target as they are fully complementary to their binding site. Perfect binding

between siRNA and their target leads to its endonucleolytic cleavage by the RNAse Dicer, a
7
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mechanism known as RNA interference (RNAi) [29]. To date, the role of endogenous siRNA
in mammalian cells is still poorly understood. However, exogenously added siRNA have
been broadly used as tools to investigate individual gene function [33,34].

For clarity, in this review, the term ‘miRNA’ will refer to any molecule originated from a
miRNA precursor either transcribed from cellular genes and being endogenously expressed
in the cell, or to a miRNA that comes from an exogenously introduced plasmid containing
the miRNA precursor hairpin sequence and is therefore expressed and processed through
the miRNA expression pathway. siRNA will only refer to exogenously short double stranded

RNA introduced by transfection or electroporation.

3 Exploiting endogenous miRNA signatures to modulate transgene expression
Several studies have reported on using miRNAs to modulate the expression of transgenes
in specific cell types or tissues. After identifying specific miRNA signatures in the desired
cell type, miRNAs have been used as inputs for genetic switches containing a transgene,
typically a reporter gene, under the control of microRNA-responsive elements (MREs).
These MREs are simply miRNA-binding sites located in the UTR of the transgene.

One of the first examples of miRNA-controlled cell-specific transgene expression relied on
a miRNA-sensitive OFF-type sensor and was used to study miRNA expression patterns
during the development of mouse embryo [35]. An OFF-type switch comprises a reporter
gene, a Green Fluorescent Protein (GFP) or 3-Galactosidase, which contains specific fully
complementary miRNA-binding sites in its 3’-UTR. In the presence of the corresponding
miRNA, the reporter gene mRNA transcript is sliced by RNAi, hence marking the areas
where the miRNA is being expressed by the absence of fluorescence (GFP reporter) or lack
of coloration in the presence of X-Gal (3-Galactosidase reporter) (Figure 2 - A). Two later
consecutive studies by Brown et al. used a similar approach in order to obtain selective

transgene expression in different human cell types based on their specific miRNA
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expression signatures. Again, the vector comprised a GFP reporter transgene, and specific
3’-UTR miRNA-binding sites, which lead to a down-regulation of the transgene in the
presence of the complementary miRNA. By using a double reporter vector, with one
reporter gene expressed constitutively and the second one under the control of miRNA-
binding sites, specific populations of closely related cell types (including dendritic cells,
hematopoietic and embryonic stem cells, and their progeny, which exhibit different miRNA
signatures) or specific tissues, like retina, could be segregated based on the differential
miRNA-controlled expression of the reporter transgene [36-38].

More recent studies used this type of miRNA-based transgene expression vector to classify
neuron-type and brain-region-specific mice cells based on their cell-type specific miRNA
signature [39]. Another example of OFF-type miRNA-based sensors is a study that identified
and sorted different cell populations from complex mixtures of differentiated human
pluripotent stem cells (hPSCs), using two types of OFF-switches: one based on miRNA-
binding sites in the 3’-UTR of the reporter gene and one with a single miRNA-binding site in
the 5’-UTR. The authors demonstrated the possibility of specifically selecting a given cell
type, namely cardiomyocytes, using a miR-based switch driving the expression of the pro-
apoptotic gene Bim in cells that do not show the proper miRNA signature (high miR-1 or
high miR-208a). In addition, the authors proved that the obtained cells were still fully
functional and could be used for medical applications such as in vivo transplantation
therapy. The same technology was used to purify other cell types. In addition, the authors
demonstrate the possibility of combining miRNA switches in order to simultaneously purify
two different types of cells [40]. In a more complex version of a miRNA-based OFF-type
switch, developed by Xie et al, the expression of the output gene is controlled by a
transactivator placed under the control of a particular miRNA by the presence of miRNA-
binding sites at the 3’-UTR. The binding of the specific miRNA inhibits the expression of the

transactivator, hence blocking the expression of the output gene (Figure 2 - B) [41]. A last
9
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example of a practical application of these miRNA-based genetic switches is a cell-type-
specific genome editing platform developed based on a miRNA-responsive element
developed using the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)
and CRISPR-associated protein (Cas9) system, which was able to drive targeted genome
editing of human cell lines (HeLa and induced pluripotent stem cells) in a modulated fashion
in response to endogenous miRNA signatures [42]. The system comprises a Cas9 gene,
modified by adding a miRNA-binding site to the coding sequence, complementary to the
miRNA of interest. These miR-Cas9 switches are able to control genome editing based on
the presence/absence of specific miRNAs. In the presence of the miRNA, the Cas9 transcript
is degraded and no genome editing activity can occur. In the absence of the particular
miRNA, the transcript is not degraded and can be translated, thus the Cas9 protein can drive
the desired targeted genome edition based on the provided single guide RNA. The authors
show how a miR-21-Cas9 switch responded to the cell-specific miR-21, which is highly
expressed in HeLa cells, switching OFF the CRISPR-Cas9 KO of a stably transfected GFP
reporter gene. On the other hand, a miR-302-Cas9 switch was not functional, as miR-302 is
not expressed in these cells, therefore resulting in the GFP gene being knocked out. The
authors also provide evidence that the presence of specific miR-21 inhibitors switched ON
Cas9 protein expression, re-instating genome editing activity . The authors used the same
miR-Cas9 switch to target other endogenous regions in the genome, including the Alul
element, leading to selective cell death based on the chosen miRNA-binding site present in
the switch.

All the above examples rely on OFF-type miRNA-based switches, in which specific miRNA
signatures act as the input, switching OFF the expression of the transgene. There are other
examples of miRNA-based circuits whereby the presence of specific miRNA input turns ON
the expression of the transgene. An example of this type of ON-circuit has been developed

and tested in human embryonic kidney cells (HEK) [43]. It comprises an endogenous miRNA
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which controls the expression of a synthetic miRNA using an OFF-switch configuration as
explained above. The output gene also contains binding sites for the synthetic
miRNA/siRNA in its UTR. Hence, in the presence of the endogenous miRNA, the expression
of the synthetic miRNA is repressed and the output protein can be expressed. Another
example of miR-based ON-switches comprises a repressible promoter driving the
expression of an output protein and a repressor protein containing miRNA-binding sites in
its UTR. In the presence of the input miRNA, the expression of the repressor protein is
blocked, allowing the output protein to be expressed (Figure 2 - C).

Combining these different types of miRNA-based switches, it is possible to build more
complex multi-input circuits, which can react to specific miRNA signatures and allow the
final expression of an output protein. Xie et al. describe a cell classifier able to detect specific
cancer cells in a mixed pool of different human cancer cell lines, based on more complex
miRNA signatures, for example the one found in HeLa cells, which show high expression of
miR-17, miR-21 and miR-30a and low expression of miR-141, miR-142(3p) and miR-146a.
By using a double inversion module circuit design, a reverse tetracycline-controlled
transactivator (rtTA) controls the expression of an inducible Lacl repressor, which
represses the transcription of the output gene. In addition, both trans-activator and
repressor have miRNA binding sites specific to the highly expressed miRNAs (17, 21, and
30a). In the presence of these miRNAs, both transactivator and repressor proteins are
repressed due to specific binding sites in their UTRs and the output protein can be
expressed (Figure 2 - D). To incorporate a sensing capacity for low expressed miRNAs, the
output gene also contains binding sites for the low expressed miRNAs (miR-hsa-141, miR-
hsa-142(3p) and miR-hsa-146a). When low expressed, these miRNAs are not sufficient to
efficiently inhibit the output gene; therefore, it is expressed. Any change in expression of
any of the controller miRNAs (high expression changing to low expression or vice versa)

will result in repression of the output gene [41]. In a similar way, other cell classifiers able
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to detect complex miRNA signatures in different human cell lines (HeLa cells and HEK293
cells) have been developed using different circuit designs. For example, Wroblewska et al.
developed a cascade circuit, in which a synthetic siRNA controlled the expression of a RNA-
binding protein (RBP), which in turn controlled the expression of the output gene, and a
more complex two-way signal transmission and feedback circuit, in which two different
siRNA inputs are able to modulate the expression of two different reporters, by controlling
different RBPs [44]. Other examples can be found as well, in which miRNA-based circuits
are combined with other genetic control elements such as transcription repressors or

transactivators and which are able to react to specific miRNA signatures [45,46].

4 Synthetic miRNAs to modulate transgene expression

4.1 Inducible expression of synthetic miRNA/siRNAs

Synthetic miRNAs have also been widely used in genetic circuits to modulate transgene
expression. Some studies have combined them with inducible promoters to be able to
control expression in a dose and time-dependent manner. Leisner et al. have built and
characterized different synthetic genetic circuits which comprise miRNAs controlled by
transcription factor-dependent promoters, which down-regulate the expression of an
output reporter gene by RNAi. They show how multiple combinations of different modular
circuits can lead to different programmable protein expression patterns, based on the
different inputs present in the circuit [47].

In another study, Malphetes et al. described the first adjustable RNA polymerase II
promoter-based siRNA expression system, which allows the expression of siRNA hairpins
(or miRNAs) based on the absence/presence of an antibiotic (erythromycin or tetracycline),
in a dose-dependent manner, for the precise control of transgene expression in CHO cells.
In a later study, the previously described siRNA expression system is used to fine tune the

expression of different transgenes in CHO cells, including secreted embryonic alkaline
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phosphatase (SEAP), vascular endothelial growth factor (VEGF), or erythropoietin (EPO)
[48]. This study is the only one in CHO cells where a systematic characterization of different
circuit relevant parameters, such as the number of binding sites for the specific siRNA is
performed. Combining the above controllable siRNA expression module with other
transcriptional regulatory elements such as a tetracycline-dependent inducible promoter
allowed direct control of transgene expression.

In a more recent study, an OFF genetic control device based on RNAi that combines ligand-
responsive ribozyme switches with synthetic miRNA regulators has been built and
characterized [49]. The genetic device comprises a ribozyme, where cleavage is dependent
on the presence/absence of a ligand and which controls the expression levels of a synthetic
miRNA. Finally, synthetic miRNAs have been used as add-ons to improve other transgene
expression control systems. miRNAs expressed from an artificial intron in the trans-
regulator gene and targeting the output reporter gene have been used to reduce leaky
expression, leading to tighter control of transgene expression in the OFF state [41,50,51].
4.2 Controlling miRNA expression by affecting their processing

Another interesting strategy to control the expression of synthetic or ectopic miRNAs or
siRNAs is to fuse them with aptamers. An aptamer is an RNA domain which can bind to a
specific ligand and change its secondary structure. One of the best-characterized aptamers
is based on a previously described riboswitch, which is able to drive the termination of the
transcription of a gene of interest in the absence of its binding ligand theophylline [52]. By
introducing an aptamer sequence in between functional regions of the miRNA gene, such as
the hairpin loop region or the basal stem region, it is possible to alter its secondary
structure, hence affecting miRNA processing and consequently, its expression [53-55].

A recent study used this strategy to modulate the expression of the Tissue Differentiation-
Inducing Non-Protein Coding RNA (TINCR), a well known long non-coding RNA (IncRNA)

that acts as a master regulator in somatic differentiation and which is up-regulated in
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bladder cancer tissues and cells, contributing to oncogenesis and cancer progression
[56,57]. Here, the expression of the transgene could be controlled by the theophylline
aptamer using two newly developed genetic switches, both based on the conditional
expression of specific siRNAs [58]. The OFF-switch relies on the expression of a mature
miRNA domain, in the presence of theophylline, which silences the TINCR IncRNA,
switching it OFF and causing a reduction in cell growth. The ON-switch is based on the
conditional expression of a mature miRNA, which is able to inhibit the processing of a
second short-hairpin RNA (shRNA), which acts a repressor of TINCR. By conditionally
silencing TINCR, cell growth can be affected. This is another good example of how miRNA-
based genetic switches can be used to modulate the expression of relevant target genes and

lead to programmed cellular behaviour.

5 Novel miRNA responsive elements based on new modes of action

So far, most examples of miRNAs being incorporated in genetic circuits relied on the best
known mechanism of action of miRNAs or siRNA in the cell: translation inhibition or RNAi-
mediated transcript degradation. However, some studies have exploited different
mechanisms of action of miRNAs, providing new miRNA responsive elements for use in
synthetic genetic circuits.

5.1 miRNA regulating RNA-binding protein motifs

Doyle et al. proposed alternative mechanisms through which miRNA can bind to mRNA
molecules and affect how certain RBPs interact with them [59]. The model proposes that
miRNA can act as structural interacting RNAs (sxRNA) and participate in forming 3-way
RNA junctions to regulate gene expression. Post-transcriptional regulation of histone genes,
by means of a histone stem-loop (HSL) structure located at the 3’ end of the mRNA
transcripts is used as an example. The Stem-Loop Binding Protein (SLBP) is able to bind to

this structure and greatly increase the translation of the associated mRNA. By using
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secondary structure and nucleic acid interaction prediction software, the authors explored
how miRNA could be responsible for generating or stabilizing the HSL structure, and
identify several target miRNAs which could potentially do it. In a similar way, the authors
identified miRNAs that could potentially help form sxRNA structures in the iron- responsive
element (IRE), which is targeted by IRE-binding proteins to regulate post-transcriptional
expression of iron metabolism-related genes. The authors predict how specific miRNAs can
influence alternative splicing of the ALA synthase gene by forming two different sxRNAs
structures. In a follow-up study from the same group, a sxRNA-based reporter consisting of
a luciferase gene upstream of the sxRNA switch, was designed, built and tested in vitro,
using in silico folding studies and gel-based and cell-based binding studies [60]. The sxRNA
switch comprises the sequence required to form the functional stem-loop structure, in
order to bind the RBP, flanked by two paired regions complementary to the desired trigger
miRNA (Figure 3 - A).

5.2 miRNAs to improve translation efficiency

A recent study has shown the possibility of using competing upstream open reading frames
(uORF) and antisense oligonucleotides (ASO) to modulate expression of a transgene at the
post-transcriptional level (Figure 3 — B) [61]. uORFs are caused by the presence of initiation
sequences and/or start codons upstream of the correct initiation sequence and start of the
gene of interest, which initiates the primary ORF (pORF). The presence of these alternative
uORFs down-regulates protein synthesis from the pORF due to competing translation
events. To counteract this, ASOs can be designed to specifically target uORFs, hence blocking
translation events starting in those without leading to any transcript degradation. This
leads to the up-regulation of the translation occurring from the main pORF. If we consider
that the proposed ASOs are synthetic 16-18bp oligonucleotides (DNA/RNA), it is possible
to imagine scenarios in which uORFs could be designed to be targeted by endogenous

miRNAs and incorporated upstream of a transgene to modulate its expression.
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6 miRNA-based CHO cell engineering - from targets to tools

Since the identification of the first CHO-specific process relevant miRNA, there has been a
significant effort to identify miRNAs involved in the regulation of bioprocess-relevant
pathways as potential engineering targets to improve CHO cellular phenotypes [62,63].
Several miRNAs have been identified and manipulated to improve process relevant cell
characteristics such as cell growth, apoptosis, and recombinant protein production [64-69].
In addition, several studies have already highlighted miRNAs that exhibit expression
profiles which vary depending on specific conditions, such as different culture stages
[63,70], different culture conditions like a temperature shift [64,71] or different cellular
phenotypes such as high/low Qp, producers/non-producers and fast/slow growth rate
[6,72]. However, little attention has been dedicated to utilizing these molecules as control
elements, rather than direct targets, in order to implement more refined cell engineering
strategies. In order to do so, re-evaluating these datasets from this new perspective could
help to identify specific miRNA signatures that would allow implementation of some of the
reviewed miRNA-based circuits in CHO cells for particular bioprocess relevant applications,
such as conditional expression after a temperature shift or selective killing of low producers
to improve selection methods. There are some challenges that can be anticipated in terms
of introducing miRNA-based gene control in CHO cells. For instance, the use of miRNA-
based genetic switches could result on the knock down of the ‘controller’ miRNAs, i.e. the
sponge effect, potentially leading to unwanted cellular effects. In addition, full ON/OFF
control is likely to be difficult to achieve using the currently available miRNA-based gene
control technologies, so combinations with other gene control elements such as promoters

or other genetic elements should be further investigated.

7 Conclusion
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In the context of the more complex challenges that will arise from the new systems biology
approaches in studying CHO cells, it is necessary to start thinking about developing more
refined solutions to improve the CHO cell platform. Further developments and refinement
of the current CHO genome-scale models will surely be crucial not only to identify which
targets/pathways require these interventions but also to assess the potential benefits that
would arise from them. Hypothetical examples of these more sophisticated approaches
include conditional expression of specific product genes or gene-dosage balancing to fine-
tune the expression of specific genes or pathways and achieve a more energetically efficient
CHO cells free of unnecessary metabolic burden. In order to implement these new
engineering approaches, the proper molecular tools have to be available.

Synthetic biology advances have provided us with a large variety of miRNA-based genetic
switches or circuits, which allow us to gain tighter control over transgene expression. Most
of the available miRNA-based gene expression control elements are based on tissue-specific
miRNA signatures or diseased versus control cell profiles. Although miRNAs have been
typically studied in CHO cells as targets for cellular engineering, we anticipate that
meaningful miRNA signatures or expression patterns in the context of CHO cells and
bioprocessing can be identified from the CHO miRNA profiling datasets that have been
published to date. This should present new opportunities in terms of using miRNA-based
genetic-switches in the next generation of rational genetic engineering strategies and to
facilitate more refined control over the CHO cell as a therapeutic protein production

platform.
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Figure legends

Figure 1. A theoretical example of transgene expression control based on an endogenously
expressed microRNA. Transgene expression is repressed during growth phase, when
microRNA levels are high, and it is turned on to the right dose when the culture enters in

stationary phase and the “controller” microRNA levels drop.

Figure 2. Schematic representation of different miRNA-based genetic switches or circuits
able to react to specific miRNAs signatures. OFF-type switches or circuits are able to repress
the expression of the output gene in the presence of specific miRNA signatures. (A) - The
output gene is controlled by miRNA-binding sites at its UTR, which lead to translation
inhibition in the presence of the specific miRNA(s) signature. (B) - The output gene is
controlled by a transactivator-responsive element (TRE). The transactivator protein is
controlled by miRNA-binding sites at its UTR, which inhibit its translation in the presence
of the specific miRNA signature. ON-type switches or circuits are able to allow the
expression of the output gene in the presence of specific miRNA signature. (C) - The output
gene is controlled by a repressor-dependent promoter (Rep0O). The repressor protein is
controlled by miRNA-binding sites at its UTR, which inhibit its translation in the presence
of the specific miRNA(s) signature. (D) - Double inversion module. The output gene is
controlled by a repressor-dependent promoter. The repressor protein is controlled by a
transactivator protein. In addition, both the repressor protein and the transactivator
protein have miRNA-binding sites in their 3’-UTR, specific to high abundance miRNAs. Only

in the presence of the specific high miRNA the output protein can be expressed.

Figure 3. Schematic representation of potential novel miRNA-based responsive elements.

(A) - The binding of a Structural Interacting RNA (sxRNA) leads to the formation of a
26
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particular stabilized secondary structure, which can be recognized by a RNA-binding
protein (RBP). (B) - The presence of upstream open reading frames (uORF) reduces the
translation efficiency of the primary ORF (pORF) leading to lower levels of full length
protein. The binding of an antisense oligonucleotides (ASO) complementary to the start
codon region of the uORF blocks translation initiation events on this ORF, hence increasing

the translation of the pORF.
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