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Summary
Cells, often referred to as smallest units of live, are the building blocks of every living organism.
As such, cells have the ability for the synthesis of structurally complex molecules, exceeding by
far the capability of modern chemistry. Often embedded in a demanding and changing
environment, cells have developed complex regulatory pathways enabling sophisticated ways of
information processing. Both functions make living cells an irreplaceable tool in many biomedical
and biotechnological applications. Synthetic biology aims at building artificial biological systems
where cells are often used to produce non-natural molecules or rewired to fulfil artificial signaling
processing tasks. Both, single-cellular organisms (1-3) as well as single cells of mammalian origin
have been extensively used in synthetic biology (4, 5). Gene expression defines the fate and
function of all different cell types. By introducing new genes into living cells, synthetic biology
can engineer a solution with defined functions and behavior. By manipulating genes, cells can be
programmed to enhance secretion, respond to metabolites or produce a desired input and output.
This PhD thesis focuses on the use of synthetic gene networks introduced into mammalian cells
and its applications. In the first chapter, we discuss the current state of biotechnological production
of recombinant therapeutic protein and how epigenetics offers new opportunities to increase
product titers.
Biotechnology has already a lot to offer and continues to develop at an increasing speed which
promises faster and more complex functions. Recombinant proteins can be expressed in bacteria
(6, 7), yeasts (8), plants (9), and mammalian cell cultures (10). Mammalian cells are the most
utilized production hosts for therapeutic proteins that require post-translationally modification
5

(e.g. monoclonal antibodies). On an industrial scale Chinese hamster ovary (CHO) cells are used
most frequently and up to 70% of recombinant therapeutic proteins are produced in CHO derived
production hosts (10, 11).
Another fast-developing branch of mammalian biotechnology are designer cells with therapeutic,
diagnostic and long-term monitoring abilities for various chronic disorders which are discussed in
the second chapter of this thesis. Artificial gene networks can be introduced into living cells to
detect (12-14) and treat (15-19) various disorders using both mammalian and bacterial cells. Such
designer cells could be programmed to continuously monitor the systemic concentration of not
only soluble (e.g. cytokines, glucose) (20) but also membrane bound molecules (21, 22). Chronic
diseases such as cancer, metabolic disorder etc. are of a particular interest since they require a
prolonged therapies and constant monitoring. Engineered living cells have many advantages over
a traditional drug formulations and diagnostics methods. For treatment applications, engineered
cells could provide local and continuous targeting without systemic exposure of therapeutics. In
cancer treatment engineered mammalian designer cells have already been approved for clinical
use for treatment of hematological malignancies (23) and many bacteria based smart cells are being
tested in clinical trials as cancer immunotherapy and the treatment of pancreatic cancer (18, 24).
To improve specificity of designer cells it is possible to program them to respond to a combination
of pathology associated markers so that secretion of a therapeutic output is only triggered upon
presence of two distinct markers (15, 20, 25). For diagnostic applications ex vivo mammalian
designer cells were tested to profile allergens from the human blood samples (12). This approach
allowed decreased invasiveness of allergen test by screening possible allergens in the multi well
plate settings instead of injecting each allergen to be tested subcutaneously in patients. We present
here a system that uses an increased calcium concentration as an indicator for cancer development
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which is channeled into cellular signaling by a cellular calcium receptor. As a detection tool,
designer cells should be able not only to sense biochemical signals associated with disease but also
produce an easily measurable signal. The pigment production and its conversion into a diagnostic
output makes the system as translational as possible for in vivo experiments and enables a semiinvasive strategy for continuous monitoring of a disease associated metabolite. We measured the
visible production of melanin as pixel intensities that was quantified using a MATLAB code. The
synthetic biology based biomedical tattoo system presented here is the first continuous diagnostic
tool that utilizes mammalian designer cell and provides continuous monitoring in vivo.
Both chapters highlight different applications of cell engineering and synthetic biology that
contribute to modern biotechnology and biomedicine applications, using similar design strategy of
mammalian cells.

7

Zusammenfassung
Zellen, die häufig auch als die kleinst-möglichen Lebenseinheiten bezeichnet werden, sind die
Grundbausteine eines jeden lebenden Organismus. Als solche sind Zellen in der Lage, strukturell
komplexe Moleküle zu synthetisieren und übertreffen dabei bei weitem die Möglichkeiten der
modernen Chemie. Dadurch, dass sie oft einer anspruchsvollen und schwierigen Umgebung
ausgesetzt sind, haben Zellen komplexe Regulationswege entwickelt, welche ihnen ausgefeilte
Arten der Informationsverarbeitung ermöglichen. Diese beiden Funktionen sorgen dafür, dass
lebende Zellen in vielen biomedizinischen und biotechnologischen Anwendungen unverzichtbar
sind. In der synthetischen Biologie werden künstliche biologische Systeme konstruiert, in denen
Zellen oft dazu benutzt werden, nicht-natürliche Moleküle zu produzieren oder eine künstliche
Signalverarbeitung zu ermöglichen. Sowohl Einzeller (1-3) und auch einzelne Säugerzellen
werden in großem Umfang in der synthetischen Biologie genutzt (4,5). Die Expression der Gene
definiert das Schicksal und die Funktion der verschiedenen Zelltypen. Indem neue Gene in eine
Zelle eingebracht werden, kann die synthetische Biologie Zellen mit definierten Funktionen und
Verhaltensweisen konstruieren. Indem man Gene verändert, können Zellen so programmiert
werden, dass sie zum Beispiel besser sekretieren, auf Metabolite reagieren, oder auf ein
bestimmtes Trigger-Signal einen entsprechenden Output liefern.
Diese Doktorarbeit fokussiert sich auf die Möglichkeiten und Anwendungen von synthetischen
Netzwerken in Säugerzellen.
Im ersten Kapitel diskutieren wir den aktuellen Stand der biotechnologischen Produktion von
rekombinanten, therapeutischen Proteinen und wie man mit Hilfe der Epigenetik Produktionstiter
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verbessern kann. Die Biotechnologie bietet bereits zahlreiche Möglichkeiten und sie entwickelt
sich in einem rasanten Tempo in Richtung schnellere und komplexere Funktionen weiter. Mit Hilfe
von biotechnologischen Werkzeugen können Proteine zum Beispiel in Bakterien (6,7), Hefen (8),
Pflanzen (9) und Säugerzellen (10) exprimiert werden. Dabei werden Säugerzellen am häufigsten
für die Produktion von therapeutischen Proteinen verwendet, welche zusätzliche posttranslationale Modifikationen benötigen (wie z.B. Antikörper). In der Industrie werden die so
genannten CHO Zellen (Ovarialzellen des chinesischen Hamsters) am häufigsten genutzt, bis zu
70% der rekombinanten therapeutischen Proteine werden in von CHO abstammenden Zellen
produziert (10,11).
Ein anderes, rasch wachsendes Gebiet der Biotechnologie von Säugerzellen ist die Entwicklung
von „Designerzellen“, welche durch ihre therapeutischen und diagnostischen Möglichkeiten
gerade in Bezug auf Langzeitmonitoring Lösungsansätze für viele chronische Krankheiten bieten.
Das wird im zweiten Kapitel dieser Arbeit diskutiert. Künstliche Gen-Netzwerke können in
lebende Zellen integriert werden, um verschiedene Krankheiten mit Hilfe von Bakterien und
Säugerzellen zu detektieren (12-14) und zu behandeln (15-19). Solche Designerzellen können so
programmiert werden, dass sie kontinuierlich die systemischen Konzentrationen von löslichen
Molekülen (wie z.B. Zytokine und Glukose) (20), aber auch von membrangebundenen Molekülen
(21, 22) bestimmen. Chronische Krankheiten wie z.B. Krebs und Stoffwechselerkrankungen sind
hierbei von speziellem Interesse, da sie langanhaltende Therapien und eine konstante
Überwachung erfordern. Genetisch veränderte, lebende Zellen haben viele Vorteile gegenüber
traditionellen Arzneimitteln und Diagnosemethoden. Für Therapieanwendungen könnten
veränderte Zellen eine lokal beschränkte und dabei kontinuierliche Dosierung ermöglichen, ohne
die oft ungewünschte systemische Wirkung. Für die Krebsbehandlung wurden bereits die ersten
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genetisch veränderten Säugerzellen zur Therapie von hämatologischen Erkrankungen wie
Leukämien zugelassen (18). Des Weiteren werden aktuell viele auf Bakterien beruhende „smarte
Zellen“ für den Einsatz in der Krebs-Immuntherapie und für die Behandlung von
Bauchspeicheldrüsenkrebs im Rahmen von klinischen Studien getestet (18,24). Um die Spezifität
von Designer Zellen zu verbessern, kann man diese so programmieren, dass sie nur auf eine
Kombination von Krankheits-assoziierten Markern reagieren und somit die Sekretion eines
therapeutischen Moleküls nur durch die Anwesenheit von zwei bestimmten Markern ausgelöst
wird (15, 20, 23).
Für diagnostische Anwendungen wurden Säugerzellen bereits ex vivo verwendet, um menschliche
Blutproben mit Allergenen zu testen (12). Dieser Ansatz erlaubte eine weniger invasive Testung
auf Allergien, indem die Blutproben in einer multi-well Platte auf mögliche Allergene getestet
wurden, anstatt jedes Allergen einzeln subkutan in Patienten zu testen. Wir stellen hier ein System
vor, welches einen Anstieg der Kalzium-Konzentration als Indikator für die Entstehung von Krebs
mit Hilfe eines Kalzium-Rezeptors detektiert und eine zelluläre Signalkaskade in Gang setzt. Für
die Diagnostik sollten die „smarten Designerzellen“ nicht nur in der Lage sein, biochemische, mit
der Krankheit zusammenhängende Signale wahrzunehmen, sondern sollten auch ein leicht zu
messendes Output-Signal generieren. Wir nutzten deshalb das Enzym „Tyrosinase“, um das
Pigment Melanin als Reaktion auf einen Anstieg des Kalziumspiegels zu produzieren. Die
Pigmentproduktion und deren Umwandlung in einen digitalen Output macht das System so
translational wie möglich für in vivo Experimente und ermöglicht dadurch einem semi-invasiven
Ansatz für die kontinuierliche Überwachung eines Krankheits-assoziiertem Metaboliten. Wir
bestimmten die sichtbare Melanin-Produktion als Pixelintensitäten, welche mit Hilfe eines
MATLAB Code quantifiziert wurden. Dieses auf synthetischer Biologie beruhenden,
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biomedizinischen Tattoo ist das erste kontinuierliche, diagnostische Werkzeug, welches SäugerDesigner-Zellen verwendet und eine fortlaufende Überwachung in vivo ermöglicht.
Um therapeutische Designer Zellen in der Klinik weiter voran zu bringen, sollten bestimmte
Herausforderungen angegangen werden. Um sie zur Diagnostik nutzen zu können, müssten die
genetisch veränderten ‚smarten Zellen‘ einmalig injiziert werden und könnten dann den
Gesundheitsstatus des Patienten kontinuierlich überwachen. Hierfür ist eine robuste VerkapslungsTechnik von Nöten, welche die Möglichkeiten des unerwünschten Austritts von Zellen minimiert.
Beide Kapitel dieser Arbeit beleuchten verschiedene Anwendungen des Zell-Engineering und der
synthetischen Biologie, welche einen Beitrag zur Verwendung der modernen Biotechnologie und
Biomedizin leisten und die ähnliche Design-Strategien bei Säugerzellen anwenden.
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Introduction
In the present work, we aimed to utilize synthetic biology tools to improve production of
therapeutic proteins in industrially relevant production cell lines (Chapter I) and design a smart
cell implant for early detection of cancer (Chapter II). Both projects are united by the similar
engineering approach. Stable gene modification was introduced into mammalian cell hosts, a best
performing clone was selected and expanded, and further used for biotechnology and biomedical
applications.
The industrial production of therapeutic proteins in cell factories has changed the focus of
pharmaceutical industries and dramatically improved the lives of some patients by providing them
with the necessary, previously inaccessible drugs. Some recombinant proteins such as hormones
(insulin, growth hormone) are predominantly produced in E. coli or yeasts for therapeutic use in
humans (26). Compared to other production hosts, mammalian cells are the preferred expression
system for the production of biopharmaceutical proteins such monoclonal antibodies as they are
able to post-translationally modify them and produce functional forms in high quantities (11).
Since the first CHO cell line was acquired from a biopsy of the ovary of a Chinese hamster in 1956
(27) it was genetically modified to optimize the production capacity (28, 29) and adapted to grow
in serum free suspension culture to decrease cost and minimize animal derived agents in the
production process (30). Production optimization strategies included various media formulations
(31, 32), metabolic engineering of CHO cells to decrease lactate production (33, 34), enhancing
viability (35, 36) and secretion (37). Epigenetic factors are attractive candidates for mammalian
cell engineering due to their ability to influence multiple target genes and their effects have also
been studied to understand their influence on cellular metabolic pathways and protein production
(38, 39). Therefore, we have turned our attention to polycomb group protein and identified the
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transcription factor Yin Yang 1 (YY1). Previous studies have shown that the expression of the
YY1 protein needs to be carefully tuned to achieve the desired results (40, 41). Moderate increase
of YY1 can stimulate transcription of prostate specific receptor, whereas higher levels of YY1
downregulates the expression of the target gene (42). In agreement with that we showed that tuned
expression of YY1 resulted in enhanced production of different proteins (IgG, SEAP, VEGF).
Keeping a person in a healthy stage requires a deep understanding of pathogenesis and a detection
of a disease onset at a reversible stage. One of the fields of the biomedical research studies the
molecular mechanism of living organisms to understand healthy and disease states and discover
new ways of detection and treatment of disorders. Recent progress in gene editing (e.g.
development of CRISPR/CAS9 technology) (43, 44) found numerous biomedical applications in
gene (45-47) and cell therapies (48-50). Several studies have reported promising clinical results
for application of stem cells modified by genome editing to control HIV infection (51) and
modifications of autologous T cells (52) to hematological disorder treatment. However, all of the
previously mentioned studies describe strategies used to treat diseases after their manifestation.
Biomedical research is shifting focus of modern medicine from a symptom-based treatment
approaches to a preventive care. Example of preventive measures include, but are not limited to
annual medical check-ups, vaccinations (e.g. against human papilloma virus (53), against hepatitis
B virus (54)) awareness and promotion of healthy life style in general population (55). Those
simple strategies are quite efficient in prevention of diseases, but need patient’s adherence which
is a well-recognized problem in health care (56). One of the ways to increase patient’s adherence
to healthcare is to encourage usage of health-related applications and devices. For diabetes, a
continuous glucose monitoring (CGM) system was approved by FDA and successfully used in
clinical trials in patients with type 1 (T1DM) and 2 (T2DM) diabetes (57). This diagnostic system
14

is a good example of the preventive and participatory components of healthcare. The CGM system
consists of small subcutaneous sensor, that can be wirelessly coupled to either the digital display
device or a compatible personal smart device (a smart phone) with the corresponding mobile app.
The subcutaneous sensor continuously measures glucose levels and sends the measurements to a
wirelessly coupled display device. This minimally invasive approach has several advantages over
traditional glucose monitoring devices that require daily routine finger pricking. CGM system
encourages patient’s participation due to being minimally invasive and by sending the immediate
alerts of increasing or decreasing glucose levels to the compatible device in timely manner
informing a user about an onset of a possible emergency state. In a population study of T1DM, it
was shown that using the CGM system improves quality of life by reducing risks of complications
caused by diabetes (58).
Detecting the onset of diseases at the earliest possible stage using disease specific markers would
allow for timely pro-active interventions, ideally at the asymptomatic stage. Early detection of
cancer using the technology of smart designer cells was the focus of the second topic covered in
this thesis. We aimed to engineer designer cells for detection of early onset of cancer using
synthetic biology based approach. Most synthetic designer cells share common design and utilize
naturally existing receptor ligand interactions and couple them to the corresponding signaling
cascades (12, 59, 60). Previously synthetic gene networks based on ligand receptor interactions
coupled to a user defined output through intracellular signaling cascades were successfully applied
to continuously monitor and treat autoimmune (20) and metabolic (61) disorders. In our synthetic
biology based biomedical tattoo system we used a calcium sensing receptor (CaSR) and its ligand
(ionized calcium) and coupled it to tyrosinse (a pigment producing enzyme) which expression was
driven by inducible chimeric promoter.
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We chose hypercalcemia, a systemic increase of ionized calcium concentration, as a disease
biomarker since it is involved in pathological processes such as hyperparathyroidism (62) (disorder
of parathyroid gland) and several types of cancer (63) (breast (64), prostate (65), colon (66) etc).
Since most common cause of hypercalcemia is cancer and hypercalcemia regularly associated with
asymptomatic stages of disorders (63, 67) we designed biomedical tattoo system to sense early
onset of hypercalcemic cancers and produce alerting visible signal. Another approach to tattoo
cells in vivo in murine model with green fluorescent protein (GFP) to track behavior of cells for
several days was used for imaging in murine skin (68). Visualization of GFP-based tattoo still
requires a fluorescent microscope, whereas melanin pigment is visible with incident light. The
reported biomedical tattoo system has similar characteristics to CGM. It is able to sense a systemic
disease associated marker at early asymptomatic stage, provides a real-time monitoring of the
marker and is minimally invasive. The digital component of biomedical tattoo system could further
be improved and coupled to mobile device as in CGM system to make the system more user
friendly.
This PhD thesis highlights two major trends in biopharmaceutical industries that are essential to
consider when developing new drugs and treatments. The first trend is the placement of a value on
medical treatments. This in turn creates a highly competitive environment in which big
pharmaceutical companies dedicate money and time to optimize and lower prices of production of
health products. In the first chapter, we focused on the optimizing the production of therapeutic
proteins in mammalian cells to lower the cost of production. The second major trend is to digitize
detection and prevent diseases, leading to improved communication and empowerment for better
communication between physicians and patients. In the second chapter, we report a designer smart
implant with the diagnostic output and potential for further digitization. In the pharma outlook for
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the year 2030 KPMG (a professional service company and one of the leading advisors to the Life
Sciences industry) has also expressed a vision that quite soon medical practitioners will be able to
predict the likelihood of a disease in patients, and that medical care will shift from treatment of
symptoms to prevention and early treatment strategies.
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Contribution of this work
In this thesis, we have focused on two major fields of mammalian synthetic biology that has
immediate impact on the field of biomedicine and biotechnology. An application of synthetic
biology for the production of therapeutic proteins and a smart cell implant for diagnostic and early
detection of disorder.

Cell engineering for enhanced production of therapeutic proteins
The pipelines of therapeutic proteins are not only growing but also getting more complex together
with the demand for production on bigger scale. Therefore, industries are constantly looking for
further optimization and development of the production process, to solve common metabolic
bottlenecks. Mammalian cells are the main production host and Chinese Hamster Ovary (CHO) derived cell lines are the most commonly used in biopharmaceutical manufacturing (69).
Classically, researchers targeted one gene to remove one bottleneck (70-72), which despite
working for several applications, has its limitations. In the first chapter, we present a strategic
approach to reprogram cellular metabolism by targeting an epigenetic factor YY1 – a polycomb
dual transcription factor. It is known for its transrepressor and transactivator activities that depend
on the co-factor with which it interacts (42, 73). We have used several industrial producer cell
lines, and demonstrated the increase in protein production in stable CHO-derived industrial
producer cell lines upon optimal expression of YY1. Moreover, we demonstrated that there were
species specific preferences for effect of YY1, meaning the human and hamster derived YY1,
enhanced protein production in human and hamster cells respectively.
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Synthetic biology for biomedical application
To further explore the application of synthetic biology in biomedical research, we have introduced
a gene network to engineer a smart cell implant that is sensitive enough to catch an early onset of
a disorder (an asymptomatic stage of a cancer). Cancer is one of the leading cause of death
worldwide (74). Hypercalcemia associated with cancer is a common paraneoplastic syndrome and
occurs in 20-30% of cases (75). Designer cells are smart implants that are applied to diagnose (12),
prevent (59), and treat pathological conditions (17, 20, 61). We rewired Human Embryonic Kidney
293 (HEK-293) cells into a diagnostic designer cell line HEKTattoo by stably expressing Calcium
Sensing Receptor (CaSR) and coupling it to inducible tyrosinase expression. The designer cells
detect pathological hypercalcemia and initiate tyrosinase production which results in subcutaneous
synthesis and accumulation of melanin pigment. Our biomedical tattoo system consists of two
major modules, a sensing part consisting of a CaSR and a visualizing part – an enzyme tyrosinase
that is responsible for pigment production. Both components are natural parts of the mammalian
organism. HEKTattoo designer cells are programmed to sense an asymptomatic but persistent
calcium elevation and produce a visual melanin pigment. In order to avoid false interpretation and
quantify the visual signal we designed and established a MATLAB code to convert the biological
signal into a digital quantifiable measurement. The system was successfully tested in immune
competent mouse inoculated with hypercalcemic cancer cells.
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CHAPTER I:

‘Overexpression of YY1 increases the protein production in mammalian cells’

Aizhan Tastanovaa,#, Alexandra Schulza,#, Marc Folchera, Anne Tolstrupb, Anja Puklowskic,
Hitto Kaufmannd, and Martin Fusseneggera,e*

Journal of Biotechnology 219:72 (2016).
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1. Abstract
The production of therapeutic antibodies using mammalian cells remains a high-priority in the
biopharmaceutical manufacturing industry. Bioengineers have targeted different cellular
processes, including transcription, translation, secretion and post-translational modifications, to
overcome the metabolic bottlenecks limiting production capacity and create high-producing
mammalian cell lines. The polycomb group (PcG) proteins belong to a family of chromatin
regulators with important roles in multicellular development. By overexpressing and screening
genes from the PcG family, we have identified an epigenetic key player for biopharmaceutical
manufacturing enhancement: the transcription factor Yin Yang 1 (YY1). The overexpression of
YY1 led to an increase in the production of several product genes (SEAP, VEGF165, IgG including
Rituximab), provided that human YY1 (hYY1) was expressed in human cells (HeLa, HT-1080,
HEK-293T, FreeStyleTM 293-F) and Chinese hamster ovary cell-derived YY1 (cYY1) was
expressed in CHO cells (CHO-K1, CHO-easyC, FreeStyleTM CHO-S, CHO-B13-24, CHO-IgG1).
Ectopic expression of cYY1 in the stable CHO-derived IgG producer cell lines CHO-B13-24 and
CHO-IgG1 increased the antibody titer up to 6-fold, suggesting that epigenetic engineering of
mammalian production cell lines could become a new strategy to improve the manufacturing of
complex protein pharmaceuticals.

2. Introduction
The production of therapeutic antibodies is one of the largest and most rapidly growing activities
of the biopharmaceutical manufacturing industry reaching a global market value of over 63 billion
USD in 2013 (69). Despite recent advances in bioprocess engineering (35), the advent of serum23

free suspension cultures (30), the development of chemically-defined protein-free medium
formulations (76, 77) and the design of sophisticated expression vectors (78) and metabolic
engineering strategies (79), which has driven the typical production titer into the gram per liter
range during the past decades (80), mammalian cell-based biopharmaceutical manufacturing
continues to be a time-consuming, cost-intensive low-yield investment (81, 82). Despite this
reality, mammalian cells continue to be prime production hosts for complex protein
pharmaceuticals that require post-translational modifications (83) such as therapeutic antibodies,
which represent more than 30% of all biopharmaceuticals being produced in mammalian cell
culture systems (69, 84). Chinese hamster ovary (CHO)-derived cell lines have emerged as the
predominant host cell line for the biopharmaceutical manufacturing of therapeutic antibodies due
to a combination of historic developments and success stories (69), associated with a track record
of FDA-licensed bioprocesses (10, 85). Bioengineers capitalize on their robustness (86), combined
with high productivity (87) and their capacity to provide human-compatible glycosylation (88) in
serum-free suspension cultures (89) to develop state of the art bioprocessing applications. Despite
the ongoing success stories of using CHO-derived cell lines for the production of complex protein
pharmaceuticals, the cellular processing from DNA to product is full of metabolic bottlenecks that
limit the overall product titer (90-92). Over the past decades, bioengineers have devised a panoply
of strategies that have cleared those production bottlenecks to different extents (93). Currently
available metabolic engineering strategies to improve the cellular production capacity consist of
one-gene-based interventions targeting very specific bottlenecks such as viability (35, 70),
proliferation (37, 94) and the secretory capacity (37, 71) or boosting the overall fitness of the
mammalian cell (72). However, these approaches have been limited in their success, because after
clearance of a specific bottleneck new ones emerged and the rational step-by-step removal of
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several metabolic bottlenecks is difficult to achieve. We have therefore designed a less specific
but more holistic metabolic engineering strategy that attempts to globally reprogram the cellular
metabolism by targeted overexpression of epigenetic factors.
Epigenetic factors are particularly attractive for the global engineering of mammalian cells because
they have evolved to influence an array of functionally linked target genes (95, 96). Among the
known epigenetic regulators, the polycomb family of proteins has captured our attention due to
their key roles in targeting various transcription factors associated with cell fate decisions (97-99).
We have therefore screened more than 25 polycomb genes for their effect on IgG production in
mammalian cells, and have found more than 10 genes to exert an enhancing effect on production
titers of which the Yin Yang 1 protein (YY1) showed the most prominent production-boosting
effect.
YY1 was first discovered as a dual transcription factor that can switch from transrepressor to
transactivator activity depending on the co-factors with which it interacts (42, 73). In the fruit fly
Drosophila melanogaster, the DNA-binding protein Pleiohomeotic (PHO) (100), a member of the
GLI-Krueppel family of human zinc finger proteins, plays an important role in recruiting
polycomb group (PcG) protein complexes to PcG response elements (PREs), leading to histone
methylation and thereby to the silencing of surrounding genes (101). YY1 has been suggested to
be the mammalian homologue of PHO (100). In mammalian cells, YY1 acts in a manner similar
to that of Octamer-4 (OCT4) (102) and non-coding RNAs (103) causing the epigenetic silencing
of genes.
YY1 has been the focus of several studies that have revealed a number of YY1’s other functions
in addition to its role as a transcriptional activator (104). YY1 has been identified as an important

25

factor in embryonic development, where it is involved in the epigenetic regulation of genes
responsible for cell growth regulation (105-107), cell differentiation (101), apoptosis and
oncogenic transformation (108). YY1 has also been shown to be involved in other complex
phenomena, such as long-distance DNA interactions required for B cell maturation and
development (109). Additionally, YY1 plays a significant role in sexual differentiation by
recruiting Xist-RNA to the X-chromosome for the inactivation of the second X-chromosome in
females (110). Thus, YY1 is a versatile protein involved in many important regulatory processes
within mammalian cells.
Here, we demonstrate that by altering YY1 expression within mammalian production cells, it is
possible to increase the production of complex product proteins, such as human placental secreted
alkaline phosphatase (SEAP), the vascular endothelial growth factor (VEGF165) and antibodies
(Rituximab, IgG).

2. Materials and Methods
2.1 Vector design. Comprehensive design and construction details for all expression vectors are
provided in Table 1. Relevant genetic components have been confirmed by sequencing
(Microsynth, Balgach, Switzerland). Gateway® recombination cloning was carried out according
to the manufacturer's instructions (Life Technologies, Carlsbad, CA, USA).
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Table 1. Plasmid used and designed in this study
Plasmid

Decription and Cloning strategy

Reference or Source

pcDNA3.1 (+)

Mammalian expression vector (PhCMV-MCSpA).

Life Technologies

pDONR223

Gateway® cloning donor vector containing the
recombination sites attP1 and attP2.

Life Technologies

pcDNA6.2/V5-DEST

Gateway® destination vector for constitutive
mammalian gene expression(PhCMV-attR1attR2-V5-pA).

Life Technologies

pENTR/D-TOPO

Gateway® cloning donor vector containing the
recombination sites attP1 and attP2.

Life Technologies

pEGFP-N1

Constitutive mammalian EGFP expression
vector (PhCMV-EGFP-pA).

Clontech

pETR1057

Constitutive Rituximab light chain expression
vector (PhCMV-RituximabLC-pA).

Roche Glycart AG

pETR1119

Constitutive Rituximab heavy chain expression
vector (PhCMV-RituximabHC-pA).

Roche Glycart AG

pIRES2-EGFP

Constitutive mammalian dicistronic EGFP
expression vector (PhCMV-MCS-IRES-EGFPpA).

Clontech

pSEAP2Control

Constitutive mammalian SEAP expression
vector (PSV40-SEAP-pA).

Clontech

pVEGF165pcDNA3

Constitutive mammalian VEGF165 (PhCMVVEGF165-pA).

Ehrbar et al., unpublished

pMM27

Constitutive mammalian SEAP expression
vector (PhCMV-SEAP-pA). SEAP was excised
from pSEAP2-Control by MluI/EcoRI and
ligated into the corresponding sites
(MluI/EcoRI) of pcDNA3.1(+).

Müller et al., unpublished
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pMM28

Constitutive mammalian SEAP expression
vector (PhEF1α-SEAP-pA).

Auslaender et al., 2014

pSV40pur

Mammalian expression vector conferring
puromycin resistance (PSV40-Puro-pA).

Clontech

pS1-SCML4

hSCML4-containing pDONR223

Beisel et al., unpublished

pS2-CBX8

hCBX8-containing pDONR223

Beisel et al., unpublished

pS3-SCMH1

hSCMH1-containing pDONR223

Beisel et al., unpublished

pS4-EZH1

hEZH1-containing pDONR223

Beisel et al., unpublished

pS4-12-PCL2

hPCL2-containing pENTR/D-TOPO

Beisel et al., unpublished

pS6-RYBP

hRYBP-containing pDONR223

Beisel et al., unpublished

pS6-2-PHF19

hPHF19-containing pENTR/D-TOPO

Beisel et al., unpublished

pS7-CBX4

hCBX4-containing pDONR223

Beisel et al., unpublished

pS8-PHC2

hPHC2-containing pDONR223

Beisel et al., unpublished

pS9-PCGF4

hPCGF4-containing pDONR223

Beisel et al., unpublished

pS11-PHF1

hPHF1-containing pDONR223

Beisel et al., unpublished

pS13-1-YAF2

hYAF2-containing pENTR/D-TOPO

Beisel et al., unpublished

pS14-PCGF1

hPCGF1-containing pDONR223

Beisel et al., unpublished

pS14-12-PHC1

hPHC1-containing pENTR/D-TOPO

Beisel et al., unpublished

pS15-PCGF2

hPCGF2-containing pDONR223

Beisel et al., unpublished

pS16-RING1

hRING1-containing pDONR223

Beisel et al., unpublished

pS17-YY1

hYY1-containing pDONR223

Beisel et al., unpublished

pS20-EZH2

hEZH2-containing pDONR223

Beisel et al., unpublished

pS21-SFMBT1

hSFMBT1-containing pDONR223

Beisel et al., unpublished

pS22-PCGF3

hPCGF3-containing pDONR223

Beisel et al., unpublished

pS23-CBX7

hCBX7-containing pDONR223

Beisel et al., unpublished
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pS24-CBX6

hCBX6-containing pDONR223

Beisel et al., unpublished

pS25-PHC3

hPHC3-containing pDONR223

Beisel et al., unpublished

pS26-EED

hEED-containing pDONR223

Beisel et al., unpublished

pS27-PCGF5

hPCGF5 - containing pENTR/D-TOPO

Beisel et al., unpublished

pS834-PCGF6

hPCGF6-containing pENTR/D-TOPO

Beisel et al., unpublished

pS1059-SUZ12

hSUZ12-containing pENTR/D-TOPO

Beisel et al., unpublished

pS31-ZNF211

hZNF211-containing pENTR/D-TOPO

Beisel et al., unpublished

pS32-PCGF5

hPCGF5-containing pENTR/D-TOPO

Beisel et al., unpublished

pAS14

Constitutive hPHF1 expression vector (PhCMVhPHF1-V5-pA). hPHF1 was swapped from
pS11-PHF1 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS15

Constitutive hEED expression vector (PhCMVhEED-V5-pA). hEED was swapped from
pS26-EED into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS16

Constitutive hPCL2 expression vector (PhCMVhPCL2-V5-pA). hPCL2 was swapped from
pS4-12-PCL2 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS18

Constitutive hPHF19 expression vector
(PhCMV-hPHF19-V5-pA). hPHF19 was
swapped from pS6-2-PHF19 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS19

Constitutive hSCMH1 expression vector
(PhCMV-hSCMH1-V5-pA). hSCMH1 was
swapped from pS3-SCMH1 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS21

Constitutive hYAF2 expression vector (PhCMVhYAF2-V5-pA) hYAF2 was swapped from

this work
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pS13-1-YAF2 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.
pAS22

Constitutive hPHC1 expression vector (PhCMVhPHC1-V5-pA). hPHC1 was swapped from
pS14-12-PHC1 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS23

Constitutive hPCGF6 expression vector
(PhCMV-hPCGF6-V5-pA). hPCGF6 was
swapped from pS834-PCGF6 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS25

Constitutive hSUZ12 expression vector
(PhCMV-hSUZ12-V5-pA). hSUZ12 was
swapped from pS1059-SUZ12 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS26

Constitutive hZNF211 expression vector
(PhCMV-hZNF211-V5-pA). hZNF211 was
swapped from pS31-ZNF211 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS27

Constitutive hPCGF5 expression vector
(PhCMV-hPCGF5-V5-pA). hPCGF5 was
swapped from pS27-PCGF5 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS29

Constitutive hSCML4 expression vector
(PhCMV -hSCML4-V5-pA). hSCML4 was
swapped from pS1-SCML4 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS30

Constitutive hCBX8 expression vector (PhCMVhCBX8-V5-pA). hCBX8 was swapped from
pS2-CBX8 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work
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pAS32

Constitutive hEZH1 expression vector (PhCMVhEZH1-V5-pA). hEZH1 was swapped from
pS4-EZH1 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS34

Constitutive hRYBP expression vector (PhCMVhRYBP-V5-pA). hRYBP was swapped from
pS6-RYBP into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS35

Constitutive hCBX4 expression vector (PhCMVhCBX4-V5-pA). hCBX4 was swapped from
pS7-CBX4 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS36

Constitutive hPHC2 expression vector (PhCMVhPHC2-V5-pA). hPHC2 was swapped from
pS8-PHC2 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS37

Constitutive hPCGF4 expression vector
(PhCMV-hPCGF4-V5-pA). hPCGF4 was
swapped from pS9-PCGF4 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS39

Constitutive hPCGF1 expression vector
(PhCMV-hPCGF1-V5-pA). hPCGF1 was
swapped from pS14-PCGF1 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS40

Constitutive hPCGF2 expression vector
(PhCMV-hPCGF2-V5-pA). hPCGF2 was
swapped from pS15-PCGF2 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS41

Constitutive hRING1 expression vector
(PhCMV-hRING1-V5-pA). hRING1 was
swapped from pS16-RING1 into

this work

31

pcDNA6.2/V5-DEST by Gateway® LR
recombination.
pAS43

Constitutive hEZH2 expression vector (PhCMVhEZH2-V5-pA). hEZH2 was swapped from
pS20-EZH2 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS44

Constitutive hSFMBT1 expression vector
(PhCMV-hSFMBT1-V5-pA). hSFMBT1 was
swapped from pS21-SFMBT1 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS45

Constitutive hPCGF3 expression vector
(PhCMV-hPCGF3-V5-pA). hPCGF3 was
swapped from pS22-PCGF3 into
pcDNA6.2/V5-DEST by Gateway® LR
recombination.

this work

pAS46

Constitutive hCBX7 expression vector (PhCMVhCBX7-V5-pA). hCBX7 was swapped from
pS23-CBX7 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS47

Constitutive hCBX6 expression vector (PhCMVhCBX6-V5-pA). hCBX6 was swapped from
pS24-CBX6 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS48

Constitutive hPHC3 expression vector (PhCMVhPHC3-V5-pA). hPHC3 was swapped from
pS25-PHC3 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS55

Constitutive Rituximab expression vector
(PhCMV-RituximabLC-IRES-RituximabHC-pA).
(i) RituximabLC was excised from pETR1057
using PstI/XhoI, (ii) IRES was PCR-amplified
from pIRES2-EGFP using oligonucleotides
OAS9 (5'gagactcgagGATCCGCCCCTCTCCCTC-3')
and OAS10 (5'-

this work
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gagagcgcgcGTTGTGGCCATATTATCATCG
TG-3') and restricted with XhoI/BssHII, (iii)
RituximabHC was excised from pETR1119 by
BssHII/SpeI. RituximabLC-IRES-RituximabHC
was assembled by triple ligation and cloned
into the corresponding sites (PstI/XbaI) of
pEGFP-N1.
pAS56

Constitutive hYY1 expression vector (PhCMVhYY1-V5-pA). hYY1 was swapped from
pS17-YY1 into pcDNA6.2/V5-DEST by
Gateway® LR recombination.

this work

pAS59

Constitutive cYY1 expression vector (PhCMVcYY1-pA). cYY1 was PCR-amplified from
FreeStyle CHO-S-derived cDNA using
oligonucleotides OAS78 (5'gtagagctcgaattcATGGCCTCGGGCGACACC3') and OAS68 (5'gtatctagaccgcggTCACTGGTTGTT

this work

TTTGGCTTTAG-3'), restricted with
Eco53kI/SacII and cloned into pcDNA6.2/V5DEST (Eco53kI/XbaI).
pAS68

Constitutive cYY1 expression vector (PSV40cYY1-pA). cYY1 was PCR-amplified from
FreeStyle CHO-S-derived cDNA using
oligonucleotides OAS78 (5'gtagagctcgaattcATGGCCTCGGGCGACACC3') and OAS68 (5'gtatctagaccgcggTCACTGGTTGTT

this work

TTTGGCTTTAG-3'), restricted with
EcoRI/XbaI and cloned into pSEAP2-Control
(EcoRI/XbaI).

Abbreviations: attP1/2, bacteriophage lambda-derived recombination site attP1/2; CHO-S,
S-type Chinese hamster ovary cells; cYY1, CHO cell-derived Yin Yang 1; EGFP, enhanced
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green fluorescent protein; HC, immunoglobin heavy chain; hCBX4, chromobox homolog 4;
hCBX6, chromobox homolog 6; hCBX7, chromobox homolog 7; hCBX8, chromobox
homolog 8; hEED, embryonic ectoderm development; hEZH1, enhancer of zeste homolog
1; hEZH2, enhancer of zeste homolog 2; hPCGF1, polycomb group RING finger protein 1;
hPCGF2, polycomb group RING finger protein 2; hPCGF3, polycomb group RING finger
protein 3; hPCGF4, polycomb group RING finger protein 4; hPCGF5, polycomb group
RING finger protein 5; hPCGF6, polycomb group RING finger protein 6; hPCL2, PRC2associated protein; hPHC1, Polyhomeotic-like protein 1; hPHC2, Polyhomeotic-like
protein 2; hPHC3, Polyhomeotic-like protein 3; hPHD plant homeodomain; hPHF1, PHD
finger protein 1; hPHF19, PHD finger protein19; hPRC2, Polycomb Repressive Complex
2; hRING1, E3 ubiquitin-protein ligase RING1; hRING, Really Interesting New Gene;
hRYBP, RING1 and YY1 binding protein; hSCMH1, sex comb on midleg homolog 1;
hSCML4, sex comb on midleg-like 4 gene; hSFMBT1, Scm-like with four mbt domains 1;
hSUZ12, Suppressor Of Zeste 12; hYAF2, YY1-associated factor 2; hYY1, human Yin
Yang 1; hZNF211, zinc finger protein 211; IRES, internal ribosome entry site; LC,
immunoglobin light chain; mbt malignant brain tumor; MCS, multiple cloning site; pA,
polyadenylation signal; PhCMV, human cytomegalovirus immediate early promoter; PhEF1 ,
human elongation factor 1 alpha promoter; PSV40, Simian virus 40 promoter; Puro, gene
encoding puromycin N-acetyl-transferase conferring resistance to puromycin; Rituximab,
anti-CD20 chimeric monoclonal antibody; SEAP, human placental secreted alkaline
phosphatase; Scm, sex comb on midleg; VEGF165, Vascular endothelial growth factor 165;
V5, V5 epitope (GKPIPNPLLGLDST).
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Oligonucleotides: Sequences specific for cloning-relevant restriction endonucleases are
underlined.
2.2 Cell Culture. Parental Chinese hamster ovary cells (CHO-K1, ATCC:CCL-61), and
CHO-B13-24 (CHO-DXB11-derived cells expressing an anti-integrin IgG4; ATCC: CRL11397) cells were cultivated in ChoMaster® HTS medium (Cell Culture Technologies
GmbH, Gravesano, Switzerland; cat. no. CHTS-0.5) supplemented with 5% fetal calf serum
(FCS; Bioconcept, Allschwil, Switzerland; cat. no. 2-01F10-I, lot no. PE01026P) and 1%
(v/v) penicillin/streptomycin solution (Biowest, Nuaillé, France; cat. no. L0022-100). CHOeasyC cells (CHO-K1-derived cell line adapted for suspension growth in chemically defined
culture medium; Cell Culture Technologies GmbH, Gravesano, Switzerland) were cultivated
in ChoMaster® HP-1 medium (Cell Culture Technologies GmbH, Gravesano, Switzerland;
cat. no. CHP1-05) supplemented with 8mM L-glutamine (200mM; Invitrogen, Basel,
Switzerland; cat. no. 25030-024) and 1% (v/v) penicillin/streptomycin solution (Biowest,
Nuaillé, France; cat. no. L0022-100). Human embryonic kidney cells (HEK-293T, ATCC:
CRL-11268), human cervical adenocarcinoma cells (HeLa, ATCC:CCL-2) and human
fibrosarcoma cells (HT-1080, ATCC:CCL-121) were cultivated in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen, Basel, Switzerland; cat. no. 52100-039) supplemented
with 10% FCS (FCS; Bioconcept, Allschwil, Switzerland; cat. no. 2-01F10-I, lot no.
PE01026P) and 1% (v/v) penicillin/streptomycin solution (Biowest, Nuaillé, France; cat. no.
L0022-100). HEK-293-derived FreeStyleTM 293-F suspension cells (Life Science
Technologies; cat. no. R790-07) were grown in FreeStyleTM 293 expression medium (Life
Technologies; cat. no. 12338-018, lot no. 1140558). The suspension cell line FreeStyle™
CHO-S (Invitrogen, Carlsbad, CA, USA) was cultivated in FreeStyle™ CHO Expression
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Medium (Invitrogen, Carlsbad, CA, USA; cat. no. 12651014). The CHO-DG44-(111)
derived IgG1-producing suspension cell line CHO-IgG1 (112) was cultivated in HyClone
SFM4CHO (Thermo Scientific, Cramlington, UK; cat. no. SH30549.02) supplemented with
200 mg/mL G418 (Sigma-Aldrich Chemie GmbH, Munich, Germany; cat. no. G5013-5G,
lot no. SLBD1616V), 400nM methotrexate (Sigma-Aldrich Chemie GmbH, Munich,
Germany; cat. no. M8407-100MG) and 6mM L-glutamine (200mM; Invitrogen, Basel,
Switzerland; cat. no. 25030-024). All cell lines were cultivated at 37°C in a humidified
atmosphere containing 5% CO2. Suspension cells were cultivated on an orbital shaker (IKA
KS 260 basic, IKA®-Werke GmbH & CO. KG, Staufen, Germany) operated at 100 x g.
Viable cell numbers were determined using a Casy® Cell Counter and Analyser Model TT
(Roche Diagnostics GmbH, Basel, Switzerland).
2.3 Transfection. Monolayer cultures (CHO-K1, CHO-B13-24, HEK-293T, HeLa and HT-1080)
were (co)-transfected using an optimized polyethyleneimine (PEI)-based protocol. Unless
otherwise stated 7x104 cells were seeded in 0.5 mL medium per well of a 24-well plate (NuncTM
multidishes; Thermo Scientific, Cramlington, UK; cat. no. 142475) and cultivated for 18h before
the transfection solution, prepared by incubating 1µg of plasmid DNA (when required, the
transfection mixture was filled up with pcDNA3.1 (+) to reach 1 µg of total DNA) and 3µL PEI
(Polyethylenimine “Max”, 1 mg/mL in ddH2O; Polysciences, Eppelheim, Germany; cat. no.
24765-2) in cell culture medium for 25min at 22°C, was added. After 6h, the cell culture medium
was exchanged and the cells were used for further analysis. For transfection of FreeStyleTM 293F, 1x106 cells were seeded in 0.5 mL medium per well of a 24-well plate (24 multiwell plate,
Cellstar®, Greiner; cat. no. 622102) and immediately transfected using the above mentioned
transfection solution and incubated for 6h before 0.5 mL of cell culture medium was added to the
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transfected cells. PEI-based transfection typically resulted in the following transfection
efficiencies as determined by transfection of 1μg of pEGFP-N1 and FACS-based analysis: CHOK1, 27.2% ± 0.95% and FreeStyle™ 293-F, 16.9% ± 1.8%; HEK-293T, 60.1% ± 0.49%; HeLa,
31.4 % ± 0.66%. For transfection of CHO-easyC and FreeStyle™ CHO-S, 1x106 cells were seeded
in 1 mL medium per well of a 12-well plate (CELLSTAR® 12 Well Cell Culture Multiwell Plates;
Greiner Bio-One, Aesch, Switzerland; cat. no. 665102) and immediately transfected using the
TransIT-PRO® Transfection Kit using DNA:reagent ratio recommended by manufacturer (Mirus
Bio LCC, Madison, WI, USA; cat. no. MIR 5700). CHO-IgG1 were transfected using an Amaxa
nucleofector (Program U-023; Lonza Biologics, Slough, UK; cat. no. AAB-1001). In brief, CHOIgG1 cells were cultivated for 72h, spun down at 50 x g for 5min and resuspended at 1.5x106 cells
in a transfection cuvette (Cell projects; cat. no. EP-202, batch:1487/L2) containing 0.4 mL
electroporation buffer (5mM KCl [Applichem GmbH, Darmstadt, Germany; cat. no. A3582],
15mM MgCl2 [Sigma-Aldrich Chemie GmbH; cat. no. M8266-100G], 120mM Na2HPO4 [Carl
Roth GmbH, Karlsruhe, Germany; T876-2]) and 3 μg of DNA and transfected by electroporation
using program 23 of the Amaxa nucleofector. Immediately after transfection 0.5 mL of HyClone
SFM4CHO adjusted to 37°C was added and the cells were transferred to the wells of a 24-well
plate for further analysis.
2.4 Production of stable YY1-transgenic cell lines. CHO-B13-24 were cotransfected with either
pAS59 (PhCMV-cYY1-pA) or pAS68 (PSV40-cYY1-pA) and pSV40pur (PSV40-Puro-pA). In brief,
3.5x105 CHO-B13-24 were seeded per well of a 6-well plate (NuncTM multidishes; Thermo
Scientific, Cramlington, UK; cat. no. 140675) and incubated with the transfection solution
containing 3.5µg of total DNA (pAS59:pSV40puro or pAS68:pSV40puro, 1:10) mixed with
10.5μL of PEI (1 mg/mL in ddH2O). After 6h, the culture medium was exchanged and the cells
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were incubated for 24h before 10 mL of puromycin (5 µg/mL; Life Technologies, Carlsbad, CA,
USA; cat. no. A111138-03, lot no. 1265980) was added to the culture medium. The mixed stable
populations (CHO-B13-2459pc, CHO-B13-2468pc) were selected in puromycin-containing cellculture medium for 7 days before the cells were detached using Trypsin-EDTA (0.5 mL; Life
Technologies, Carlsbad, CA, USA; cat. no. 25300-054, lot no. 1605450), diluted to 10 cells/mL
and grown in 10cm culture dishes (Corning Incorporated, Tewksbury, MA, USA; cat.no. 430167)
containing 10 mL puromycin-supplemented (5 µg/mL) cell culture medium. After 14 days, single
puromycin-resistant cell clones were picked (CHO-B13-2459-40, CHO-B13-2468-17), seeded into
individual wells of 12-well plates (NuncTM multidishes, Thermo Scientific; Cramlington, UK; cat.
no. 150628) and expanded for 96h before the clonal populations were profiled for YY1 and
immunoglobulin expression.
2.5 ELISA. The immunoglobulin production levels were quantified by ELISA. Therefore, the
wells of a 96-well plate (Costar 96-well EIA/RIA plate; Corning Inc., Tewksbury, MA, USA; cat.
no. 3590) were coated with goat anti-human IgG Fc (100µL/well [5 µg/mL in 0.1M
sodiumcarbonate-buffer, pH 9.5]; Jackson ImmunoResearch Europe Ltd., Newmarket, Suffolk,
UK; cat. no. 109-005-008, lot no. 89579) over night at 4°C. The wells were then blocked for 1h at
22°C using bovine serum albumin (1% in PBS, pH7.4; Sigma-Aldrich Chemie GmbH, Munich,
Germany; cat. no A7906). IgG-containing samples and purified human IgG (standard; Life
Technologies, Carlsbad, CA; 5 mg/mL; cat. no. 027102, lot no. 1069920A) were serially diluted
(PBS, 0.5% BSA, 0.01% Tween80 [Acros, New Jersey, NJ, USA; cat. no. A016759201], pH7.4),
transferred into the wells of the prepared 96-well plate and incubated for 2h at 22°C. After a
washing step (PBS, 0.15% Tween20 [Applichem, Darmstadt, Germany; cat. no. A1389.0500]) the
sample and the standard were incubated for 1.5h at 22°C with alkaline phosphatase-conjugated
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goat Anti-Human Kappa Light Chains (Bound and Free; Sigma-Aldrich Chemie GmbH, Munich,
Germany; cat. no. A3813; diluted 1:5000 in PBS, 0.5% BSA, 0.01% Tween80). Then, 1 pNitrophenyl phosphate tablet (Sigma-Aldrich Chemie GmbH, Munich, Germany; cat. no. N2640)
was dissolved in 15 mL of substrate buffer (5mM MgCl2, 0.1M Ethanolamine-HCl, pH9.8) and
100µL added per well. After incubation of the sample for 15min in the dark, the light absorbance
was profiled at 405nm using an EnVision 2104 multilabel reader (PerkinElmer, Waltham, MA,
USA). Production levels of the vascular endothelial growth factor were profiled using the Human
VEGF Standard ABTS ELISA Development Kit (PeproTech, Rocky Hill, NJ, USA; cat. no. 900K10, lot no. 1008010) and ABTS (2’2-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]diammonium salt; Thermo Scientific, Rockford, IL, USA; cat. no. 37615, lot no. OL194470) as a
substrate (100μL per well of a 96-well plate). The light-absorbance time-course was recorded at
405nm for 60min at 5min intervals using an EnVision 2104 multilabel reader (PerkinElmer,
Waltham, MA, USA).
2.6 SEAP assay. SEAP production levels were quantified in the cell-culture supernatants using a
p-nitrophenylphosphate-based light-absorbance time course (113). In brief, 200µL of cell culture
supernatant was heat-inactivated for 30min at 65°C and centrifuged for 15s at 14.000xg to remove
any cell debris. Then, 80µL of the sample was transferred into a well of a 96-well plate and adjusted
to 37°C. A total of 100µL 2xSEAP assay buffer (20mM homoarginine, 1mM MgCl 2, 21% (v/v)
diethanolamine

pH9.8)

was

mixed

with

20µL

substrate

solution

(120mM

para-

nitrophenylphosphate diluted in 1x SEAP buffer; Acros Organics BVBA, Geel, Belgium; cat. no.
12886-0100), adjusted to 37°C and added to the heat-inactivated sample. The absorbance timecourse was recorded at 405nm using an Envision 2104 multilabel plate reader (PerkinElmer,
Waltham, MA, USA).
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2.7 siRNA treatment. To knock down endogenous YY1, 7x104 CHO-B13-24 were seeded per
well of a 24-well plate and transfected with 10 pmol of a YY1-specific siRNA pool (h) (siRNAYY1;
sc-36863; Santa Cruz Biotechnology, Santa Cruz, CA) or control siRNA-A (siRNAMOCK; sc37007; Santa Cruz Biotechnology, Santa Cruz, CA) using 1µL Lipofectamine® RNAiMAX
Transfection Reagent (Life Technologies, Carlsbad, CA). 72h after siRNAYY1/MOCK transfection
the IgG titer was determined in the culture supernatant by ELISA and the cells were collected for
Western blot analysis.
2.8 Western blot analysis. Endogenous (CHO-B13-24), stably transgenic (CHO-B13-2459-40 and
CHO-B13-2468-17) and knock-down (CHO-B13-24 transfected with YY1 siRNA pool (h)
[siRNAYY1; sc-36863; Santa Cruz Biotechnology, Santa Cruz, CA] or control siRNA-A
[siRNAMOCK; sc-37007; Santa Cruz Biotechnology, Santa Cruz, CA]) YY1 levels were quantified
by Western blot analysis. For analysis, 7x104 cells were resuspended in 100µL lysis buffer (50mM
Tris–HCl [pH7.5], 0.15M KCl, 5mM MgCl2, 0.2mM EDTA, 20% [v/v] glycerol, 0.5mM DTT, 1x
protease inhibitor cocktail [25x stock solution in 2 mL ddH2O, Roche, Mannheim, Germany; cat.
no. 11873580001]), sonicated for 30s using a Bioruptor (Bioruptor; Diagenode, Liège, Belgium)
and centrifuged for 10min at 8000xg and 4°C to remove cell debris. 80µL of the sample was mixed
with 20µL of 5x SDS loading buffer (10% SDS, 1M Tris pH6.8, 50% glycerol, 0.2% bromophenol
blue, 0.5M DTT), incubated for 5min at 95°C, resolved on a 10% SDS-PAGE and electroblotted
(Trans-blot SD semi-dry transfer cell; Bio-Rad, Hercules, CA, USA) onto a polyvinylidene
fluoride membrane (Immobilon-P, Millipore, Billerica, MA; cat. no. IPVH00010). The membrane
was blocked with 2% (w/v) nonfat dried milk powder (AppliChem GmbH, Darmstadt, Germany;
cat. no. A0830) diluted in PBS and incubated over night at 4°C with recommended dilutions of the
primary antibodie specific for YY1 (sc-281; Santa Cruz Biotechnology, Santa Cruz, CA; dilution
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1:300). The membrane was then washed 3 times for 5min with PBS and incubated for 2h at 22°C
with horseradish peroxidase-conjugated anti-mouse IgG (GE Healthcare, Buckinghamshire, UK;
cat. no. NA931V, lot no. 399402; dilution 1:1000) or horseradish peroxidase-conjugated sheep
anti-rabbit IgG (AbD Serotec, Oxford, UK; cat. no. STAR54, lot no. 291010; dilution 1:2000) as
secondary antibodies. Actin was used as loading control (primary anti-actin IgG, Sigma-Aldrich
Chemie GmbH, Munich, Germany; cat. no. A2066, lot no. 082M4780; dilution1:200; secondary
horseradish peroxidase-conjugated sheep anti-rabbit IgG, AbD Serotec, Oxford, UK; cat. no.
STAR54, lot no. 291010; dilution 1:2000). ECL Plus Western blotting reagents were used for
detection (Amersham, GE Healthcare, Buckinghamshire, UK; cat. no. RPN2132). Protein levels
detected

by

Western

blot

analysis

were

quantified

using

the

ImageJ

software

(http://rsbweb.nih.gov/ij/) and normalized to actin levels.
2.9 Quantitative RT-PCR. The impact of YY1 expression on IgG expression levels was
quantified in CHO-IgG1 cells transiently transfected with pAS68 (PSV40-cYY1-pA, 0.5µg, 2x106
cells), in stable cYY1-transgenic cell lines CHO-B13-2459-40 and CHO-B13-2468-17 as well as in
their parental IgG-producing CHO-B13-24 cell line. 1µg of total RNA, isolated from the
transfected cells using the ZR RNA MiniPrepTM Kit (Zymo Research Corporation, Irvine, CA,
USA; cat. no. R1064), was reverse transcribed using the High-Capacity cDNA Reverse
Transcription Kit (Life Technologies, Carlsbad, CA, USA). YY1, IgG and GAPDH cDNAs were
PCR-amplified (5min, 95°C (1x); 0.5min, 95°C | 0.45min, 60°C | 1min, 72°C (35x); 8min, 72°C
(1x); reaction volume 50µL, 5µL PCR Thermo®Pol buffer, 4µL dNTP [NTP set, 100mM
Solutions, Thermo Fisher Scientific; cat. no. R0481], 2.5µL cDNA, 2µL forward primer, 2µL of
reverse primer, 1μL Taq DNA polymerase [New England BioLabs, Bioconcept, Allschwil,
Switzerland; cat. no. M0267L]; Mastercycler® ep Gradient Eppendorf AG, Hamburg, Germany)
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using the following primers: YY1 (forward, 5’-GAGGACGGCTTCGAGGATCA-3’; reverse, 5’TCAGGAGGTGAGTTCTCTCCAAT-3’),

IgG

heavy

chain

(forward,

5’-

GGTCAAGGACTACTTCCCCG-3’; reverse, 5’-CCGTCCACGTACCAGTTGAA-3’), IgG light
chain

(forward,

5’-ATTACTGCCAGCAGTGGACTA-3’;
GAPDH

CACTCTCCCCTGTTGAAGCTCT-3’),

reverse,

5’-

(forward,

5’-

CCTTCATTGACCTCAACTACAT-3’, reverse, 5’-TGATGGCATGGACTGTGGTC-3’) 20µL
of PCR reaction was resolved on a 2% agarose gel and the DNA was visualized using the
RedSafe™ Nucleic Acid Staining Solution (Lucerna-Chem AG, Luzern, Switzerland). The
intensity

of

individual

DNA

bands

was

quantified

using

the

ImageJ

software

(http://rsbweb.nih.gov/ij/). All mRNA levels were normalized to the expression of GAPDH.
2.10 FACS analysis. 7x104 CHO-K1, HEK-293T, HeLa, and FreeStyleTM 293-F cells were
transfected with pEGFP-N1 using the transfection protocol described in 2.3. 72 hours after
transfection, the cells were trypsinized, resuspended in 200µL of PBS and analyzed by FACS
using a Becton Dickinson LSRII Fortessa flow cytometer (Becton Dickinson, Allschwil,
Switzerland; 488 nm laser, 505 nm long pass filter, 530/30 emission filter).

3 Results
3.1 Identification of a production enhancer among the human polycomb genes.
To evaluate the effect of human polycomb gene overexpression on antibody production, a panel
of human polycomb proteins, that are known to be part of the Polycomb Repressive Complexes 1
and 2 (PRC1 and PRC 2) (96, 114, 115), was transiently overexpressed in CHO-K1 co-transfected
with the plasmid pAS55 (PhCMV-RituximabLC-IRES-RituximabHC-pA), which codes for the heavy
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and light chains of the antibody Rituximab. None of the overexpressed human polycomb genes
increased the production of Rituximab (Figure 1a). We hypothesized that the human polycomb
genes may not have access to the appropriate (epigenetic) interaction partners within hamster cells
and thus focused on the effect of polycomb gene overexpression in their human host environment
in an adherent human embryonic kidney cell line (HEK-293T). In HEK-293T cells, several of the
tested polycomb genes exhibited an enhancing effect on Rituximab production (Figure 1b). Most
of the polycomb genes demonstrated a 1.5- to 2-fold increase in antibody production, whereas cells
overexpressing human YY1 (hYY1; pAS56, PhCMV-hYY1-pA) demonstrated an enhancing effect,
with a 3-fold induction.
To further confirm the hypothesis that an appropriate cell host environment is essential to attain
the production-enhancing effect of overexpressed polycomb genes, we analyzed the influence of
the polycomb genes on IgG production in human cervical cancer (HeLa) cells (Figure 1c). In the
HeLa cells, the hYY1 construct also exerted a positive influence on Rituximab production,
confirming its selection for further experiments.
To examine the effect of hYY1 on the production enhancement of different reporter proteins,
HEK-293T cells were co-transfected with pAS56 (PhCMV-hYY1-pA) and either the constitutive
SEAP expression vector pSEAP2-Control (PSV40-SEAP-pA), the constitutive vascular endothelial
growth factor (VEGF165) expression vector pVEGF165pcDNA3 (PhCMV- VEGF165-pA) or the
Rituximab expression vector pAS55 (PhCMV-RituximabLC-IRES-RituximabHC-pA), and the
expression profiles were analyzed after 72 h.
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Figure 1. Screening of human polycomb group (PcG) genes for production enhancement in
mammalian cells. 7x104 CHO-K1 (A), HEK-203T (B) and HeLa (C) cells were transiently
transfected with 500 ng of the Rituximab expression vector pAS56 (PhCMV-RituximabLC-IRESRituximabHC-pA) and 500 ng of the PcG-encoding expression vector (see Table 1; pcDNA3.1 (+)
was used as control) and cultivated for 24 h before the IgG concentration was determined in the
culture supernatant. All data are shown as the mean ± SD, n=3 independent experiments.

To examine the effect of hYY1 on the production enhancement of different reporter proteins,
HEK-293T cells were co-transfected with pAS56 (PhCMV-hYY1-pA) and either the constitutive
SEAP expression vector pSEAP2-Control (PSV40-SEAP-pA), the constitutive vascular endothelial
growth factor (VEGF165) expression vector pVEGF165pcDNA3 (PhCMV- VEGF165-pA) or the
Rituximab expression vector pAS55 (PhCMV-RituximabLC-IRES-RituximabHC-pA), and the
expression profiles were analyzed after 72 h. The production of SEAP, VEGF165 and Rituximab
increased more than 2-, 5- and 14-fold, respectively (Figure 2a-c). A beneficial effect on
Rituximab production was also observed for overexpression of hYY1 in HeLa cells, human
fibrosarcoma (HT-1080), and in FreeStyle™ 293-F, a HEK-293-derived cell line adapted for
serum-free suspension growth (Figure 2 d-f).
To determine whether the enhancing effect of the overexpressed hYY1 was product- or promoterdependent, we analyzed the effects on SEAP production for three different constitutive mammalian
promoters: Human cytomegalovirus immediate early promoter (PhCMV; pMM27, PhCMV-SEAPpA), the Simian virus 40 promoter (PSV40; pSEAP2-Control, PSV40-SEAP-pA) and the human
elongation factor-1 alpha promoter (PhEF1α; pMM28, PhEF1 -SEAP-pA) in HEK-293T cells. The
results showed that overexpression of hYY1 mediates a consistent increase of SEAP production
across different expression vector platforms (PhCMV-SEAP-pA (pMM27), PSV40-SEAP-pA
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increase mediated by hYY1 varies between different promoters, the effect in increase was

observed in different protein types (SEAP, VEGF165, Rituximab) (Figure 2a-g).
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Figure 2. Production enhancement by overexpression of human YY1 (hYY1) in human cell lines.
(A-C): Production of SEAP (A), VEGF165 (B) and Rituximab (C) in HEK-293T cells cotransfected with the constitutive hYY1 expression vector pAS56 (PhCMV-hYY1-pA). HEK-293T
were co-transfected with pAS56 (PhCMV-hYY1-pA, 500 ng) and either pSEAP2-Control (PSV40SEAP-pA, 500 ng) (A), pVEGF165pcDNA3 (PhCMV-VEGF165-pA, 500 ng) (B) or pAS55 (PhCMVRituximabLC-IRES-RituximabHC-pA; 500 ng) (C) and cultivated for 72h before the reporter
proteins were quantified in the cell culture supernatant. (D-F): Rituximab production in different
human cell lines. HeLa (D), HT-1080 (E) and FreeStyleTM 293-F (F) were co-transfected with the
constitutive Rituximab expression vector pAS55 (PhCMV-RituximabLC-IRES-RituximabHC-pA;
500 ng) and either the constitutive hYY1 expression vector pAS56 (PhCMV-hYY1-pA; 500 ng) or
the parental control vector pcDNA3.1 (+) (500 ng) and cultivated for 72 h before Rituximab levels
were quantified in the cell culture supernatant. (G): Effect of hYY1 on the production of SEAP
driven by different constitutive promoters. HEK-293T were co-transfected with pSEAP2-Control
(PSV40-SEAP-pA, 500 ng), pMM27 (PhCMV-SEAP-pA, 500 ng) or pMM28 (PhEF1 -SEAP-pA, 500
ng) and either pAS56 (PhCMV-hYY1-pA) or the parental control vector pcDNA3.1 (+) (500 ng) and
cultivated for 72 h before SEAP was quantified in the cell culture supernatant. All data are shown
as the mean ± SD, n=3 independent experiments.

3.2 Identification of the hamster YY1 cDNA and its effect on the production capacity of
CHO-derived cell lines.
Having identified a candidate among the polycomb genes for protein production enhancement in
human cells, the aim of the next step was to transfer the YY1 expression-boosting system back
into the CHO cell system, as this hamster cell line is the industrial standard for the production of
complex protein therapeutics (69). Based on the observation that hYY1 overexpression leads to
protein overproduction only in HEK-293T and other human cell lines (Figure 1b, c), we
hypothesized that, a YY1 construct of hamster origin (cYY1, CHO cell-derived YY1) would show
comparable results with respect to production capacity in a hamster cell line.
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The YY1 protein is highly conserved among species. Mouse and human YY1 show a high degree
of homology, with 99% identity in amino acid sequences. The only hamster sequence reported in
the literature is a predicted hamster YY1 protein the amino acid sequence of which is much shorter
and presumably covers only the C-terminal part. Taking into consideration the similarities of
different YY1 sequences, we have cloned the full-length hamster cDNA YY1 from CHO-easyC
cells’ mRNA via RT-PCR and subsequent PCR with primers designed according to the mouse
YY1

cDNA

sequence:

forward:

5’-GAGGACGGCTTCGAGGATCA-3’,

reverse:

5’-

TCAGGAGGTGAGTTCTCTCCAAT-3’. The original amino acid sequences of human
(GenBank accession no. NM003403), mouse (GenBank accession no. NM009537) and predicted
hamster YY1 (GenBank accession no. XM003503709) were aligned and analyzed together with
the cloned full-length hamster YY1 (cYY1). The overall amino acid sequence of the hamster cYY1
shared 99% and 97% identity with that derived from the human and mouse sequences, respectively.
The predicted hamster YY1 amino acid sequence covered only 43% of the full-length cYY1
obtained from the CHO-easyC cells (Figure 3).
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Figure
Figure
3.3 (A) Alignment of the YY1 amino acid sequences derived from mouse, human and

hamster as well as the predicted hamster YY1 sequence deposited in the public database NCBI.
Highlighted in red: The predicted hamster YY1 amino acid sequence (GenBank accession no.
XM_003503709) seems to only cover the C-terminal portion when compared to the human
(GenBank accession no. NM_003403) and mouse (GenBank accession no. NM_009537) as well
as the hamster YY1 cloned from CHO-easyC cells.
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To evaluate the impact of the strength of the promoter driving the cYY1 expression unit, the cYY1
cDNA was cloned into Phcmv- and PSV40-driven expression vectors (pAS68, PSV40-cYY1-pA and
pAS59, PhCMV-cYY1-pA). Different amounts of either pAS68 or pAS59 were co-transfected with
a fixed amount of the constitutive Rituximab expression vector pAS55 (PhCMV-RituximabLC-IRESRituximabHC-pA) into CHO-derived cell lines a FreeStyleTM CHO-S cell line and a serum-free
suspension CHO-easyC cell line. Rituximab titers were increased more than 3-fold in the best
optimal dosage of pAS59 (250 ng) compared with lower-dose pAS59 (50 ng) transfection or
pAS55-only transfected control cells 72 h after transfection (Figure 4a). In fact, the dosage of
transfected cYY1 expression vectors (pAS59, PhCMV-cYY1-pA and pAS68, PSV40-cYY1-pA)
greatly affected the production-boosting effect of the cYY1 in CHO-easyC cells resulting in
different amounts of secreted Rituximab. Interestingly, transfection with 500 ng of the pAS59
(PhCMV-cYY1-pA) plasmid did not significantly enhance the productivity of the transfected cells
compared with control cells transfected with pAS55 (PhCMV-RituximabLC-IRES-RituximabHC-pA)
and parental vector pcDNA3.1(+) (Figure 4a). In cells transfected with Comparable 3-fold
induction was profiled in cells transfected with 500 and 250 ng of PSV40-driven expression vectors
(pAS68, PSV40-cYY1-pA) (Figure 4a).
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Figure Figure
4. Rituximab
production enhancement by overexpression of Chinese hamster ovary

(CHO)-derived YY1 (cYY1) in CHO cell derivatives. (A) CHO-easyC and (B) FreeStyleTM
CHO-S were (co-)transfected with the constitutive Rituximab expression vector pAS55 (PhCMVRituximabLC-IRES-RituximabHC-pA; 500 ng) and different amounts of either pAS59 (PhCMVcYY1-pA) or pAS68 (PSV40-cYY1-pA) and complemented where needed with the control vector
pcDNA3.1 (+) to reach a 1 µg of total transfected DNA and cultivated for 72 h before Rituximab
levels were quantified in the culture supernatant. All data are shown as the mean ± SD, n=3
independent experiments.
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All cells that were co-transfected with different amounts of pAS59 (PhCMV-cYY1-pA) or pAS68
(PSV40-cYY1-pA) showed an increase in Rituximab production. The optimal amount of transfected
DNA varied for the different hamster cell lines. In the FreeStyle™ CHO-S cells, the optimum 3fold increase was achieved with 500 ng of the pAS68 construct (PSV40-cYY1-pA) (Figure 4b).
Further analysis of the CHO-K1 cell population co-transfected with pAS55 (PhCMV-RituximabLCIRES-RituximabHC-pA) and either pAS59 (PhCMV-cYY1-pA) or pAS68 (PSV40-cYY1-pA) showed
that the specific productivity of both intracellular as well as extracellular Rituximab increased
following coexpression of cYY1 (Figure 5a, b).
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Figure 5. Specific extracellular (A) and intracellular (B) IgG productivity of cYY1-expressing
CHO-K1 cells. CHO-K1 cells were co-transfected with the constitutive Rituximab expression
vector pAS55 (PhCMV-RituximabLC-IRES-RituximabHC-pA; 500 ng) and different amounts of
either the constitutive cYY1 expression vector pAS59 (PhCMV-cYY1-pA) or pAS68 (PSV40-cYY1pA). The cell viability of transfected cell population reached between 89% and 93%. 72 h after
transfection, the extracellular and intracellular Rituximab levels were determined. All data are
shown as the mean ± SD, n=3 independent experiments.

Interestingly, when overexpressing cYY1 (pAS59, PhCMV-cYY1-pA) in human cells (HEK-293T)
co-transfected with pAS55 (PhCMV-RituximabLC-IRES-RituximabHC-pA) we did not see any
Rituximab production increase (1.1mg/L (±0.06mg/L)) compared to the control lacking cYY1
(pcDNA3.1(+); 1.3mg/L, (±0.4mg/L)). This data is corroborating our findings that YY1’s
production-enhancing capacity is species specific (Figure 1b, c; Figure 2 a-g).
3.3 Effect of cYY1 on the production capacity of stable antibody-producing cell lines.
To demonstrate that the overexpression of cYY1 can also improve the antibody
production of established stably-transgenic production cell lines, two different stable IgGproducing cell lines, CHO-B13-24 growing in serum-containing adherent monolayer cultures, and
CHO-IgG1, growing in serum-free suspension cultures, were transfected with different amounts
of the cYY1 expression vectors pAS59 (PhCMV-cYY1-pA) or pAS68 (PSV40-cYY1-pA). Whereas
antibody production of CHO-B13-24 could be increased 6.2-fold to reach 1.7 mg/L following
transfection of 1 µg of pAS68 (PSV40-cYY1-pA) (Figure 6a), the IgG titer of CHO-IgG1
transfected with 1 µg of pAS68 reached up to 7.8 mg/L which was up to 4-fold higher compared
to control cultures transfected only with pcDNA3.1 (+) (Figure 6b). Interestingly, optimal titer
increases required a specific level of cYY1 expression beyond which the antibody production
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boost was abolished, which may in part be due to a squelching effect associated with YY1’s
transcription factor activity (42).

Figure 6. Overexpression of Chinese hamster ovary (CHO) cell-derived YY1 (cYY1) in stable
IgG-producing CHO-derived cell lines. CHO-B13-24 growing in serum-supplemented monolayer
cultures (A) and CHO-IgG1, growing in protein-free suspension cultures (B), were transfected
with different amounts of either pAS59 (PhCMV-cYY1-pA) or pAS68 (PSV40-cYY1-pA) and
complemented where needed with the control vector pcDNA3.1 (+). After 72 h antibody
concentrations were quantified in the cell culture supernatant. All data are shown as the mean ±
SD, n=3 independent experiments.
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3.4 Generation of transgenic cell lines stably expressing IgG and cYY1.
To demonstrate that the beneficial effect of the cYY1 expression on antibody production can be
transferred from a transient plasmid-based level to a stable chromosomal context, CHO-B13-24
cells were co-transfected either with pAS59 (PhCMV-cYY1-pA) or pAS68 (PSV40-cYY1-pA) and
pSV40pur (PSV40-Puro-pA), a vector conferring puromycin resistance. The corresponding stable
polyclonal (pc) populations, CHO-B13-2459pc, containing pAS59 (PhCMV-cYY1-pA), and CHOB13-2468pc, containing pAS68 (PSV40-cYY1-pA), were selected using puromycin-mediated
antibiotic selection pressure (5 μg/mL) for 7 days before the individual stable cell clones CHOB13-2459-40 and CHO-B13-2468-17 were isolated, respectively. The specific IgG productivity of
CHO-B13-2459-40 and CHO-B13-2468-17 was profiled for 7 days and showed over 4- to 11-fold and
over 5- and 13-fold higher IgG levels compared to the stable mixed populations CHO-B13-2459pc
and CHO-B13-2468pc as well as to the parental cell line CHO-B13-24, respectively (Figure 7a).
3.5 YY1-mediated production increase is unrelated to product gene-transcription levels.
To further characterize YY1’s production-boosting effect the stable cYY1-transgenic cell lines
CHO-B13-2459-40 and CHO-B13-2468-17 as well as their parental IgG-producing cell line CHOB13-24 were profiled for cYY1 as well as IgG heavy and light chain transcript levels (Figure 7b).
While cYY1 transcript levels were up to 3.3-fold higher in the cYY1-transgenic cell lines CHOB13-2459-40 and CHO-B13-2468-17 compared to their parental cell line CHO-B13-24, heavy and
light chain transcript levels remained largely unchanged (Figure 7b). Furthermore, Western blot-
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based analysis revealed 2.5- and 1.4-fold higher of cYY1 protein levels in CHO-B13-2459-40 and
CHO-B13-2468-17 compared to CHO-B13-24, respectively (Figure 7c).
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Figure 7. (A) IgG production in the parental, stable mixed and clonal cYY1-transgenic CHO-B1324-derived cell lines. 3x105 CHO-B13-24, CHO-B13-2459pc (polyclonal CHO-B13-24 population
containing pAS59 [PhCMV-cYY1-pA]), CHO-B13-2468pc (polyclonal CHO-B13-24 population
containing pAS68 [PSV40-cYY1-pA]), CHO-B13-2459-40 (clone 40 of a clonal CHO-B13-24
population containing pAS59) and CHO-B13-2468-17 (clone 17 of a clonal CHO-B13-24 population
containing pAS59) cells were cultivated for 7 days in selective medium and the specific IgG
productivity was profiled at regular intervals. The viability of all cultures was between 93 % and
95 %. All data are shown as the mean ± SD, n=3 independent experiments. (B, C) Comparative
analysis of (B) cYY1 transcript and (C) cYY1 protein levels in the parental IgG-producer cell line
CHO-B13-24 and its cYY1-transgenic clonal derivatives CHO-B13-2459-40 (clone 40 of a clonal
CHO-B13-24 population containing pAS59) and CHO-B13-2468-17 (clone 17 of a clonal CHOB13-24 population containing pAS68). 3.5x105 cells were cultivated for 72 h before (B) IgG heavy
(HC) and IgG light (LC) chains as well as cYY1 transcript levels were profiled by qRT-PCR and
normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels (a reverse
transcriptase-free (No RT) reaction mixture was used as negative control) or (C) cYY1 protein
levels were profiled by Western blot analysis using actin as a loading control. All data are shown
as the mean ± SD, n=3 independent experiments.

3.6 siRNA-based knockdown of endogenous YY1 decreases the production capacity of
antibody-producing CHO cells.
To evaluate whether the YY1-mediated IgG production boost is associated with increased YY1
transcription we knocked down endogenous YY1 expression using a specific YY1-transcripttargeting siRNA cocktail (siRNAYY1). The siRNAYY1-mediated knockdown of endogenous YY1
expression in CHO-B13-24 was confirmed by Western blot analysis (Figure 8a). Knockdown of
endogenous YY1 in CHO-B13-24 cells correlated with a 3-fold decrease in IgG production
compared to the same cells transfected with the unspecific siRNA cocktail siRNAMOCK (Figure
8b). This corroborates the finding that YY1 levels directly correlate with product protein levels.
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Figure 8. RNA interference-based endogenous YY1 knockdown in CHO-B13-24 cells. (A) YY1specific Western blot analysis of CHO-B13-24 cell lysates 72 h after transfection of YY1transcript-targeting (siRNAYY1) and control (siRNAMOCK) siRNAs. Actin served as a loading
control. (B) IgG production of CHO-B13-24 cells with siRNAYY1-based endogenous YY1
knockdown. 7x104 CHO-B13-24 cells were transfected with 10 pmol of either siRNAYY1 or
siRNAMOCK and cultivated for 72 h before IgG levels were quantified in the culture supernatant.
All data are shown as the mean ± SD, n=3 independent experiments.

3.7 Confirmation of YY1’s production-enhancing capacity in the industrial cell line CHOIgG1
To confirm the production-boosting capacity of YY1 and evaluate the potential of YY1-based
engineering of industrial production cell lines used in a biopharmaceutical manufacturing setting
we have co-transfected pAS59 (PhCMV-cYY1-pA) or pAS68 (PSV40-cYY1-pA) into the industrial
IgG1-producing cell line CHO-IgG1, which has been adapted for suspension growth in
chemically-defined and protein-free cell-culture medium. While IgG1 production titers were
significantly increased in cYY1-transfected CHO-IgG1 (Figure 9b) the proliferation (Figure 9a)
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and the transcript levels of the IgG1’s heavy and light chain (Figure 9c) remained almost
unchanged.
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Figure 9. Impact of cYY1 expression on CHO-IgG1, an industrially relevant IgG1-producing cell
line adapted for suspension growth in chemically-defined protein-free medium. CHO-IgG1 cells
were co-transfected with the constitutive cYY1 expression vectors pAS59 (PhCMV-cYY1-pA, 500
ng), pAS68 (PSV40-cYY1-pA, 500 ng, 3 µg) or the isogenic control vector (pcDNA3.1 (+));
complemented up to 3 µg and cultivated for 72 h before viable cell number (A) and IgG1
production levels (B) were profiled. (C) qRT-PCR-based quantification of IgG1 heavy (HC) and
light (LC) chain transcripts of cYY1- (pAS68, PSV40-cYY1-pA, 500 ng) transfected CHO-IgG1

59

cultivated for 72 h. Values were normalized to transcripts of the housekeeping gene GAPDH. All
data are shown as the mean ± SD, n=3 independent experiments. Reverse transcriptase-free (No
RT) reaction mixtures were used as a negative control.

4. Discussion
A variety of metabolic engineering strategies have been designed to increase the production
performance or product quality of mammalian production cell lines to improve the process
economics of biopharmaceutical manufacturing. Non-limiting strategies include controlled
proliferation technology (71), anti-apoptosis engineering (36, 116, 117) secretion engineering (79,
112, 118) and the modification of posttranscriptional activities such as glycosylation (119). As a
stand-alone engineering intervention, each one of these strategies was able to ease a particular
bottleneck. However, despite the availability of multigene metabolic engineering (120, 121), the
simultaneous clearance of several metabolic bottlenecks remains challenging. Therefore, to further
improve the overall production fitness of mammalian production cell lines, more global
engineering strategies will be required. Reprogramming of cellular epigenetics seems an attractive
target since epigenetic factors manage silencing as well as activation of chromosomally-encoded
genes and therefore set the metabolic framework that may determine the overall production
capacity of the cell (96, 104). Although epigenetics has recently entered the limelight of the basic
research community, most of the more global activities and results of the interplay between
epigenomic factors remain elusive and the available knowledge remains insufficient for
bioengineers to design metabolic engineering strategies with predictable and reliable outcomes.
As a first step to conquer epigenetics as a metabolic engineering strategy, we have tested a
straightforward set of polycomb group genes which are known as master controllers during
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specific phases of development (98). YY1 emerged as the PcG family member (96) that induced
the highest increase in product gene production when expressed in mammalian cells. YY1 has
been shown to interact with various proteins (104), for example human double minute 2 homolog
(Hdm2) (122), protein inhibitor of activated STAT protein gamma (PLASy) (123) and small
ubiquitin-related modifiers such as Ubc9 (123). YY1 has also been associated with posttranslational modifications of target proteins and the modulation of specific promoters when
interacting with histones and other co-factors (124). When YY1 protein acts as a co-activator its
cellular levels may define the expression state of a target gene. For example, a moderate increase
of YY1 levels was shown to stimulate androgen receptor-mediated transcription of the prostatespecific receptor (42). However, higher levels of YY1 had the opposite effect, causing a decrease
in the expression of the target gene (42). This outcome, which we have also observed with
excessive YY1 expression levels (Figures 3-5) may be due to YY1’s pleiotropic intractions with
other unidentified factors that interfere with or even suppress the expression of the target gene in
a process known as squelching (42).
Although, the molecular details between YY1 expression and increased protein productivity
remain elusive, interaction with host-specific co-factors is likely required, since YY1’s productionboosting potential was only functional in an autologous cellular context: Human YY1 only
increased product gene expression in human cells and hamster YY1 exclusively boosted
production titers in CHO-derived cell lines. This suggests that, despite the minute sequence
variations between hYY1 and cYY1, there are species-specific interaction and processing cofactors. Other than that, the YY1-based production enhancement was significant across different
secreted product proteins expressed from either transient episomal or stable chromosomal context,
was independent of the promoters driving YY1 (although the actual fold increase varied among
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different promoters) or product gene expression and was equally efficient in serum-supplemented
monolayer as well as suspension cultures growing in chemically-defined protein-free culture
medium, which is the golden standard in today’s biopharmaceutical manufacturing industry.
Therefore, metabolic engineering of epigenetics may pave the way to designing mammalian
production cell lines with increased production capacity and may drive the manufacturing of
difficult-to-express protein therapeutics into an economically viable range.
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1. Abstract
Diagnosis marks the beginning of any successful therapy. Because many medical conditions
progress asymptomatically over extended periods of time, their timely diagnosis remains difficult,
and this adversely affects patient prognosis. Focusing on hypercalcemia associated with cancer,
we aimed to develop a synthetic biology-inspired biomedical tattoo using engineered cells that
would (i) monitor long-term blood calcium concentration, (ii) detect onset of mild hypercalcemia,
and (iii) respond via subcutaneous accumulation of the black pigment melanin to form a visible
tattoo. For this purpose, we designed cells containing an ectopically expressed calcium-sensing
receptor rewired to a synthetic signaling cascade that activates expression of transgenic tyrosinase,
which produces melanin in response to persistently increased blood Ca2+. We confirmed that the
melanin-generated color change produced by this biomedical tattoo could be detected with the
naked eye and optically quantified. The system was validated in wild-type mice bearing
subcutaneously implanted encapsulated engineered cells. All animals inoculated with
hypercalcemic breast and colon adenocarcinoma cells developed tattoos, whereas no tattoos were
seen in animals inoculated with normocalcemic tumor cells. All tumor-bearing animals remained
asymptomatic throughout the 38-day experimental period. Although hypercalcemia is also
associated with other pathologies, our findings demonstrate that it is possible to detect
hypercalcemia associated with cancer in murine models using this cell-based diagnostic strategy.

2. Introduction
Classically, medical treatment begins with diagnosis following the development of subjective
symptoms, but this may be too late for the most effective therapy. There is increasing interest in
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proactive measures such as raising awareness, encouraging regular check-ups, screening and
monitoring individuals based on family history, risk or environmental factors, and changing
lifestyle (55). Personalized, next-generation medicine requires smart diagnostic devices suitable for
long-term monitoring of disease-related metabolites and biomarkers in order to detect the onset or
recurrence of pathological conditions at the earliest possible stage and thereby optimize prognosis
and treatment success (125).
Among potential targets for such devices, cancer is considered a global health priority, with over
14 million new cases per year, and accounting for about 15% of all deaths (74). It is well
established that detection of asymptomatic cancer can dramatically improve the prognosis (126).
Many cancers such as breast cancer (75), colon cancer, prostate cancer (127), lung cancer (128),
gastrointestinal (129) and hematological malignancies (130) are associated with hypercalcemia.
Therefore, we considered that monitoring blood calcium concentration could be a suitable strategy
to detect these types of cancer at an asymptomatic stage.
Calcium is required by all living cells to maintain normal structure and function (131). Its role as
a second messenger in signal transduction, managing physiological functions associated with cell
proliferation and apoptosis as well as differentiation, cell adhesion and motility, has been
extensively studied (132), but its role as a first messenger in the development of cancer has only
recently been uncovered (133). In humans, calcium is stored in bone as mineralized hydroxyapatite
and is present in blood, either as free Ca2+ or bound to various carriers such as albumin (67).
Calcium homeostasis is precisely regulated and restored within minutes after fluctuations by
several hormonal systems (134). For example, a decrease in blood calcium concentration
stimulates parathyroid glands to release parathyroid hormone (PTH), which promotes calcium
reabsorption and mobilization from bone. On the other hand, increasing blood Ca2+ concentrations
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activate the calcium-sensing receptor (CaSR), which acutely inhibits the secretion of PTH (135).
Cancer is among the causes of hypercalcemia (63), and humoral hypercalcemia of malignancy
(HHM) is associated with a variety of cancers, including breast (63, 75), colon (63), prostate (128),
lung (136) and kidney cancer (137). It arises because the primary tumor, its metastases or immune
cells targeting the tumor secrete humoral factors (63) that act on bone, kidney and intestine, thereby
disrupting calcium homeostasis and resulting in increased blood-calcium concentration (138).
CaSR is a natural hypercalcemia sensor that is sufficiently sensitive to detect mild-to-moderate
hypercalcemia (5.6–10 mg Ca2+ per dL blood), which often remains unnoticed because the patient
is asymptomatic (63, 67) or shows only non-specific symptoms such as anorexia, anxiety and
weakness (137, 139). Therefore, we considered that it might be suitable for detection of cancer
still at an early (asymptomatic) stage. Here we engineered cells to ectopically express CaSR
rewired to a synthetic signaling cascade, leading to expression of tyrosinase, which synthesizes the
black pigment melanin. We anticipated that the resulting accumulation of melanin by the
subcutaneously implanted designer cells would produce a visible tattoo, thus enabling detection of
hypercalcemia associated with asymptomatic cancer. Here we describe the design and construction
of the engineered cells, and validate the biomedical tattoo system in wild-type mice bearing
subcutaneously implanted encapsulated engineered cells and inoculated with carcinoma cells.

3. Results
3.1 Design and optimization of the synthetic hypercalcemia sensor.
The engineered cell-based biomedical tattoo system consists of two main components rewired via
synthetic signaling cascades: a hypercalcemia biosensor monitoring blood-calcium concentrations
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and a chimeric hypercalcemia-sensitive biosensor-dependent promoter driving expression of a
pigment-producing enzyme that generates a visible skin tattoo (Fig. 1A). The human calciumsensing receptor (CaSR), a class C G-protein-coupled receptor managing calcium homeostasis in
humans (140), serves as the hypercalcemia biosensor (Fig. 1A). Hypercalcemia-mediated
activation of CaSR triggers the cell’s endogenous calcium-calmodulin-calcineurin-NFAT (nuclear
factor of activated T-cells) and Raf-ERK1/2-SRE (serum response element) signaling cascades,
which induce a synthetic calcium-sensitive promoter (PCa) driving expression of copper-containing
human tyrosinase, the rate-limiting enzyme in the synthesis of the black pigment melanin (Fig.
1A) (141). Thus, persistent hypercalcemia is recorded as an accumulation of melanin in
subcutaneously implanted designer cells and visualized as a black skin tattoo.
To test the sensitivity of CaSR to hypercalcemia, we cotransfected human embryonic kidney
(HEK) 293 cells with the constitutive CaSR expression vector pAT12 (PhCMV-CaSR-pA) as well
as pAT16 (PCa4-SEAP-pA) encoding the human model glycoprotein SEAP (human placental
secreted alkaline phosphatase) under control of a synthetic CaSR-dependent Ca2+-sensitive
promoter (PCa4) containing three SRE and six NFAT operator modules 5ʹ of a minimal version of
the human cytomegalovirus immediate early promoter (PhCMVmin) (table S1). Exposing the cultures
to increasing Ca2+ concentrations showed that these engineered human cells expressed more SEAP
under mild hypercalcemia (>1.5 mM Ca2+) compared to control populations that were only
transfected with the reporter construct pAT16 (PCa4-SEAP-pA) (Fig. 1B).
To improve the sensitivity and dynamics of the synthetic hypercalcemia sensor, we constructed an
optimized synthetic Ca2+-sensitive promoter (PCa6) by linking 3 SRE and 15 NFAT operator
modules 5ʹ of a minimal version of the alpha-myosin heavy chain promoter (PαMHCmin) (pAT50,
PCa6-SEAP-pA). HEK-293 cells cotransfected with pAT12 and pAT50 showed substantially
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improved Ca2+ responsiveness compared to the original pAT12/pAT16 vector combination (Fig.
1C). Ca2+-responsive SEAP expression seemed to be specific for HEK-293 cells because other cell
lines such as Chinese hamster ovary (CHO) K1 cells, cultured human keratinocyte cells (HaCaT),
and NIH/3T3 were insensitive to changes in Ca2+concentration (Fig. 1D).

3.2 Evaluation of the melanin-producing tattoo component.
To find a suitable parental cell background for efficient expression of tyrosinase and optimal
production of melanin, we transfected the constitutive mammalian tyrosinase expression vector
pAT10 (PhCMV-Tyr-pA) into a variety of cell lines (HEK-293, CHO-K1, NIH/3T3, and HaCaT).
We profiled the tyrosinase activity after cultivation for 72 hours and compared it to native
tyrosinase-expressing Melan-A cells used as positive control. Among the cell lines, the tyrosinase
activity in HEK-293 substantially exceeded those in all other cells, including that achieved in the
melanin-producing melanocyte cell line Melan-A (Fig. 1E). HEK-293 was therefore selected for
subsequent use.
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Figure 1. (A) Molecular mechanism of pigment production by HEKTattoo cells upon induction
by hypercalcemia. The sensing component of the biomedical tattoo system (I) is a calciumsensing receptor (CaSR), a member of C group G protein–coupled receptors. The visualization
component (II) consists of the enzyme tyrosinase, which is usually located in a specialized
pigment-producing organelle (the melanosome) in melanocytes, where it catalyzes oxidation of
phenols such as tyrosine to form melanin. In nonmelanogenic cells such as human embryonic
kidney–293 (HEK-293) cells, tyrosinase is localized in lysosomes, which are closely related to
melanosomes and undergo a similar maturation process. IP3, inositol 1,4,5-trisphosphate; NFAT,
nuclear factor of activated T cells; SRF, serum response factor. (B) Secreted alkaline phosphatase
(SEAP) expression in response to calcium stimulation in HEK-293 cells transiently transfected
with a constitutive CaSR construct (pAT12, PhCMV-CaSR-pA) and either an inducible SEAP
reporter construct (pAT16, PCa4-SEAP-pA) or a mock construct [pcDNA3.1(+)]. Increase in SEAP
expression compared between 0.5 and 1.8 mM Ca2+concentration, P = 0.026, determined using
independent t test where *P < 0.05. (C) Optimization of the reporter construct. NIH/3T3, HaCat,
CHO-K1 (Chinese hamster ovary–K1), or HEK-293 cells (7 × 104) were transiently transfected
with 500 ng of a constitutive CaSR construct (pAT12, PhCMV-CaSR-pA) and 500 ng of either an
optimized inducible SEAP reporter construct (pAT50, PCa6-SEAP-pA) or a mock construct
[pcDNA3.1(+)] and induced with increasing Ca2+ concentrations. Increase in SEAP expression
compared between 0.5 and 1.5 mM and 1.8 mM Ca2+ concentrations, P < 0.0001 at both
concentrations determined using independent t test where ****P < 0.0001. (D) Cell line screening
for SEAP expression. NIH/3T3, HaCat, CHO-K1, or HEK-293 cells (7 × 104) were transiently
transfected with 500 ng of a constitutive CaSR construct (pAT12, PhCMV-CaSR-pA) and 500 ng of
either an inducible SEAP reporter construct (pAT50, PCa6-SEAP-pA) or a mock construct
[pcDNA3.1(+)] and induced with increasing Ca2+concentrations. Increase in SEAP expression
observed in HEK-293 cells between 0.5 and 2 mM Ca2+ concentrations, P = 0.0029 determined
using independent t test (**P < 0.01). (E) Cell line screening for tyrosinase expression. NIH/3T3,
HaCat, CHO-K1, or HEK-293 cells (7 × 104) were transiently transfected with 1 μg of a
constitutive tyrosinase construct (pAT10, PhCMV-Tyr-pA). Melan-A cells were used as a positive
control. Increased tyrosinase activity compared between Melan-A and CHO-K1 and HEK-293
expressing constitutive tyrosinase, P = 0.0019 and P = 0.0001, respectively, determined using
one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test (**P < 0.01 and
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****P < 0.0001). Corresponding reporter concentrations were profiled 72 hours after induction
with Ca2+. A475nm, absorbance at 475 nm. All experimental data are presented as means ± SD, n ≥
3 independent experiments.

3.3 Design and characterization of the stably transgenic HEKTattoo cell line.
Because the engineered cell–based biomedical tattoo is required to profile and record persistent
hypercalcemia over long periods of time, we designed a stably transgenic HEKTattoo cell line
containing the human hypercalcemia sensor CaSR (pAT12, PhCMV-CaSR-pA) and the human
melanin-producing tyrosinase driven by a CaSR-dependent Ca2+-sensitive promoter (pAT53, PCa6Tyr-pA). Among 57 different stable tattoo clones, the HEKTattoo cell line showed excellent Ca2+responsive tyrosinase expression with submillimolar sensitivity (Fig. 2A), which resulted in
substantially increased production of melanin in the target range of ≥1.6 mM Ca2+corresponding
to mild hypercalcemia (Fig. 2B).
To examine the melanin-production dynamics, we seeded HEKTattoo cells into individual wells of
a 96-well plate containing increasing Ca2+ concentrations and recorded melanin production by
time-lapse microscopy. Pigment production by HEKTattoo was compared with that of the positive
control, HEKTyr cells transfected with a constitutive tyrosinase expression vector pAT10 (PhCMVTyr-pA) (movies S1 to S5). HEKTattoo cultured under mild and moderate hypercalcemia (1.6 and
1.8 mM Ca2+, respectively; movies S4 and S5) showed melanin production comparable to that of
the positive control (movie S1), whereas no pigment production was observed in
HEKTattoo exposed to low (0.5 mM) or normal (1.3 mM) Ca2+concentrations (movies S2 and S3).
Quantitative analysis of melanin production dynamics by HEKTattoo exposed to mild (1.6 mM Ca2+)
and moderate (1.8 mM Ca2+) hypercalcemia confirmed that only persistent hypercalcemia of at
least 12 hours (moderate hypercalcemia) and 24 hours (mild hypercalcemia) triggered visible
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melanin production (Fig. 2C). Because the interplay between calcitonin and the PTH typically
restores blood Ca2+ homeostasis within minutes (62, 134), the biomedical tattoo is expected to be
insensitive to natural Ca2+ fluctuations and should only detect persistent hypercalcemia (movies
S4 and S5 and Fig. 2C).
Melanin is insoluble and has a half-life of several weeks in the melanocytes of human skin (142).
To validate whether a biomedical tattoo would remain visible for extended periods of time, we
stored hypercalcemia-induced melanin-containing HEKTattoo pellets for up to 6 months at room
temperature. Because the melanin content was almost unchanged over the entire storage period,
HEKTattoo-based melanin production is expected to provide reliable detection of hypercalcemia
(Fig. 2D).
To use HEKTattoo in an in vivo experimental cancer setting with wild-type mice, we
microencapsulated the cells in clinically licensed alginate–PLL [poly-(L-lysine)]–alginate beads
(143). Before implanting the microencapsulated HEKTattoo cells, we conducted control experiments
to confirm that the encapsulated cells still responded efficiently to persistent mild hypercalcemia
with visible melanin production and that there was no interference with hypercalcemia detection,
recording, or pigmentation due to either transient exposure to Ca2+ during alginate polymerization
or leaching of Ca2+ from the alginate polymer (Fig. 2, E and F). The results indicated that the
encapsulated cells retained the desired characteristics. To test the biomedical tattoo in a thick-skin
model that is comparable to human skin, we subcutaneously injected microencapsulated
HEKTattoo cells cultivated in normo- and hypercalcemic conditions into porcine skin ex vivo,
recorded the resulting visible tattoo (Fig. 2G), and quantified pixel intensities from the
corresponding grayscale photographs (Fig. 2H). The visible dark spot produced by hypercalcemic
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HEKTattoo implants confirmed that the biomedical tattoo remained visible when injected under
thick skin (Fig. 2, G and H).
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Figure 2. (A) Time courses of tyrosinase activity of HEKTattoo cells induced with increasing
Ca2+ concentrations, obtained by monitoring the rate of 3,4-dihydroxy-L-phenylalanine oxidation
and the resulting melanin production for ~6 hours during culture. (B) Melanin production in
HEKTattoo and photographs of the corresponding cell pellets induced with increasing
Ca2+ concentrations. Increase in melanin production compared between 1.3 and 1.6 mM (P =
0.0007), 1.8 mM (P = 0.0003), and 2.0 mM (P < 0.0001), determined using independent ttests. All
analyses were performed after 72 hours incubation with Ca2+. Data are shown as means ± SD, n ≥
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3 independent experiments. (C) Melanin production kinetics of HEKTattoo exposed to
normocalcemia (1.3 mM), mild hypercalcemia (1.6 mM), and moderate hypercalcemia (1.8 mM)
for different periods of time. Increase in melanin production by HEKTattoo exposed to
Ca2+concentrations of 1.6 and 1.8 compared to 1.3 for different time durations—24 hours: 1.3 mM
versus 1.6 and 1.8 mM, P = 0.0412 and P = 0.0006, respectively; 48 hours: 1.3 mM versus 1.6 and
1.8 mM, P= 0.0001 and P = 0.0001, respectively; and 72 hours: 1.3 mM versus 1.6 and 1.8
mM, P = 0.0001 and P = 0.0001, respectively. Statistical significance of differences determined
using one-way ANOVA with Dunnett’s multiple comparison test. Data are shown as means ±
SD, n ≥ 3 independent experiments. (D) Stability of melanin in HEKTattoopellets stored for up to 6
months at room temperature. (E) In vitro functionality assessment of encapsulated HEKTattoo cells
in response to transient Ca2+ exposure. Microscopy images of pelleted microencapsulated
HEKtattoo cells incubated under normocalcemic and hypercalcemic conditions. Scale bars, 100 μm.
(F) Relative melanin concentrations in lysed microencapsulated HEKtattoo and photographs of the
corrresponding microencapsulated cell pellets incubated under normocalcemic and hypercalcemic
conditions. HEKTattoo cells were incubated in calcium-free media for 24 hours after encapsulation
to allow Ca2+ associated with the encapsulation process to diffuse out of the capsules. Images were
taken and melanin analysis was performed after incubation at normo- and hypercalcemic
concentrations for 96 hours. (G) Grayscale microscopy images of porcine skin implanted with
Ca+-induced

(hypercalcemia)

and

noninduced

(normocalcemia)

microencapsulated

HEKTattoo cells. (H) Normalized pixel intensities proportional to melanin concentration in ex vivo
porcine skin implanted with HEKTattoo cells treated with hypercalcemic and normocalcemic
conditions. HEKTattoo cells were preincubated in medium containing either 1.3 or 1.8 mM
Ca2+ before implantation. Images were normalized to have the same mean pixel intensity of the
reference standard (black sheet). Scale bars, 500 μm. Data are presented as means ± SEM, and
statistical significance of differences between hypercalcemic and normocalcemic groups was
calculated using unpaired t test (n = 7 injection sites) where *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001.

3.4 HEKTattoo-based detection of cancer-induced hypercalcemia in nude mice.
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To test whether hypercalcemia-triggered melanin production by HEKTattoo was sufficient to detect
asymptomatic tumor development via a visible black skin tattoo, we subcutaneously injected
nonencapsulated HEKTattoo cells into the flank of nude mice with asymptomatic hypercalcemic
mammary and colon adenocarcinoma (produced by inoculation of 410.4 or Colon-26 cells) or a
normocalcemic adenocarcinoma (produced by inoculation of 168 cell line; negative control) (Fig.
3A). Healthy nude mice injected with nonencapsulated HEK-293 cells engineered for constitutive
tyrosinase expression (pAT10, PhCMV-Tyr-pA) were used as a positive control (Fig. 3B). Animals
with normocalcemic tumors did not develop any skin tattoos, indicating that our system is specific
for hypercalcemia-associated cancer types (Fig. 3, C and D). The hypercalcemia-triggered
tyrosinase expression in HEKTattoo resulted in the accumulation of sufficient melanin to produce a
visible diagnostic black spot on the skin of animals bearing hypercalcemic cancers (Fig. 3D), and
cancer-associated hypercalcemia was successfully recorded for over 3 weeks (Fig. 3E). The
intensity of the skin tattoo was comparable to the treatment group injected with positive control
cells constitutively expressing tyrosinase (Fig. 3B). In addition, profiling of blood Ca2+over the
entire 24-day study duration confirmed that skin-tattoo development was associated with the onset
of mild hypercalcemia produced by hypercalcemic tumors (Fig. 3E). To profile pigment
production by the subcutaneous implants, we quantified pixel intensities in micrographs of the
implant sites of all treatment groups. Mice from hypercalcemic groups showed substantially lower
normalized pixel intensities (Fig. 3F) due to melanin at the implant site (Fig. 3G) compared to
those in normocalcemic animals (Fig. 3, F and G).
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Figure 3 Application of the biomedical tattoo system in nude mice.
(A) Schematic representation of the engineered nonencapsulated HEKTattoo cells implanted into
nude mice inoculated with hypercalcemic (HEK-293 with constitutive tyrosine expression, 410.4,
and Colon-26 cancer cell lines) and normocalcemic cells (168 cancer cell line). (B) Photograph of
a mouse from the positive control group implanted with HEK-293 cells constitutively expressing
the tyrosinase construct. (C) Photograph of a negative control mouse inoculated with
normocalcemic cancer (168 cell line) and implanted with HEKTattoo cells. (D) Grayscale
microscopy images of the HEKTattoo implantation site in mice inoculated with 168, 410.4, and
Colon-26 cell lines. Scale bars, 8.6 mM. (E) Ca2+ blood concentrations of mice in the
hypercalcemic and normocalcemic groups. 168 versus 410.4 (P = 0.0001) and Colon-26 (P =
0.0001). Horizontal dashed lines represent hypercalcemia conditions (mild, 5.6 to 8 mg/dl;
moderate, 8.1 to 10 mg/dl; severe, >10 mg/dl). (F) Normalized pixel intensities extracted from the
skin at the implantation site of individual mice from hypercalcemic and normocalcemic groups.
168 versus 410.4 (P = 0.0001) and Colon-26 (P = 0.0001). Images were normalized to have the
same mean pixel intensity of the reference standard (black sheet). (G) Melanin extracted from the
implantation site of individual mice from hypercalcemic and normocalcemic groups after 24 days.
168 versus 410.4 (P = 0.0118) and Colon-26 (P = 0.0001). Data are represented as means ± SEM,
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and statistical significance of differences between hypercalcemic and normocalcemic groups was
calculated using one-way ANOVA with Dunnett’s multiple comparison test (n ≥ 7 mice) where
*P < 0.05 and ****P < 0.0001.

3.5 Validation of the biomedical tattoo in wild-type mice
Next, we implanted microencapsulated HEKTattoo subcutaneously into the flank of wild-type mice
with asymptomatic hypercalcemic carcinomas (produced by inoculation of 410.4 or Colon-26
cells) or normocalcemic adenocarcinoma (produced by inoculation of 168 cell line; negative
control) (Fig 4A). Healthy mice injected with HEK-293 cells engineered for constitutive tyrosinase
expression (pAT10, PhCMV-Tyr-pA) served as positive controls (Fig. 4B). Animals with
normocalcemic tumors (negative control) did not produce any skin tattoo, as expected (Fig. 4, C
and D). The biomedical tattoo successfully recorded the persistent cancer-associated
hypercalcemia in the groups inoculated with 410.4 or Colon-26 cells throughout the experimental
period of 38 days (Fig. 4, D and E). Tattoos were quantified by shaving the implantation site and
then taking a micrograph of the pinched skin transilluminated with red light. Comparison of the
experimental groups showed that a black skin tattoo (Fig. 4D) similar to the tattoo in positive
control animals implanted with cells constitutively expressing tyrosinase (Fig. 4B) was visible
only in animals with hypercalcemic cancers (Fig. 4D). Profiling of blood Ca2+ over the 38-day
experimental period confirmed that tattoo formation was associated with the onset of mild
hypercalcemia in the groups inoculated with 410.4 and Colon-26 cells (Fig. 4E). All tumor-bearing
animals remained asymptomatic throughout the 38-day period. We also quantified pigment
production by the subcutaneous implants in all treatment groups. Mice from hypercalcemic groups
showed decreased normalized pixel intensities (P < 0.01; Fig. 4F) due to increased melanin at the
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implantation site (Fig. 4G), compared to normocalcemic animals (Fig. 4, F and G). These results
support the view that the cell-based biomedical tattoo could detect, record, and visualize the onset
of mild hypercalcemia associated with cancer development during the asymptomatic stage.

Figure 4 Application of the biomedical tattoo system in wild-type mice using
microencapsulated HEKTattoo cells.
(A) Schematic representation of the microencapsulated engineered HEKTattoo cells implanted into
wild-type mice inoculated with hypercalcemic and normocalcemic cancer cells. (B) Photograph of
a mouse from the positive control group implanted with microencapsulated HEK-293 cells
constitutively expressing the tyrosinase construct. (C) Photograph of a negative control mouse
inoculated with normocalcemic cancer (168 cell line) and implanted with microencapsulated
HEKTattoo cells, illuminated by red light. (D) Grayscale microscopy images of the pinched skin
transilluminated with red light at the microencapsulated HEKTattoo implantation site of mice
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inoculated with 168, 410.4, and Colon-26 cell lines. Scale bars, 8.6 mm. (E) Ca2+ blood
concentrations of mice in the hypercalcemic and normocalcemic groups. 168 versus 410.4 (P =
0.0001) and Colon-26 (P = 0.0001). Horizontal dashed lines represent hypercalcemia conditions
(mild, 5.6 to 8 mg/dl; moderate, 8.1 to 10 mg/dl; severe, >10 mg/dl). The termination point was a
tumor size of 10 mm. The last points were collected over 18 days at the terminal tumor size. (F)
Normalized pixel intensities extracted from the skin images of the implantation site of
hypercalcemic and normocalcemic groups after 38 days. 168 versus 410.4 (P = 0.001) and Colon26 (P = 0.0085). Images were taken using transillumination at a wavelength of 617 to 645 nm and
normalized to have the mean pixel intensity of the reference standard (gray-level reference
standard). (G) In vivo melanin production by microencapsulated HEKTattoo cells extracted from the
implantation site of mice in the hypercalcemic and normocalcemic groups after 38 days. 168 versus
410.4 (P = 0.0003) and Colon-26 (P = 0.0001). Data are represented as means ± SEM, and
statistical significance of difference between hypercalcemic and normocalcemic groups was
calculated using one-way ANOVA with Dunnett’s multiple comparison test (n ≥ 6 mice) where
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

4. Discussion
Tattoos have an interesting medical history. For example, it has been suggested that the tattoos
overlapping osteoarthritic joints of the 5000-year-old body of iceman Ötzi found in the Tyrolian
alps originated from acupuncture-like stimulatory treatment (144). In the mid 1850s, medical
tattoos were used for the treatment of congenital vascular nevi (145). Today, tattooing is
considered more effective than intramuscular injection for delivery of certain drugs, as well as
DNA and peptide vaccines (146), and functionalized subcutaneous nanoparticle tattoos have been
successfully applied to optically quantify compounds such as nitric oxide and glucose in the
bloodstream using skin-based electronics (147-149). Work is also proceeding on other
applications, such as skin-interfacing wearable electronic devices for the detection of movement
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disorders (e.g., Parkinson’s disease) (150), heart, brain and skeletal muscle dysfunctions (based on
epidermal electrophysiology) (151), infections (based on increased body temperature) (150), and
glucose, lactate and electrolyte concentrations in perspiration (152).
Melanin is a natural tanning pigment produced from the ubiquitous non-essential amino acid
tyrosine by specialized epidermal melanocytes in response to sunlight exposure, and serves to
protect the skin from ultraviolet-radiation-induced damage (153). Because of their color, melaninbased biomedical tattoos can easily be qualitatively assessed with the naked eye or quantified using
wearable electronics (154). Thus, we decided to adopt a melanin-based system in the present work
to detect hypercalcemia which is associated with the asymptomatic development of many types of
cancer (75). We expected that such a system would have great practical benefits, because diagnosis
of asymptomatic cancer, although difficult, could increase treatment options and improve survival
rates (155), in particular for individuals with known risk factors (156-158) and patients who have
undergone primary tumor treatment and require continuous monitoring to diagnose cancer
recurrence (159, 160) or development of metastases (161, 162).
To engineer the required implantable designer cells for detection of mild hypercalcemia as a
biomedical tattoo, we used synthetic biology principles (20, 60, 163) to rewire the calcium sensor
CaSR to expression of melanin. The challenges included (i) achieving suitable sensitivity to detect
the onset of persistent mild hypercalcemia, (ii) providing high specificity for hypercalcemia and
(iii) ensuring extremely low basal expression of melanin. The engineered HEKTattoo cells met these
criteria; in particular, we observed no false-positive tattoo formation in negative-control treatment
groups throughout the 38-day experimental period.
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The systemic and intracellular calcium signaling is tightly controlled and essential for normal
physiological functioning of cellular processes. Tight control within the cell, where Ca2+ serves as
a second messenger, is maintained through various calcium pumps, channels and calcium-binding
proteins (164). The dysregulation in intracellular Ca2+ homeostasis may result in cancer initiation,
progression and angiogenesis. Therefore, many cancer therapies target intracellular calcium by
affecting Ca2+ channels and pumps (165). Since the biomedical tattoo specifically senses only the
systemic Ca2+ concentrations that are 20’000-fold higher than those promoting intracellular Ca2+
signaling, the sensitivity and performance of the biomedical tattoo is not expected to be
compromised by Ca2+-specific metabolic activities.
As a natural skin pigment, melanin is particularly well suited for a biomedical tattoo. We
confirmed that it was insensitive to short-term Ca2+ fluctuations as well as leaky accumulation,
and was stable for at least 6 months. In addition, melanin absorbs light over a wide spectrum.
Possible interference with darker skin tones may be alleviated by depigmentation of the biomedical
tattoo area using a number of available medical procedures such as laser and lightening agents
(166). Although the melanin-based biomedical tattoo has been developed and validated for the
detection and diagnosis of hypercalcemia associated with cancer, it may in principle be linked to
other biosensors and serve as a diagnostic device for the detection of a wider range of medical
conditions.
The aim of the biomedical tattoo is to detect asymptomatic mild hypercalcemia associated with
cancer. Hypercalcemia develops from mild via moderate to high hypercalcemia. During this
trajectory the biomedical tattoo detects persistent mild hypercalcemia, which may indicate an
emerging health issue that requires further attention. In mouse models inoculated with colon and
breast cancer cell lines known to be associated with hypercalcemia, the biomedical tattoo reliably
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detected the development of cancer that was still at an asymptomatic stage. Hypercalcemia is not
exclusively linked to cancer development, but is also associated with other pathologies, including
hyperparathyroidism (75), granulomatous disease (75), cognitive dysfunction (167), renal failure
(168) and cardiac arrhythmia (169). Although these medical conditions are usually symptomatic
and typically only emerge during hypercalcemia, which may discriminate them from
asymptomatic cancer, the biomedical tattoo will certainly also produce false-positive events and
detect medical conditions unrelated to cancer (139, 170). Therefore, the use of a biomedical tattoo
for the diagnosis of hypercalcemia associated with cancer would be best indicated for individuals
with known risk factors for colon cancer (loss of CaSR expression (171), ectopic PTH secretion
(172, 173) and personal history of ulcerative colitis (174, 175)) and breast cancer (e.g., human
epidermal receptor-2-positive status (156), parathyroid hormone related protein overexpression
(158) and ectopic expression of PTH (64)), and for patients who have undergone primary tumor
treatment and require continuous monitoring to diagnose cancer recurrence (159, 160), as well as
the development of metastases (161, 162).
Like any cell-based therapy, the biomedical tattoo requires a minimally invasive procedure that
places microencapsulated designer cells under the skin. However, considering the severity of the
disease and the focus on patients with known risk factors and primary therapy, acceptance of the
potential risks related to surgical intervention (176) and leakage of the encapsulation device (177)
seems justifiable. Alginate-based encapsulation of cells, as used in our proof-of-concept study, has
been clinically licensed (143) and other laminated membrane-based implant devices are currently
being tested in human clinical trials (178). Once the biomedical tattoo has diagnosed
hypercalcemia, it has served its purpose and can either be removed or replaced. Only heterologous
designer cells will need encapsulation to protect the biomedical tattoo from the host immune
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system. Since the entire tattoo, including CaSR, tyrosinase and melanin as well as the signaling
cascade and the promoter, consists of non-modified endogenous components, their introduction
into autologous cells would create a biomedical tattoo device that could be directly injected
subcutaneously. After an autologous biomedical tattoo has served its purpose, it may simply be
left in place, and a new biomedical tattoo could be injected at another site to monitor cancer
recurrence or development of metastases.
Early enough diagnosis during the asymptomatic phase of a developing medical condition
represents the key to prevention and successful therapy. In conclusion, we believe the present work
provides an important proof-of-concept of this new diagnostic strategy, demonstrating the
feasibility of employing designer-cell-based biomedical tattoos for surveillance and potential
detection of many types of asymptomatic cancers based on mild hypercalcemia.

5. Materials and Methods
5.1 Study design
The goal of this study was to design a cell-based biomedical tattoo that, upon subcutaneous
implantation, constantly monitored blood calcium and produced a visible melanin-based black
mark on the skin in response to persistent mild hypercalcemia. The biomedical tattoo is expected
to provide visual diagnosis of a hypercalcemia-associated emerging medical condition that
requires further medical attention. As a proof-of-concept hypercalcemia-associated medical
condition, we chose asymptomatic colon and breast cancer to validate the biomedical tattoo in
mouse models in vivo. The tattoo was designed by rewiring Ca2+-mediated activation of the
ectopically expressed CaSR to the chimeric promoter PCa6 via a synthetic signaling cascade, which
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triggers Ca2+-responsive expression of tyrosinase, eventually producing the black skin pigment
melanin. After assembling, optimizing, and validating the individual components in HEK-293
cells, we generated a stably transgenic HEKTattoo cell line that produced the expected
hypercalcemia-associated melanin-based black skin tattoo in porcine skin mimicking human skin.
Next, we validated the biomedical tattoo for diagnosis of asymptomatic breast and colon cancer in
nude and wild-type mice using subcutaneous implantation of native or microencapsulated
HEKTattoo cells, respectively. For precise quantifications of skin tattoos, we developed a tailored
MATLAB code (see MATLAB code in the Supplementary Materials) for comparative analysis of
pixel intensities across different skin samples. Animals were randomly assigned to experimental
groups. Investigators were not blinded to tumor inoculation groups. Animals in all treatment
groups were implanted with the same number of HEKTattoo cells. In vitro experiments were
performed in triplicate each containing four samples. In vivo studies included up to eight mice per
treatment group as specified in the figure legends. Blood samples were collected and frozen after
each experiment and simultaneously analyzed after termination of the study.

5.2 Plasmid design
Comprehensive design and construction details for all expression vectors are provided in table S1.
All relevant genetic components were confirmed by sequencing (Microsynth). The key genetic
components of the biomedical tattoo include (i) the constitutive human tyrosinase expression
vector pAT10 (PhCMV-Tyr-pA), (ii) pAT12 (PhCMV-CaSR-pA) encoding constitutive expression of
the human CaSR, (iii) the Ca2+-inducible SEAP expression vector pAT50 (PCa6-SEAP-pA; PCa6,
SRE3-NFAT15-PαMHCmin), and (iv) the Ca2+-inducible human tyrosinase expression vector pAT53
(PCa6-Tyr-pA).
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Table 1. Plasmids used and designed in this study
Plasmid

Description and Cloning Strategy

Reference or Source

pcDNA3.1(+)

Constitutive mammalian expression vector Life Technologies,
(PhCMV-MCS-pA).
Carlsbad, CA

pCR4-TOPO

Constitutive prokaryotic expression vector Invitrogen, Carlsbad,
(Plac-MCS)
CA

pSEAP2-Control

Constitutive SEAP expression vector (PSV40- Clontech, Mountain
SEAP-pA).
View, CA

pZeoSV2(+)

Constitutive mammalian expression vector Invitrogen, Carlsbad,
conferring zeocin resistance (PhCMV-zeo-pA).
CA

pcDN6/V5-HisB

Constitutive mammalian expression vector Invitrogen, Carlsbad,
(PhCMV-MCS-pA).
CA

pNFAT9-TATALuciferase

Ca2+-inducible luciferase expression vector Braz eet al., 2003
(PCa5-luc-pA).

pMSCV

INS expression vector (PCa2-INS-pA).

pA6-CaSR

pCR4-TOPO containing CasR (I.M.A.G.E.: Lennon et al., 1996

Stanley et al., 2012

IRCMp5012F117D).
pYL1

Ca2+-inducible SEAP expression vector (PCa2- Liu

et

al,

SEAP-pA). PCa2 was PCR-amplified from unpublished
pMSCV using oligonucleotides OYL11 (5’gccccgctcgagCGCACCAGACAGTGACG-3’,
XhoI

underlined)

and

OYL12

(5’-
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ccccccaagcttCTGGAATTCGAGCTTCCATT
AT-3’, HindIII underlined), restricted with
XhoI/HindIII

and

corresponding

sites

cloned

into

the

(XhoI/HindIII)

of

pSEAP2-Control.
pHY30

Ca2+-inducible SEAP expression vector (PCa1- Ye et al., 2011
SEAP-pA).

pAT10

Constitutive

tyrosinase

expression

vector This work

(PhCMV-Tyr-pA). Tyrosinase was cloned from
human melanoma cell line (WM-1650)-derived
cDNA using a two-step overlapping PCRbased amplification. Independent tyrosinase
fragments

were

PCR-amplified

oligonucleotides

OAT17

using
(5'-

gcgcgaattcaagcttACGATGCTCCTGGCT-3',
EcoRI, HindIII underlined) and OAT16 (5'AAACTTCTTGAAGAGGACGGTGCCTTC
GGAGCCACTGC-3')

and

OAT18

('5-

gcgcggccggcctctagaTTATAAATGGCTCTGA
TA-3', FseI, XbaI underlined). The tyrosinase
fragments were annealed and PCR-amplified
using oligonucleotides OAT17 and OAT18.
The resulting full-length tyrosinase fragment
was restricted with EcoRI/XbaI and cloned into
the corresponding sites (EcoRI/XbaI) of
pcDNA3.1(+).
pAT12

Constitutive CaSR expression vector (PhCMV- This work
CaSR-pA). CaSR

was PCR-amplified from

pA6-CaSR using oligonucleotides OAT19 (5'-
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gcgcaagcttgctagcACGATGGCATTTTATAG
CTGCTGCTGGG-3',
underlined)

HindIII,

and

NheI

OAT20

(5'-

GCGCgcggccgcctcgagtctagaTTATGAATTC
ACTACGTTTTCTGTA-3', NotI, XhoI, XbaI
underlined), restricted with HindIII/XbaI and
cloned

into

the

corresponding

sites

(HindIII/XbaI) of pcDNA3.1(+).
pAT14

Ca2+-inducible SEAP expression vector (PCa3- This work
SEAP-pA). The PCa3 promoter was PCRamplified from pYL1 using oligonucleotides
OAT29

(5'-

gcggagatctGCTAGCGGAGGAAAA-3', BglII,
NheI

underlined)

and

OAT30

(5'-

gcgcAAGCTTCTGGAATTCGAGCTTCCAT
TATATACCCTCTAGAGTCTCGATCTACG
CCT-3', HindIII underlined), restricted with
BglII/HindIII

and

cloned

into

the

corresponding sites (BglII/HindIII) of pHY30.
pAT16

Ca2+-inducible SEAP expression vector (PCa4- This work
SEAP-pA). The PCa4- promoter was PCRamplified from pYL1 using oligonucleotides
OAT25

(5'-

gcggAGATCTGCTAGCGGAGGAAAA-3',
BglII

underlined)

and

OAT26

(5'-

gcgcAAGCTTCTGGAATTCGAGCTTCCAT
TATATACCCTCTAGAGTCTCGATCTACG
CCT-3', HindIII underlined), restricted with
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BglII/HindIII

and

cloned

into

the

corresponding sites (BglII/HindIII) of pAT14.
pAT50

Ca2+-inducible SEAP expression vector (PCa6- This work
SEAP-pA). The PCa5 promoter was PCRamplified
using

from

pNFAT9-TATA-Luciferase

oligonucleotides

OAT43

(5'-

cgcAGATCTGGTACCGAGCTCTTACGC3',

BglII

underlined)

and

OAT46

(5'-

AGGGAATTCGCGATTCGAAGCTTACTT
AGATCGCAGGTCTCGAGCCCC-3', HindIII
underlined), restricted with BglII/HindIII and
cloned

into

the

corresponding

sites

(BglII/HindIII) of pAT16.
pAT53

Ca2+-inducible tyrosinase expression vector This work
(PCa6 -Tyr-pA). Tyrosinase was excised from
pAT10 using EcoRI/FseI and cloned into the
corresponding sites (EcoRI/FseI) of pAT50.

Abbreviations: αMHC, alpha myosin heavy chain; CaSR, human calcium-sensing receptor; CRE,
cAMP response element; INS, insulin; luc, codon optimized Photinus pyralis luciferase; MCS,
Multiple cloning site; NFAT, Nuclear factor of activated T cells; pA, polyadenylation signal;
PMHC, MHC promoter; P

MHCmin,

minimal version of PMHC; PhCMV, human cytomegalovirus

immediate early promoter; PhCMVmin, minimal version of PhCMV; Plac, promoter of the Escherichia
coli lactose operon; PCa1, Ca2+-inducible promoter containing three NFAT operator sites (NFAT(3)PhCMVmin); PCa2, Ca2+-inducible promoter containing three CRE, three SRE and three NFAT operator
sites (CRE(3)-SRE(3)-NFAT(3)-PhCMVmin); PCa3, Ca2+-inducible promoter containing three SRE
and three NFAT operator sites (SRE(3)-NFAT(3)-PhCMVmin); PCa4, Ca2+-inducible promoter
containing three SRE and six NFAT operator sites (SRE(3)-NFAT(6)-PhCMVmin); PCa5, Ca2+inducible promoter containing nine NFAT- and one αMHC operator sites (NFAT(9)-PαMHCmin);
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PCa6, Ca2+ inducible promoter containing three SRE, fifteen NFAT and one αMHC operator sites
(SRE(3)-NFAT(15)-PαMHCmin); PSV40, simian virus 40 promoter; SEAP, human placental secreted
alkaline phosphatase; SRE, Serum response element; Tyr, human tyrosinase; Zeo, zeocin.
Oligonucleotides: Restriction endonuclease-specific sites are underlined and annealing basepairs
are shown in capital letters.

5.3 Cell culture and transfection
HEK cells [HEK-293; CRL-11268, American Type Culture Collection (ATCC)], human
keratinocytes (HaCaT; Cell Lines Service), mouse fibroblasts (NIH/3T3; CRL-1658, ATCC), and
the murine mammary adenocarcinoma cell lines 410.4 and 168 (catalog no. 412005, Barbara Ann
Karmanos Cancer Institute) were cultivated in calcium-free Dulbecco’s modified Eagle’s medium
(E15-078, PAA Laboratories) supplemented with 10% fetal calf serum (FCS; catalog no. F7524
and lot no. 022M3395, Sigma-Aldrich), 6 mM L-glutamine (200 mM; catalog no. 25030-024,
Invitrogen), and 1% (v/v) penicillin/streptomycin solution (catalog no. L0022-100, Biowest). The
colon carcinoma cell line Colon-26 (National Cancer Institute, The Division of Cancer Treatment
and Diagnosis Tumor Repository) was cultivated in RPMI 1640 medium (catalog no. E15-885,
GE Healthcare) supplemented with 10% FCS and 1% (v/v) penicillin/streptomycin solution. CHO
cells (CHO-K1; CCL-61, ATCC) were cultivated in ChoMaster HTS medium (catalog no. CHTS0.5, Cell Culture Technologies GmbH) supplemented with 5% FCS and 1% (v/v)
penicillin/streptomycin solution. These cell lines were cultivated at 37°C in a humidified
atmosphere containing 5% CO2. Human melanoma cells (WM-1650) and mouse melanocytes
(Melan-A) (all from Wellcome Trust Functional Genomics Cell Bank) were cultivated in RPMI
1640 medium supplemented with 10% FCS, 1% (v/v) penicillin/streptomycin solution, and 200
nM phorbol 12-myristate 13-acetate (catalog no. P8139, Sigma-Aldrich). All melanocytic cell
lines were cultivated at 37°C in a humidified atmosphere containing 10% CO2. All cell lines were
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transfected using an optimized polyethyleneimine (PEI)–based protocol. Briefly, 1.5 × 105 cells/ml
were seeded per well of a multiwell plate or per cell-culture dish (500 μl per well of a 24-well
plate, 1 ml per well of a 12-well plate, 2 ml of a 6-well plate, 10 ml for a 10-cm cell-culture dish)
and cultivated for 16 hours before they were transfected by dropwise addition of a transfection
solution containing 1 μg of total plasmid DNA, 100 μl of the corresponding FCS-free culture
medium, and 3 μl of PEI [PEI “Max”; molecular weight, 40,000; 1 mg/ml in double-distilled water
(ddH2O); catalog no. 24765-2, Polysciences). After 6 hours, the cell culture medium was replaced,
and the transfected cells were cultivated for another 12 hours before they were used for a dedicated
experiment. The cell number and cell viability were profiled using a CASY Cell Counter and
Analyser System Model TT (Roche Diagnostics GmbH).

5.4 Design of the transgenic HEKTattoo cell line
HEKTattoo was designed by a sequential two-step procedure that initially generated stably CaSRtransgenic HEKCaSR-1 cell clones, which were subsequently engineered for CaSR-dependent Ca2+inducible human tyrosinase expression. Therefore, 3.5 × 105 HEK-293 cells were seeded per well
of a six-well plate, cultivated for 24 hours, and cotransfected with a transfection solution
containing 10.5 μl of PEI (1 mg/ml in ddH2O) as well as 3.5 μg of the constitutive CaSR expression
vector pAT12 (PhCMV-CaSR-pA) and 0.35 μg of pcDNA6/V5-HisB (PSV40-bla-pA) conferring
blasticidin resistance. After 6 hours, the culture medium was replaced, and the cells were cultivated
for 24 hours. A stable mixed population was selected for 7 days in blasticidin-containing medium
[blasticidin (1.5 μl/ml) and stock solution (10 mg/ml); catalog no. ant-bl-1 and lot. no. BLL-3513B, InvivoGen]. After limiting dilution and clonal expansion for 14 days in blasticidin-containing
cell culture medium, individual clonal populations were transfected with pAT50 (PCa6-SEAP-pA)
and exposed to increasing Ca2+ concentrations for 48 hours, and then the SEAP expression in the
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culture supernatant were profiled. HEKCaSR-1 showed the best Ca2+-inducible SEAP expression
dynamics among 36 tested cell clones and was therefore used as the parental cell line for the
production of HEKTattoo. Then, 3.5 × 105 HEKCaSR-1 cells were seeded per well of a six-well plate,
cultivated for 24 hours, and cotransfected with a transfection solution containing 10.5 μl of PEI (1
mg/ml in ddH2O) as well as 3.5 μg of the Ca2+-inducible human tyrosinase expression vector
pAT53 (PCa6-Tyr-pA) and 0.35 μg of pZeoSV2(+) (PhCMV-zeo-pA) conferring Zeocin resistance.
After 6 hours, the culture medium was exchanged, and the cells were cultivated for 24 hours; a
stable mixed population was selected for 7 days in blasticidin- and Zeocin-containing medium
[Zeocin (1 μl/ml) and stock solution (1 mg/ml); catalog no. ant-zn-1 and lot. no. ZEL-31-313,
InvivoGen]. After limiting dilution and clonal expansion for 14 days in blasticidin- and Zeocincontaining cell culture medium, individual clonal populations were exposed to 1.8 mM Ca2+ and
profiled for tyrosinase activity and production of melanin. HEKTattoo showed the best Ca2+inducible melanin expression dynamics among 56 tested cell clones and was therefore used to
generate the cancer-specific biomedical tattoo.

5.5 Analytical assays
5.5.1 SEAP expression
SEAP production was quantified in cell-culture supernatants by monitoring p-nitrophenyl
phosphate (pNPP)–based light absorbance. Briefly, 200 μl of cell culture supernatant was heatinactivated for 30 min at 65°C. Subsequently, 80 μl of the supernatant was transferred to a well of
a 96-well plate containing 100 μl of 2× SEAP assay buffer [20 mM homoarginine, 1 mM MgCl 2,
and 21% (v/v) diethanolamine (pH 9.8); all from Sigma-Aldrich). After the addition of 20 μl of
120 mM pNPP (disodium salt, hexahydrate, Acros Organics BVBA) and dilution in 1× SEAP
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assay buffer, the time-dependent increase in light absorbance was determined at 405 nm and 37°C
for 30 min using a 2104 EnVision multilabel plate reader (PerkinElmer).
5.5.2 Melanin production.
A total of 1 × 105 cells cultivated in monolayer cultures, 200 μg of explanted tissue, or 200 μg of
explanted alginate-encapsulated cells whose alginate capsules had been degraded by alginate lyase
(catalog no. A1603, Sigma-Aldrich) were trypsinized (catalog no. 59430C, Sigma-Aldrich),
resuspended in 1 N NaOH (catalog no. S8526, Sigma-Aldrich) and 10% dimethyl sulfoxide (cat.
no. 276855, Sigma Aldrich), and incubated for 2 hours at 80°C. Samples were centrifuged for 10
min at 12,000g and 22°C, and the supernatants were transferred to the wells of a 96-well plate for
measurement of the absorbance at 470 nm using a 2104 EnVision multilabel plate reader. Melanin
concentration was calculated on the basis of a standard curve prepared with synthetic melanin
(catalog no. M8631-100MG, Sigma-Aldrich) covering a pigment concentration range of 0 to 20
μg/ml.
5.5.3 Tyrosinase activity.
Monolayer cultures were trypsinized, or the alginate capsules of microencapsulated cells were
degraded by alginate lyase, and the cell suspension was pelleted. The cell pellet was resuspended
in 100 μl of phosphate-buffered saline (PBS) (pH 6.8) (catalog no. D8537, Sigma-Aldrich)
containing 1% Triton-100 (catalog no. 3051.4, Carl Roth) and 1× protease inhibitor cocktail (25×
stock solution in 2 ml of ddH2O; catalog no. 11873580001, Roche Diagnostics) and then sonicated
for 30 s using a Bioruptor (Diagenode). The lysate was centrifuged for 10 min at 12,000 rpm at
4°C to remove cell debris. Ninety microliters of the lysate was transferred to each well of a 96well plate, and 10 μl of freshly prepared L-dopa (1 mg/ml in PBS; 3,4-dihydroxy-L-phenylalanine,
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catalog no. D9628 and lot. no. SLBF6724V, Sigma-Aldrich) was added immediately before
starting the assay. Tyrosinase activity was quantified in terms of L-dopa oxidation by measuring
dopachrome production for 4 hours at 475 nm using a 2104 EnVision multilabel plate reader.
5.5.4 Calcium concentration.
Ca2+ concentrations in culture media and blood samples were quantified using a Calcium
Colorimetric Assay Kit (Biovision). Briefly, 10 μl of the sample was diluted in 50 μl of ddH2O
and mixed with 90 μl of the chromogenic reagent before adding 60 μl of the calcium assay buffer.
The mixture was incubated for 10 min at 22°C and quantified at 575 nm compared to standardized
Ca2+ samples, using a 2104 EnVision multilabel plate reader (PerkinElmer).

5.6 HEKTattoo implants
Implants were produced by microencapsulating HEKTattoo cells in coherent alginate-PLL-alginate
beads (400 μm; 200 cells per capsule) using an Inotech Encapsulator Research Unit IE-50R
(Buechi Labortechnik AG) set to the following parameters: 0.2-mm nozzle with a vibration
frequency of 1025 Hz, 25-ml syringe operated at a flow rate of 410 units, and 1.12 kV for bead
dispersion. For ex vivo implantation, 7 × 106 microencapsulated HEKTattoo cells were treated with
normo- and hypercalcemic conditions and injected subcutaneously into fresh porcine skin (Kuhn
butcher shop), and the samples were analyzed as described in the “Imaging and image analysis”
section.

5.7 Animal study
All experiments involving animals were performed in accordance with the Swiss animal welfare
act and ordinance provided by the veterinary office of the Canton of Basel-Stadt (approval no.
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2629/27063). For tumor inoculation, 150 μl of PBS containing 0.5 × 106 (Balb/c-nude mice) or 2
× 106 (wild-type Balb/c mice) cells of the 410.4 (hypercalcemic), Colon-26 (hypercalcemic), or
168 (normocalcemic; negative control) cell lines was subcutaneously injected into the right flank
of wild-type Balb/c (BALB/cJRj, Janvier Labs) or Balb/c-nude (BALB/cAnNRj-Foxn1nu, Janvier
Labs) mice, and tumors were allowed to form and grow for 2 weeks (tumor diameter, <10 mm).
Then, the animals received implants of nonencapsulated (Balb/c-nude mice, 4 ×
106 HEKTattoo cells, subcutaneous, left shoulder) or microencapsulated (wild-type Balb/c mice, 7
× 106 HEKTattoo cells, subcutaneous, left flank) HEKTattoo cells. Upon detection of tumor-associated
hypercalcemia, HEKTattoo cells triggered tyrosinase expression, which resulted in the production
of melanin, a black pigment that can be directly seen and measured as a dark spot on the skin
(Balb/c-nude mice) or determined by transilluminating the pinched skin with red light (wild-type
Balb/c mice). For the monitoring of animals, general well-being of the animals was routinely
monitored by animal facility caretakers by means of daily visual inspections. Project-specific
monitoring was carried out at least three times per week by a veterinarian, and animals were
euthanized if symptoms of pain and/or distress were observed. The following humane endpoints
were applied: tumor diameter > 10 mm, ulcerations or bleeding, body condition scoring < 2,
abnormal breathing pattern, apathy or immobility, closed eyes or self-mutilation, detachment from
the group or disinterest in the environment, unkempt appearance such as tangled fur, and
discoloration due to secretions. The absence of all those criteria was defined as an asymptomatic
disease state in the tumor-inoculated mice.

5.8 Imaging and image analysis
All images of the HEKTattoo implantation sites (left shoulder/flank) were recorded using a Nikon
SMZ25 stereo-zoom microscope (0.5× objective and 0.63 zoom; Nikon Instruments GmbH)
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equipped with a Hamamatsu ORCA-Flash 4.0 digital camera (Hamamatsu Photonics) set to a
binning of 2 and an exposure time of 100 ms. To compare the amount of melanin in the tattoos of
different mice, we measured and compared their pixel intensities in the corresponding images.
Darker areas in the image correspond to lower pixel intensities (black corresponds to a pixel
intensity of 0), and lighter areas correspond to higher pixel intensities [white corresponds to a pixel
intensity of 65,535 (16 bit)]. For our analysis, the images are normalized to the 0 to 1 range (where
1 corresponds to the maximum value of the detector). Because the skin within the positive melanincontaining tattoo is darker than the surrounding skin, the pixel intensities within the tattoo are
lower.
For Balb/c-nude mice, images of the implant site (left shoulder/flank) were taken with incident
white light illumination. A black sheet serving as black-level reference standard was placed
adjacent to the implantation site, and the pixel intensities of the implantation site were normalized
to the mean intensity of the reference standard. In wild-type Balb/c mice, the implantation site (left
shoulder/flank area) was shaved, pinched, and transilluminated with red light using a Lumencor
SpectraX light engine [645 nm, 50% red-light intensity set with SPECTRA GUI software
(Lumencor)] connected via a liquid light guide to a Nikon C-HGFIB collimator (Nikon
Instruments GmbH). To transilluminate the skin, we placed the collimator 5 cm below the pinched
implantation site. Photographic step tablets (21 steps; catalog no. 1523422, Kodak) were used as
gray-level reference standards to normalize the pixel intensity at the implantation site. Image-based
quantification of melanin concentration at the implantation site of Balb/c-nude and wild-type
Balb/c mice was performed using custom-programmed MATLAB software (MathWorks; see
MATLAB code in the Supplementary Materials). Differences in skin color among animals were
compensated by subtracting the median intensity of the skin around each implantation site from
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the intensity at the implantation site itself. The amount of melanin at the implantation site was
quantified in terms of mean pixel intensity.

5.9 Statistical analysis
All statistical tests were performed using GraphPad Prism software (GraphPad Software Inc.).
Fold changes between log10-transformed SEAP values derived from in vitro experiments were
compared using independent t test (Fig. 1C). All experimental data are presented as means ±
SD, n = 3 independent experiments. Melanin concentrations of treated HEKTattoo were analyzed
using one-way analysis of variance (ANOVA) with Dunnett’s multiple comparison test (Fig. 2C).
Differences in normalized pixel intensities recorded from images of porcine skin injected with
induced and uninduced microencapsulated HEKTattoo were compared using independent t test (Fig.
2H). Melanin concentrations, normalized pixel intensities, and Ca2+ concentrations in treated
animals implanted with hypercalcemic 410.4 or Colon-26 cells were compared to those of the
control mice implanted with the normocalcemic 168 cell line using GraphPad Prism software
(GraphPad Software Inc.) and one-way ANOVA with Dunnett’s multiple comparison test. All
treatment groups consisted of at least eight mice (n = 8). Data represent the means ± SEM.
Differences were considered significant at values of *P < 0.05, **P < 0.01, and ***P< 0.001 (Figs.
3, E to G, and 4, E to G). Individual subject-level data are reported in table S2.
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Table S2 (Microsoft Excel format). Individual subject-level data.



Movie S1 (.mp4 format). Melanin production by HEKTyr cells.



Movie S2 (.mp4 format). HEKTattoo cells cultured in hypocalcemic medium.



Movie S3 (.mp4 format). HEKTattoo cells cultured in normocalcemic medium.



Movie S4 (.mp4 format). HEKTattoo cells cultured in mild hypercalcemic medium.



Movie S5 (.mp4 format). HEKTattoo cells cultured in moderate hypercalcemic medium.



MATLAB code
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Conclusion and outlook
One of the most popular practical applications of cellular synthetic biology is the recombinant
DNA technology for protein production. The production of therapeutic proteins (antibodies,
hormones, Fc fusion proteins, cytokines, growth factors and blood products) are the biggest and
fastest growing industries in the biopharmaceutical field (179). Although microbial organisms are
used in the production of some therapeutic proteins, more complex proteins require mammalian
cells as a host for its post-transcriptional metabolic machinery. Another important aspect is that
the mammalian Chinese Hamster Ovary (CHO) cells are able to produce human like glycans and
the resulting protein product is compatible with the human organism (11). Among different
established cell lines the CHO derived cell lines emerged as the first-choice production systems
which is used in production of over 70% of all therapeutic proteins (180). In the past, researchers
have already targeted various technical and biological limitations that resulted in better production
titers such as viability (70), proliferation (94), and secretion capabilities (71). We have approached
the problem of secretion from a more fundamental point of view – by targeting an epigenetic factor
to increase the production rate.
Better understanding of the epigenetic mechanism have already allowed to improve protein
productivity (181). Changes in gene activity and expression level, as well as stable alterations in
the transcriptional machinery of a cell is referred as epigenetic alteration by the US NIH. In chapter
I of this thesis we have focused our attention on the polycomb family of proteins and how to utilize
their ability to target transcription factors and alter cell fate decisions (98) for large scale protein
production.

Ying Yang 1 protein (YY1) is a dual transcription factor that can act as an

transactivator as well as transrepressor depending on a co factor present (42). We have
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demonstrated that by varying YY1 expression profiles we were able to increase production of
different proteins in mammalian cells.
Another promising field that has advanced due to recent developments in mammalian synthetic
biology is cell and gene therapy. A cell can sustain the simplest, yet all the necessary living
activities. When organized in a higher structure, different types of cells are able to coordinate life
functions necessary for higher multicellular organisms. Because of its intricate machinery
mammalian cells so far considered the best candidates for cell implants, which can also be seen as
a multicellular unified sensing device with different outputs.
Just like synthetic biology, biomedicine brings together medical, biological and the natural
sciences, and applies them to clinical practice. The most prominent example to this date is the
chimeric antigen receptor (CAR) technology implemented in T cells. Upon expression of CAR in
T cells it mimics T cell receptor’s effector function specifically directed against a specific antigen
expressed on cancer cells. CAR-T cell therapy brings together gene, cell and immunotherapy.
Patient’s own cells are used, ex vivo modified and expanded, and reinfused back to specifically
attack patient’s own cancer cells. CAR elegantly combines parts of immune system, the single
chain variable fragment from antibodies produced by B-cells and signaling domains of T cell
receptor. CAR-T cell therapy was approved and granted breakthrough therapy designation from
FDA in 2017 for treatment of relapsed and refractory acute lymphoblastic leukemia (182).
The story of CAR started in 1980 and has gone through 3 generations of chimeric receptor
constructs. With each generation new features were introduced ensuring functionality and
persistence of anti-cancer effect of modified T cells (183). Currently the repertoire of CAR-T cells
is expanding. Researchers are not only looking for new single chain variable fragments and
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specific biomarkers of cancer, but also other approaches are being tested (182). A universal CAR
(anti-tag CARs that expresses streptavidin to biotin-binding domain) can target cancer cells coated
with biotinylated antibodies. Using this technology any cancer cell that is coated with biotinylated
antibodies could be targeted regardless of the antigen it is expressing (184). Advances in synthetic
biology continue to improve the design and mode of action for more potent and safe CAR-Ts, such
as small molecule mediated CAR-Ts (185), activation of the effector function is only possible
upon sensing combination of tumor specific antigens (186-188), introducing suicide genes into
CAR-T cells (189) and CAR T-cells with “ON” or/and “OFF switch” (190, 191). However
together with anti-cancer effect there were substantial off-target effects, which are a common
complication of CAR-T therapy. The two most critical adverse effects of the therapy are the
cytokine release syndrome and neurotoxicity (192, 193). This could potentially be avoided if
together with target specificity the amount of anti-cancer agent released could be controlled. CART technology partially translated into non-immune cells for cancer treatment has potentially solved
the problem of off target effects. Human mesenchymal stem cells and HEK-293T cells were
equipped with T cell receptor like signal transduction and were able to sense specific cell contact
and produce prodrug only upon sensing the cancer specific antigen (21).
Cells are the most natural sensors designed by nature to monitor subtle fluctuations and react by
secreting the right dose of a substance to maintain a healthy balance. That is why cells are still the
most frequently used host for biosynthetic applications. Designer-cell technology is a very
promising diagnostic system that could monitor and correct the health status and restore
homeostasis. Designer cells are living cells with an incorporated gene(s) or gene network(s), that
are programmed to sense a biomarker and secrete a diagnostic or therapeutic output. In recent years

101

the engineered cell technology has been expanding, but was mostly applied to a chronic disease
area, where a close continuous monitoring of patients is the most essential.
In pharma industry, the development of a drug is often coupled to the development of a companion
biomarker, that is used to monitor the response to a therapy (194). Much of the current work is
directed to develop a continuous glucose monitoring system. When developing a long term in vivo
monitoring device there are some challenges that arise due to the constantly changing environment
(195). Cell based technologies with their natural origin might be the right solution. Cells could be
used as an implant when encapsulated into a permeable material that allows to sustain a normal
metabolism. Encapsulated cell implants of functional allogeneic beta cells have been successfully
tested in preclinical models (196) and are being already clinically tested (143). Another clinical
study tested intraocular delivery of ciliary neurotrophic factor (CNTF) by encapsulated cell
implant to secrete antibodies in patients with chronic retinal degenerative diseases and
demonstrated a consistent production of CNTF over a 2-year period (197).
Encapsulation is essential to allow an allogenic cell transplantation and could provide a therapeutic
strategy where physiological cell systems are naturally providing smart regulation. It is especially
promising for chronic diseases where it is essential to provide a long-term monitoring, and in the
case of relapse to sustain a long-term treatment. Another attractive candidate for a disease where
encapsulated cells could bring a great benefit to are neurological disorders, since the central
nervous systems - being an immune privileged organ it has been the most challenging organ for
drug delivery (198). Encapsulated designer cells could potentially solve the problem and enable
continuous long term, targeted delivery of a therapeutic protein produced directly in the patient’s
body, solving issues of timely delivery, dosing, avoiding multiple injections and production of the
protein.
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Current diagnostic technologies mostly rely on analytical chemistry, antibody based detection
technologies and are available only in clinical laboratories. This approach is not time-efficient,
lacks clinically relevant information and therefore is also not optimal for early detection of
disorders. Dynamic biomarker signatures could provide comprehensive view of patient’s
pathophysiology its kinetics over time and response to the treatment. Optimal diagnostic device
should be able to detect, provide real-time and ideally non- or minimally invasive monitoring. To
address the last two parts, such diagnostic could be supported by portable device that is capable to
process complex cellular and molecular information and translate it into a clinical readout. By
combining natural sensors and control circuits as well as engineering principles – synthetic biology
could offer diagnostic device that is programmable, orthogonal, dynamic and personalized for
patient need.
In chapter II of this thesis we described a proof of concept study where designer cells were used
as an early tool to detect asymptomatic cancer state. The synthetic biology-based cellular
biomedical tattoo system is sensing a molecular onset of cancer and produce a visible melanin
pigment. To quantify the melanin amount non-invasively, the images of the implant site were
analyzed using a custom-programmed MATLAB software, which converts the amount of melanin
dark pigment produced in the implant site into pixel intensities. In the future, the sensing part of
the biomedical tattoo could be reprogrammed to sense for instance endocrine functions by
measuring hormone concentration, exposure to toxins, metabolic parameters such as glycemia or
lipidemia provided that the systemic concentration of the biomarker of interest is within a
detectable range.
In vitro diagnostic devices are already utilizing synthetic biology tools. Synthetic gene circuits
programmed for various biomarkers (e.g. glucose, bacterial antibiotic resistance gene etc.) were
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freeze-dried and integrated on paper device and used for colorimetric detection (199). The
advantage of the cell-based biosensors could be utilized in vitro and in vivo. Programmable
bacterial biosensors with integrated synthetic digital gene circuit were capable of multiplexed
detection of diabetes-associated biomarkers from clinical samples. In addition, bacterial biosensors
were able to integrate programmable medical decision algorithm and memory (200). Mammalian
designer cells equipped with a family of G protein-coupled receptors, histamine receptors H1–
4, were able to accurately profile allergens in human whole-blood samples and precisely score
histamine levels and produce a reporter protein (12). The clinical sensitivity and dynamic range
inspires interest in this technology since currently used diagnostic methods are often associated
with patient discomfort, lack of reproducibility and poor correlation with clinical symptoms.
Synthetic gene circuits could be used as molecular prosthesis that autonomously detect and
accordingly respond to a biomarker. Synthetic biology based biosensors could also be used as
continuous monitoring devices. Non-virulent probiotic strain Escherichia coli Nissle 1917 with
integrated LacZ reporter was used through oral administration to detect liver metastases and
produce a visible signal in urine of mice (201).
The development of synthetic biology based tools could find numerous applications in biomedical
research and beyond. In biomedical research, the synthetic biology has revolutionized genome
editing with development of CRISPR-Cas9 technology, which in turn opened up new opportunities
in bioengineering. Recent work showed a generation of universal T-cell by knocking down
endogenous T cell receptor genes for use in adoptive immunotherapy (48). The same principle
could be applied to create a universal implant cell and use it not only for adoptive T cell therapy,
but also as a personalized cell based biosensor for continuous long-term monitoring diagnostic or
therapeutic system. Such biosensor will not require encapsulation and could serve as continuous
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monitoring and/or preventive measure. That would also solve multiple problems that arise with
using encapsulation – such as generation of a fibrotic tissue layer around the implant, leakage of
the cells out of a microencapsulated device and so on. In pharmaceutical industry cell based
biosensors could find application not only in therapeutics, but also in preclinical models, where
instead of oral administration – engineered cell implants would allow continuous monitoring of
the effect of a therapeutic agent, its metabolism, absorption and excretion by the organism.
Digitalization and coupling of such cell-based implants to technologies would encourage
individual participation and potentially reverse the classical top-down approach in medicine.
Synthetic biology holds a great value to improve diagnostic approach in many human pathologies
by providing technological solutions to current problems in biomedicine with timely, precise and
personalized detection tools.
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