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Summary

Synthetic biology is dened as an engineering discipline that designs genetic and molecular
circuits to program cellular behavior in a predictable manner. Magnetic forces and light
have the potential to control biological systems with high spatiotemporal precision, which
is an attractive characteristic for synthetic biology. Synthetic biology-inspired engineering
of magnetically or optically controllable circuits in living cells will pave the way to medical
applications such as magnetic labeling of target cell populations or optogenetic control
of pathophysiological symptoms. As a stepping stone, here we have designed novel genetic programs to introduce paramagnetic behaviour and light-controlled cGMP-regulated
modules to mammalian cells.
Genetically programmable paramagnetic behavior of mammalian cells is described in
chapter 1. The combination of ectopic production of the human ferritin heavy chain 1
(hFTH1) for iron storage and the divalent metal ion transferase 1 (DMT1) for iron transport, and the design of an iron-loading culture medium to maximize cellular iron uptake
enabled ecient iron mineralization into intracellular ferritin particles and conferred paramagnetic behavior to the entire cell. The engineered cells could be separated from complex
cell mixtures using standard magnetic cell separation equipment.
A novel cGMP-regulated synthetic transcriptional regulatory module is described in
chapter 2, which was an essential part of a novel light-controlled transcriptional regulatory module that is described in chapter 3. The cGMP-specic transactivator (GTA)
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Summary

was created by fusing the bacterial cGMP receptor protein to the VP16 transactivation
domain. The corresponding chimeric promoter was designed by fusing the minimal cytomegalovirus immediate early promoter to the GTA-specic operator site. Intracellular
cGMP levels were modulated by the guanylate cyclase agonist (B-type natriuretic peptide) and cGMP-hydrolysing phosphodiesterase inhibitors (PDE 3A; cilostazol, milirone,
enoximone, PDE A; sildenal, vardenal, tadalal, PDE 9A; BAY 73-6691), and could be
successfully monitored with the GTA biosensor.
In chapter 3, a bacterial light-activated guanylate cyclase was engineered by sitedirected mutagenesis as a building block for optogenetic circuits.

The combination of

the designer cyclase and the GTA module enabled light-responsive transgene expression
in mammalian cells.

Furthermore, a designed optogenetic circuit that was integrated

into the penile erectile pathway enabled the blue light-dependent control of the erectile
responses in the rat penile corpus cavernosa, which represents a novel proof-of-concept of
erectile dysfunction treatment.
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Zusammenfassung

Die synthetische Biologie ist deniert als eine interdisziplinäre Ingenieurwissenschaft, die
sich mit dem Design genetischer und molekularer Schaltkreise beschäftigt, mit deren
Hilfe Zellverhalten in einer vorhersehbarer Weise programmiert werden können.

Mag-

netische Kräfte und Licht haben das Potenzial, biologischen Systeme mit hoher RaumZeit-Präzision zu kontrollieren, was ein attraktives Merkmal für die synthetische Biologie darstellt.

Das Konstruieren von magnetisch oder optisch steuerbaren Schaltungen

in lebenden Zellen, inspiriert durch die synthetische Biologie, ermöglicht neue Wege für
medizinische Anwendungen, sowie die magnetische Markierung von Zielzellpopulationen
oder optogenetische Kontrolle von pathophysiologischer Symptomen. Als Trittbrett hierfür haben wir neue genetische Programme entwickelt, um paramagnetisches Verhalten
und lichtgesteuerte, cGMP-regulierte Module in Säugerzellen einzuführen.
Genetisch programmierbares paramagnetisches Verhalten von Säugerzellen wird in
Kapitel 1 beschrieben.

Die Kombination aus ektopischer Proteinproduktion der men-

schlichen schweren Ketten 1 des Ferritins für die Speicherung von Eisen und des Enzyms
divalent metall ions Transferase 1 (DMT1) für den Eisentransport, zusammen mit dem
Design eines mit Eisen beladenes Zellkulturmediums, um zelluläre Eisenaufnahme zu maximieren, ermöglicht eine eziente Eisenmineralisierung in intrazellulären Eisenpartikeln
und überträgt paramagnetisches Verhalten auf die gesamte Zelle.
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veränderten Zellen können mit Hilfe von Standard-Magnetzellseparationsgeräten aus komplexen Zellgemischen getrennt werden.
Ein neuartiges synthetisches Transkriptionsregulationsmodul, reguliert durch cGMP
wird in Kapitel 2 beschrieben, whelches einen wesentlichen Teil eines lichtgesteuerten
Transkriptionsregulationsmodul ausmacht, welches wiederum ausführlich in Kapitel 3
aufgeführt wird. Der cGMP-spezische Transaktivator (GTA) ist ein Fusionsprotein, das
aus dem bakteriellen cGMP-Rezeptor und der sogenannten VP16-Transaktivierungsdomäne
besteht. Der entsprechend chimäre Promotor wurde durch Fusion des sogenannten minimal Cytomegalovirus Immediate-Early-Promotor mit der GTA-spezischen Operatorstelle
konzipiert. Der intrazelluläre cGMP-Spiegel wurde durch den Guanylatzyklase-Agonisten
(B-type natriuretic peptide) und die cGMP-hydrolysierende Phosphodiesterase-Inhibitoren
(PDE 3A; cilostazol, milirone, enoximone, PDE A; sildenal, vardenal, tadalal, PDE
9A; BAY 73-6691) moduliert und weiterhin erfolgreich mit dem GTA-Biosensor nachgewiesen
werden.
Kapitel 3 beschreibt die Entwicklung einer bakteriellen Guanylatcyclase, die durch
Licht aktiviert werden kann.

Diese wurde durch gezielte Mutagenese konstruiert und

fungiert als Baustein für optogenetische Schaltungen.

Durch die Kombination dieser

speziellen Cyclase und des GTA-Moduls konnte die transgene Genexpression in Säugerzellen
durch Licht ermöglicht werden. Desweiteren wurde eine optogenetische Schaltung entworfen, die in den erektilen Teil des Penis von Ratten integriert wurde. Dadurch konnte eine
erektile Reaktion im Corpus Cavernosum von Ratten mit Hilfe von Blaulicht induziert
werden. Dies stellt den ersten Machbarkeitsnachweis zur Behandlung erektiler Dysfunktion dar.
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Introduction

General Introduction
Molecular biology and genetics led to an understanding of various cellular mechanisms,
from simple chemotaxis (Porter et al., 2011) to the complicated vision mechanism (Collin
and Hart, 2014), in terms of genetic networks and molecular interactions, and paved
the way for the recent emergence of synthetic biology, which aims to design and reconstruct genetic and molecular networks to advance our knowledge and to enable useful
applications.
Magnetism and light have accentuated biological and clinical applications by their
non-invasive nature and the possibility of precise spatiotemporal regulation. Magnetic applications such as diagnostic magnetic resonance imaging (MRI) (Franek and Dolnikova,
1991) and in vitro magnetic cell separation (Miltenyi et al., 1990; Nishida and Silver,
2012; Schlatter et al., 2001) have become standard tools in modern medicine and biology.
The discovery of a series of light-activated proteins contributed to recent breakthroughs
in neuroscience improving our understanding of memory (Ramirez et al., 2013), depression (Airan et al., 2007; Covington et al., 2010), learning (Schroll et al., 2006), fear
(Johansen et al., 2010; Liu et al., 2012), addiction (Britt and Bonci, 2013) and olfactory
processing (Bellmann et al., 2010) by providing precise spatiotemporal control of neuronal
stimulation. Optogenetic tools have also been applied to other elds of biology including

15
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cardiology to control cardiac muscle cells (Bruegmann et al., 2010), parasitology to understand infectious mechanism of Toxoplasma gondii (Hartmann et al., 2013), and notably
synthetic biology to develop a pioneering synthetic biology-inspired optogenetic device for
diabetes using melanopsin phototransduction pathway which enabled blue light-triggered
glucagon-like peptide 1 (GLP1) expression (Ye et al., 2011).

Introducing magnetic property into mammalian cells
Magnetic applications in biology are expanding from simple magnetic separation of biological substances and cells to more complex concepts such as spatiotemporal-targeted
in vivo delivery, contrast agents for magnetic resonance imaging and hyperthermia-based

therapy (Mahmoudi et al., 2011; Schreiber et al., 2010; Weinstein et al., 2010).

Mag-

netization of mammalian cells is achieved by labeling with the chemically synthesized
magnetic particles containing surface modications for bio-compatibility and targeting
specic cell populations or the natural-origin particles such as ferritin. The chemically
synthesized magnetic nanoparticles have been preferred over natural-origin particles due
to their superior magnetic properties (Bakunin et al., 2004; Gao and Tang, 2011; Xu et
al., 2006). However, the exploitation of natural particles has been revisited (Stark, 2011;
Walser et al., 2012); To resolve safety issues that have emerged from undened ADMET
of synthetic materials in clinical applications (Rossi et al., 2009) and to handle the surface
modication in a simpler manner by fusing functional domains to ferritin (Lee et al., 2011;
Lin et al., 2011).
Iron is an important cofactor of many vital enzymes, for example, enzymes that participate in electron transfer chains of oxidative phosphorylation and photosynthesis. However,
Fe

2+

mediates production of reactive oxygen species by the Fenton reaction, and adequate
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Figure I.1. Iron transport mechanisms in human. Divalent metal ion transferase 1
(DMT1)-mediated iron transport is used in duodenal enterocytes to absorb iron from diet.
Dietary iron is reduced by duodenal cytochrome B (Dcytb) to Fe2+ , and transported to
cytoplasm by the DMT1. The transported iron can be stored in ferritin or delivered to
bloodstream. The transferrin cycle is used to absorb iron in the blood. Once iron-transferrin
complex is formed, it binds to transferrin receptor (TfR) in the extracellular space. Irontransferrin-TfR1 complexes are internalized, and Fe3+ is released from transferrin in the
endosome that has lower pH than extracellular space. The Fe3+ is reduced by Steap reductase, and Fe2+ is transported to cytoplasm by endosomal DMT1. The transported iron can
be utilized by proteins (e.g. iron-sulfur cluster) or stored in ferritin. Iron-free-transferrin-TfR
complexes are returned to the cell surface and iron-free transferrin is released to the blood.
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regulatory mechanism for iron transport and storage is crucial for cell survival (Pantopoulos et al., 2012). Mammalian cells have two distinctive pathways for iron transport that
involve the dierent proteins, divalent metal ion transferase 1 (DMT1) or transferrin.
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Figure I.2. Iron storage by ferritin. Ferritin is a 24-mer 12 nm protein shell that
is capable of storing up to 4500 iron ions of ferric (Fe3+ ) form in its 8 nm cavity. Fe2+
in cytoplasm is oxidized and transferred by ferroxidase center in ferritin. Transferred iron
forms nuclei at the inner surface of the ferritin and the iron accumulation leads to growth of
magnetite (Fe3 O4 ) iron core.

DMT1 is a membrane channel protein that transports various divalent metal ions
2+

such as Fe

2+

, Mn

, Zn

2+

, Cu

2+

2+

, Cd

2+

, Ni

2+

, Co

2+

and Pb

from the diet, and is
2+

predominantly found in intestinal cells such as duodenal enterocytes. Heme-bound Fe
3+

is the most favored substrate of the DMT1-mediated iron transport, while Fe
to be reduced to Fe

2+

needs

by ferrireductase such as duodenal cytochrome B (Dcytb) before
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being transported by DMT1. Transferrin is used in non-intestinal cells to transport iron
from the blood. In the extracellular space, free iron is captured by transferrin to form
an iron-transferrin complex, which is transported into the cells via transferrin receptor
(TfR)-mediated endocytosis.

Transferrin-bound iron is released by the low pH in the

endosome, and is ultimately transported to the cytoplasm by DMT1 expressed in the
endosomal membrane (Tabuchi et al., 2000).
Ferritin is an iron storage protein that is composed of structurally-identical 24 subunits, which forms a spherical structure of 12 nm in diameter with a cavity inside for iron
storage in magnetite (Fe3 O4 ) form (Trery et al., 1997). Transported Fe

2+

is oxidized and

transferred by the ferroxidase center of ferritin, and the transferred iron participates in
formation of the nuclei at the inner surface of the ferritin or growth of magnetite (Fe3 O4 )
iron core from the nuclei.

cGMP regulation in mammalian cells and therapeutic
implications
Cyclic nucleotides serve as universal second messengers in all kingdom of life (Gomelsky,
2011). Cyclic adenosine 3',5'-monophosphate (cAMP) was rst described as an orchestrator of signal transduction in mammalian cells, which was followed by the discovery
of cAMP in bacteria and cyclic 3',5'-guanosine monophosphate (cGMP) (Sutherland and
Rall, 1958).

Cyclic nucleotides are synthesized by corresponding cyclases, while phos-

phodiesterases (PDE) hydrolyze cyclic nucleotides.

The compounds and peptides that

regulate the activity of those enzymes have been developed as therapeutics for cardiovascular diseases, erectile dysfunction (Al-Ameri and Kloner, 2009), and lung diseases such
as asthma and COPD (Banner and Press, 2009).

19
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research expanded the therapeutic scope to protozoan infections (Seebeck et al., 2011)
and Alzheimer's disease (Reneerkens et al., 2009).
In animals, the cGMP signal pathway is deeply involved in the regulation of the cardiovascular system, such as vasorelaxation and in the proliferation of smooth muscle cells
(Archer et al., 1994; Yu et al., 1997), contractility and hypertrophy of cardiac myocytes
(Fiedler et al., 2002; Mohan et al., 1996), signal transduction in rod and cone cells (Bonigk
et al., 1993), platelet aggregation (Antl et al., 2007) and memory processing (Bernabeu
et al., 1996; Son et al., 1998).
Two types of guanylyl cyclases are present in mammalian cells: soluble or particulate
guanylyl cyclases. Soluble guanylyl cyclase (sGC) is a heterodimer of

α

and

β

subunits

with a prosthetic heme group (Wedel et al., 1995), that is activated by binding of nitric
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Figure I.3. Synthesis and breakdown of cAMP and cGMP.
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Figure I.4. Concepts of cGMP signaling in mammalian cells. cGMP generators
(blue) and eectors (red) as well as downstream pathways and cellular functions are shown.
cGKs, cGMP-dependent protein kinases; PDEs, phosphodiesterases; sGC, soluble guanylyl
cyclase.
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oxide (NO) to its heme and non-heme binding sites (Russwurm and Koesling, 2004). NO is
produced from L-arginine by nitric oxide synthases (NOS), which are expressed in neuronal
cells, vascular endothelial cells, smooth muscle cells and cardiac myocytes (Balligand et al.,
1994; Forstermann and Munzel, 2006; Gyurko et al., 2000). Particulate ganylate cyclases
such as natriuretic peptide receptors consist of an extracellular ligand binding domain, a
single transmembrane domain, a kinase homology domain and a GC domain (Tremblay
et al., 2002), which is expressed in vascular smooth muscle cells as well as the heart and
the kidney (Potter et al., 2006).

Those receptors are regulated by arterial natriuretic

peptide (ANP), B-type natriuretic peptide (BNP) and C-type natriuretic peptide (CNP)
that are secreted by the heart and vasculature, and regulate vascular tone, blood volume
and cardiac contractility when myocardial wall stretch is increased (de Bold et al., 2001).
The downstream regulation of cGMP is achieved by the eector proteins such as cGMPdependent protein kinases (cGKs) and cGMP-gated cation channels (Carreira et al., 2012;
Finn et al., 1997; Zhuo et al., 1994), and physiological eects are ne-tuned by specied
sub-localization of each components (Francis et al., 2010).
PDEs hydrolyze cyclic nucleotides to mononucleotides. 11 families of PDEs and more
than 50 splicing variants that dier in regulation, substrate specicity, tissue and subcellular distribution are currently known (Houslay and Milligan, 1997). Most PDEs contain an N-terminal regulatory domain and a C-terminal catalytic domain, and homology
among catalytic domains of PDE family is generally 20-45%, which enables the discovery
of specic inhibitors for each PDE (Houslay and Milligan, 1997).
The therapeutic concept of modulating intracellular cGMP level has been successfully
demonstrated in cardiovascular diseases, which is achieved by either the activation of

R (sildenal
⃝
guanylyl cyclases or inhibition of phosphodiesterases. For example, Viagra
citrate; PDE-5 specic inhibitor), was approved to treat erectile dysfunction in 1998, and
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made a huge success as worldwide sales exceeded 1.5 billion US dollar in 2001 (Rotella,
2002).

GC agonists such as nitroglycerin or recombinant natriuretic peptides (ANP;

Carperitide and BNP; Nesiritide) are approved for cardiac diseases, and the engineered
peptide CD-NP that is speculated to reduce the adverse eects of ANP/BNP is under
clinical development (Rose, 2010).

Optogenetic devices
Optogenetics started with a light-sensitive membrane channel protein from algae, channel+

rhodopsin-2, that transports H

to depolarize the membrane potential upon light stimu-

lation (Boyden et al., 2005). Since then, the repertoire of light-activated proteins has been
+

expanded; (i) opsin-based optogenetic devices that transport ions such as H
2+

al., 2005), Ca

(Boyden et

-

(Dixon et al., 2012) and Cl (Zhang et al., 2007) (ii) G-protein coupled

receptor (GPCR)-based OptoXRs and bacterial light-activated cyclases that modulate
cyclic nucleotides (Barends et al., 2009; Cao et al., 2010; Stierl et al., 2011).

Those

tools were applied to study mammalian cell physiology (Barends et al., 2009; Boyden
et al., 2005; Cao et al., 2010; Stierl et al., 2011), most intensively in neuroscience to
understand memory (Ramirez et al., 2013), depression (Airan et al., 2007; Covington et
al., 2010), learning (Schroll et al., 2006), reward (Airan et al., 2009), fear (Johansen et
al., 2010; Liu et al., 2012), addiction (Britt and Bonci, 2013) and olfactory processing
(Bellmann et al., 2010), since optogenetic approach was advantageous over traditional
electrical stimulation methods in neuroscience, that the combination of optic and genetic
devices provided precise spatiotemporal control of neuronal stimulation. Optogenetic approaches were expanded to other elds of biology, such as cardiology to control cardiac
muscle cells (Bruegmann et al., 2010), synthetic biology to develop optogenetic device
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for diabetes (Ye et al., 2011), and parasitology to understand infectious mechanism of
Toxoplasma gondii (Hartmann et al., 2013).
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Figure I.5. Major classes of optogenetic tools. Cation channels for membrane depolarization (channelrhodopsins (ChRs)), chloride pumps (halorhodopsin (NpHR)), proton pumps (bacteriorhodopsin) for membrane hyperpolarization, light-activated membranebound G protein-coupled (OptoXR) and light-activated bacterial cyclases are shown.

Erectile dysfunction and gene therapy
Penile erection is achieved by vasodilation of penile arteries and relaxation of smooth
muscles of corpus cavernosum (Andersson, 2011). After sexual stimulation, smooth muscle relaxation is initiated by the release of NO from neuronal and endothelial cells that
induces sGC activity in smooth muscle cells. sGC induces an intracellular cGMP surge,
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which stimulates the downstream signal transduction cascade to induce the decrease of
intracellular Ca

2+

, and ultimately leads to the relaxation of the smooth muscles.

Erectile dysfunction (ED) is generally dened as inability to achieve or maintain penile
erection for satisfactory sexual intercourse. Although ED is not life-threatening disease, it
has negative impact on patients and their partners' quality of life (Fugl-Meyer et al., 1997).
Epidemiological studies suggested that 5-20% of men have moderate-to-severe ED, and up
to 70% of men with ED are not treated (Kubin et al., 2003). Major physiological causes
of ED involve neuronal or vascular defects, or combination of both, such as cavernous
nerve injury during pelvic organ surgery (McCullough, 2005) or neuropathy with diabetes
(Bemelmans et al., 1994), and cardiovascular diseases as well as diabetes mellitus with
hyperglycemia that systemically lower vascular function.
Therapeutic strategies to circumvent erectile dysfunction relies on increasing the accumulation of intracellular cGMP in erectile tissues. The most successful oral administrative

R
⃝
drugs are phosphodiesterase 5 (PDE 5) inhibitors such as sildenal (Viagra ), which assists in building the cGMP surge in smooth muscle cells by inhibiting hydrolysis of cGMP
to GMP by PDE 5. Currently, it is the rst-line treatment for ED with the overall ecacy of 60-70% with no signicant side eects (Hatzimouratidis and Hatzichristou, 2008).
However, cardiac patients who are administered nitrate medications such as nitroglycerin
cannot tolerate this treatment (Schwartz and Kloner, 2011) and patients right after radical prostatectomy do not respond to phosphodiesterase inhibitor-based drugs (Hong et
al., 1999), and such PDE inhibitor-based therapeutic measures are focused on counteracting the symptoms, but not cure the underlying causes. Therefore, gene therapy has been
considered to cure erectile dysfunction by providing necessary factors, such as NO-cGMP
pathway modulators to enhance vasodilation (Champion et al., 1999; Chancellor et al.,
2003; Magee et al., 2002), growth factors to restore neuronal or endothelial function (Ben-
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nett et al., 2005), and K

+

2+

channels that are involved in Ca

-mediated smooth muscle

relaxation (Christ et al., 2004), which have been extensively tested in animal models such
as mice, rats and rabbits with diabetes or cavernous nerve injury.
Previous studies suggested that reduced expression of NOS by aging or diabetes is
followed by low NO production that causes insucient vasodilation, and ultimately leads
to ED as consequence (Garban et al., 1995; Saenz de Tejada et al., 1989; Strong et al.,
2008). Therefore, over-expression of NOS was considered as a potential treatment, and
all subtypes of NOS, endothelial (eNOS), neuronal (nNOS) and inducible NOS (iNOS)
improved erectile function in rat models (Champion et al., 1999; Chancellor et al., 2003;
Magee et al., 2002). Inhibition of arginase to increase L-arginine availability with antisense gene or inhibition of NOS inhibitory proteins with shRNA also improved erectile
function in rat models (Magee et al., 2007). Neurogenic ED is caused by cavernous nerve
injury during pelvic organ surgery (McCullough, 2005) or neuropathy with diabetes (Bemelmans et al., 1994). Neurotrophic factors such as neurotrophin-3 (Bennett et al., 2005),
brain-derived neurotrophic factor (Bakircioglu et al., 2001), insulin-like growth factor-1
(Pu et al., 2007), glial cell-derived neurotrophic factor (Kato et al., 2007) and neurturin
(Kato et al., 2009) increased endogenous NOS expression and restored erectile function
in rat models.

Also, vascular endothelial growth factors improved erectile function by

increased angiogenesis and cGMP levels in corpus cavernosum in rat models (Dall'Era et
al., 2008; Yamanaka et al., 2005).
Intracorporal injection of K

+

channel hSlo-encoding plasmid improved erectile function

in a rat model (Christ et al., 2004) and was further tested in a phase 1 clinical trial
(Melman et al., 2006).

The trial reported 2 men out of total 12 participants showed

improved erection after injection, and no detectable evidence of the plasmid in semen,
and no clinically signicant changes in patients' blood chemistry, endocrine, hematology
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Figure I.6. Pathway of penile erection. Tactile, olfactory, visual, auditory and mental
stimuli activate nerve cells and endothelial cells to produce and release the intercellular
signaling molecule nitric oxide (NO). NO induces the soluble guanylyl cyclase (sGC) inside
the smooth muscle cells of the

corpus cavernosum

that produces a surge of cGMP, which

triggers a decrease of intracellular calcium by closing of voltage-gated calcium channels and
ultimately results in relaxation of the corpus

cavernosum
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and penile erection.

Introduction

or urinalysis value and blood pressure, which reinforces gene delivery as a practical ED
therapy.
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Abstract
Although magnetic elds and paramagnetic inorganic materials were abundant
on planet earth during the entire evolution of living species, the interaction of
organisms with these physical forces remains a little-understood phenomenon.
Interestingly, rather than being genetically encoded, organisms seem to accumulate and take advantage of inorganic nanoparticles to sense or react to
magnetic elds. Using a synthetic biology-inspired approach we have genetically programmed mammalian cells to show superparamagnetic behavior.
The combination of ectopic production of the human ferritin heavy chain 1
(hFTH1), engineering the cells for expression of a professional iron importer,
the divalent metal ion transferase 1 (DMT1) and the design of an iron-loading
culture medium to maximize cellular iron uptake enabled ecient iron mineralization in intracellular ferritin particles and conferred superparamagnetic
behavior to the entire cell. When captured by a magnetic eld, the superparamagnetic cells reached attraction velocities of up to 30 µm/s and could
be eciently separated from complex cell mixtures using standard magnetic
cell separation equipment. Technology that enables magnetic separation of
genetically programmed superparamagnetic cells in the absence of inorganic
particles will foster novel opportunities in diagnostics and cell-based therapies.
Keywords:

Biogenic

Magnetization,

Biomagnetism,

Engineering, Superparamagnetism, Synthetic biology
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1.1 Introduction
Although iron is an essential nutrient found in the active centers of enzymes and oxygen
carrier proteins, it is highly reactive in its free Fe

2+

form and can cause oxidative damage

to cells (Henle et al., 1999; Sohn and Yoon, 1998).

Facing the opposing challenges of

having sucient iron supply while preventing iron-induced detrimental eects, iron uptake and storage are tightly regulated in all species (Andrews et al., 2003; Muckenthaler
et al., 2008; Thomson et al., 1999).

Intracellular iron storage is managed by a 24-mer

12 nm protein shell known as ferritin which is capable of converting and storing up to
4500 free iron ions of the less toxic ferric (Fe

3+

) form in its 8 nm cavity (Trery et al.,

1997). In mammals, iron storage is managed by two functionally distinct ferritin subunits,
the light L-ferritin isoform, which enhances iron hydrolysis and mineralization, and the
heavy H-ferritin variant, that carries the ferroxidase activity and is essential for uptake
of free iron (Hempstead et al., 1997).

In order to match iron abundance with ferritin,

the expression of the storage proteins is under transcriptional and translational control of
iron and iron-dependent factors (Muckenthaler et al., 2008). For optimal iron homeosta2+

sis, iron storage must be coordinated to iron import. Dietary iron is absorbed as Fe

by

the intestinal lumen and directly imported into the cytoplasm of duodenal enterocytes by
the divalent metal ion transferase 1 (DMT1) which is expressed in the apical membrane
(Tabuchi et al., 2002).

There, Fe

2+

is either converted to Fe

3+

and stored in ferritin

particles or directly transported across the basolateral membrane by ferroportin, where it
3+

reaches circulation and binds to transferrin after oxidation to Fe

(Nelson et al., 2010).

Transferrin and transferrin receptor are important iron-import components that are regulated in response to intracellular iron concentration in all the cells that require iron
(Casey et al., 1989). The extracellular transferrin captures 2 Fe

3+

ions and then binds

to the transferrin receptor in the plasma membrane, which leads to receptor-mediated
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endocytosis. The iron is recovered due to the pH change after endosome-lysosome fusion.
While the iron-free transferrin receptor complex is recycled to the plasma membrane,
where transferrin is released to search for more iron, the internalized iron is converted to
Fe

2+

and transferred from endosomes to the cytoplasm by the DMT1. In the cytoplasm,

the Fe

2+

is either immediately used or stored in ferritin as Fe

3+

.

Since proteins them-

selves are unable to exhibit superparamagnetic behavior we theorized that protein-metal
complexes such as ferritin could be used to program cells to become superparamagnetic.
Spatiotemporal manipulation of cells using magnetic elds has recently attracted a
lot of attention as a cell-separation technology (Miltenyi et al., 1990; Nishida and Silver,
2012; Schlatter et al., 2001), for targeted lentiviral transduction (Weber et al., 2009),
as contrast agents for magnetic resonance imaging (Franek and Dolnikova, 1991), for
the detection of cancer cells in the blood (Racila et al., 1998), magnetic hyperthermiabased eradication of cancer cells (Balivada et al., 2010), and for tracking of stem cells
(Jendelova et al., 2004) or leukocytes (Wu et al., 2007). Currently, most applications are
based on inorganic magnetic particles with a diameter in the low micrometer range that
are conjugated to streptavidin or antibodies for specic surface tagging of cells (Miltenyi
et al., 1990; Racila et al., 1998). Nanoparticles can more eciently respond to magnetic
elds than ferritin and are readily taken up by mammalian cells (Arbab et al., 2004;
Pawelczyk et al., 2009) (Weber et al., 2009). However, ongoing safety concerns associated
with nanoparticles and their potential to promote deleterious catalysis in the cytosol
(Bae et al., 2011; Knaapen et al., 2002) have dampened the hope for economic production
and easy-to-apply magnetic particles for diagnostics and therapy.

Although magnetic

separation on the basis of ectopic expression of ferritin has previously not been successful
in mammalian cells, we have revisited the issue and succeeded in programming mammalian
cells to show superparamagnetic behavior using ferritin-based nanoparticles.
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1.2 Materials and Methods
1.2.1 Vector design
Total RNA was isolated from HEK-293T cells (see below) with an RNeasy mini kit
(Qiagen, Hombrechtikon, Switzerland) and used to produce a cDNA pool with MultiScribeTM Reverse Transcriptase according to the manufacturer's instructions (Applied
Biosystems, Carlsbad, CA, USA). N-terminally HA-tagged human ferritin heavy chain 1
(HA-hFTH1) was PCR amplied from the cDNA pool using oligonucleotides OTK26 (5'ATAAGAATGCTAGCCCCACCATGTACCCATACGATGTTCCAGATTACGCT GG
CGGCGGCGGCatgacgaccgcgtccacctcg-3';
annealing

sequence

lower

case)

and

Nhe I

OTK22

site

underlined,

HA

tag

in

italics,

(5'-ATAAGAATGCGGCCGCGGAT

CCttagctttcattatcactgtctcc-3', Not I site underlined, annealing sequence in lower case),
restricted with Nhe I and Not I and cloned into the corresponding sites (Nhe I/Not I)
of

pcDNA3.1(+)

(pTK8,

IRESPV -EYFP-pAbGH )

PhCMV -HA-hFTH1-pAbGH ).

was

constructed

by

excising

pTK14

(PhCMV -HA-hFTH1-

IRESPV -EYFP

from

pCF76

(PhEF1α -IRESPV -EYFP-pAbGH , unpublished) with Not I/Xba I and cloning the fragment
into the corresponding sites (Not I/Xba I) of pTK8. Human divalent metal transporter 1
(DMT1, GenBank ID: AB004857) expression vector pDMT1 (PhCMV -DMT1-pAhGH ) was
purchased from Origene (Rockville, MD, USA).

1.2.2 Cell culture and transfections
Human embryonic kidney cells (HEK-293T, ATCC: CRL-11268) were cultivated in Dulbecco's modied Eagle's medium (DMEM; Invitrogen, Basel, Switzerland) supplemented
with 10% fetal calf serum (FCS; lot no. P231902; PAN Biotech GmbH, Aidenbach, Germany) and 1% penicillin/strepomycin solution (Sigma-Aldrich, Munich, Germany) at
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◦

C

in a humidied atmosphere containing 5% CO2 . HEK-293T were cotransfected us-

ing an optimized CaHPO4 -based protocol. In brief,

2 × 105

well of a 6-well plate and (co)-transfected with a total of 3
equimolar plasmid ratios were used) diluted in 100
quently mixed with 100

µl 2×HBS

µl

HEK-293T were seeded per

µg

DNA (for cotransfections

0.5 M CaCl2 solution and subse-

solution (50 mM HEPES, 280 mM NaCl, 1.5 mM

Na2 HPO4 , pH 7.1). The DNA-containing solution was incubated for 20 min at 22

◦

C

be-

fore it was added to the cells. To load cells with iron they were either incubated for 6 hrs
in iron-incorporation buer (20 mM HEPES, 130 mM NaCl, 10 mM KCl, 1 mM CaCl2 ,
1 mM MgSO4 and 100

µM

nifedipine, pH 6.5) containing 5% FCS and 3 mM of ferrous

ammonium sulfate or grown for 36 hrs in culture medium supplemented with 3 mM of
ferrous ammonium sulfate, unless stated otherwise. The cells were counted and their viability was assessed using an electric eld multi-channel cell counting device (Casy® Cell
Counter and Analyser Model TT; Roche Diagnostics GmbH, Basel, Switzerland).

1.2.3 Prussian Blue staining of iron-loaded ferritin
24 hrs after transfection, the monolayer cultures were xed with 100% ethanol at 22

◦

C

for 10 min and washed with PBS (500 ml; 4 g NaCl, 0.1 g KCl, 0.72 g Na2 HPO4 , 0.12 g
KH2 PO4 , pH 7.4) and incubated for 5 min at 22

◦

C

with freshly prepared 4% potassium

hexacyanoferrate (II) trihydrate (Sigma-Aldrich) solution containing 10% HCl (SigmaAldrich). Alternatively, the cells were detached using trypsin (500
lysed on ice in 50

µl

µl,

PAN Biotech) and

lysis buer (0.14 M NaCl, 0.1 M HEPES, 1.5% [w/v] Triton X-100

and protease inhibitor cocktail [Sigma-Aldrich; cat. no. P8340-1ML], pH 7.4). The cell
lysate was centrifuged at 14000×g for 20 min at 4
the supernatant was mixed with 1

µl

◦

C

to remove cell debris and 20

µl

of

of a 100 mM aqueous ferrous ammonium sulfate

solution (Sigma Aldrich; cat. no. 09719-250G) and 10
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µl

of native gel loading buer

(10 ml; 1.25 ml 0.5 M Tris-HCl pH 6.8, 3 ml glycerol, 0.2 ml 0.5% (w/v) bromophenol
blue, 5.55 ml deionized H2 O). The samples were resolved on a 6% polyacrylamide gel
(PAGE) using 5

µg

horse spleen ferritin (Sigma-Aldrich) as loading control. To visualize

iron-loaded ferritin, the gel was then stained for 5 min at 22

◦

C

in freshly prepared 4%

potassium hexacyanoferrate (II) trihydrate (Sigma-Aldrich) solution containing 10% HCl
(Sigma-Aldrich).

1.2.4 Western blot analysis
The cells were lysed (see above) and the extract resolved on a 12% SDS-PAGE as described above (1% w/v SDS added in loading buer and running buer). The proteins
were electroblotted (Trans-Blot

R
⃝

SD, Bio-Rad, Reinach, Switzerland) onto a PVDF mem-

R
⃝
brane (Immobilon -P, Millipore, Billerica, MA, USA) which was blocked with 5% milk
in TBST (TBS; 20 mM Tris, 137 mM NaCl, pH 7.4, containing 0.05% Tween-20; Axon
Lab AG, Baden-Dättwil, Switzerland) for 1 h at 22

◦

C

and incubated over night at 4

◦

C

with a mouse anti-ferritin H chain polyclonal antibody (1:1000; Abnova, Taipei, Taiwan;
cat. no. H00002495-B01, lot no. 08088 WULZ) or an rabbit anti-actin polyclonal antibody (1:1000; Sigma-Aldrich; cat. no. A2066, lot no. 061M4871).

The membrane was

then washed three times in TBST and incubated with a horseradish peroxidase-coupled
anti-mouse IgG (1:4000; Santa Cruz Biotechnology; Santa Cruz, CA, USA, cat. no. SC2306, lot no. E279) or a horseradish peroxidase-coupled anti-rabbit IgG (1:4000; AbD
Serotec, Düsseldorf, Germany; cat. no. STAR54).

ECL-Plus Western blot detection

reagents (Amersham, Piscataway, NJ, USA) were used for chemiluminescence-based signal detection performed with a Chemilux CCD camera (ImageQuant
GE Healthcare, Switzerland).
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1.2.5 Quantication of intracellular iron content
Intracellular iron concentration was quantied using a modied protocol adapted from a
previous study (Rad et al., 2007). In brief,

1 × 106

cells were incubated for 6 hrs in iron-

incorporation buer (see above), washed three times with 1 ml of cell culture media (see
above) to remove extracellular iron, detached using 0.5 ml trypsin and collected in 1.5 ml
Eppendorf tubes. The cells were centrifuged at 1200×g for 1 min, the supernatant was
discarded and the cell pellet was dried for 30 min at 95
in 400

µl

of 5 M HCl and incubated at 60

◦

C

◦

C.

Dried cells were resuspended

for 2 hrs to dissolve iron.

sample was transferred to a well of a 96-well plate containing 100

µl

100

µl

of the

of freshly prepared

5% potassium hexacyanoferrate (II) trihydrate (Sigma) and the plate was incubated for
30 min at 22

◦

C.

Iron concentration was quantied by absorbance at 700 nm and compared

to a serially diluted (0-200

µg/ml)

standard solution (1 mg iron oxide powder [Sigma-

Aldrich, cat. no. 637106-25G] resuspended with 1 ml 5 M HCl and incubated for 2 hrs at
60

◦

C).

1.2.6 Protein production measurement
4

10

HEK-293T cells were seeded per a well of 96-well plate and (co)-transfected with total

150 ng of DNA. In 150 ng DNA mix, 135 ng of pcDNA3.1(+), pTK14/-pcDNA3.1(+)
(1:1) or pTK14/-pDMT1 (1:1) were added, and 15 ng of pSEAP2-control (Clontech, SaintGermain-en-Laye, France) or pGL3-control (Promega AG, Dübendorf, Switzerland) were
added to monitor protein secretion and intracellular protein production. 24 hrs after transfection, the transfected cells were grown for 36 hrs in culture medium supplemented with
or without 3 mM of ferrous ammonium sulfate. Production of human placental secreted
alkaline phosphatase (SEAP) in the culture supernatants was quantied as described pre-
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viously (Schlatter et al., 2002) and production of rey luciferase was quantied with
luciferase assay kit (Promega AG, cat. no. E4030; lot no. 0000009974).

1.2.7 Magnetic eld simulation
The eld produced by a 40×5×5 mm NdFeB permanent magnet with remnant eld
strength of 1.40 T and relative permeability of 1.00 was solved using nite element analysis software, Comsol 4.2 (Burlington, MA, USA). The 2D simulation was performed
under stationary conditions with an extremely ne mesh size. The simulation was then
conducted in 3D in Comsol and post-processed in Matlab (Natick, MA, USA) in order to
conrm that the ux density and eld gradient was accurate.

1.2.8 Magnetic attraction and cell separation
Iron-loaded cells were washed three times in cell culture media (see above) to remove extracellular iron, trypsinized and resuspended in 1ml iron-incorporation buer (see above)
containing 5% FCS. To visualize magnetic attraction of engineered superparamagnetic
cells, the resuspended cells were mixed with 5 ml cell culture medium and poured into a
10 cm cell culture dish containing a NdFeB permanent magnet (40×5×5 mm, Webcraft
GmbH, Uster, Switzerland; cat. no. W-05-N50-G). The culture dish was slightly tilted
to produce a ow in the vicinity of the permanent magnet and the movement of the
engineered cells was recorded by time-lapse uorescence microscopy (Leica DM IL, Heerbrugg, Switzerland; PowerShot S50; Canon AG, Wallisellen, Switzerland). For magnetic
separation, a mixed cell population (10:5:85;

105

cells/ml) containing pTK14/pDMT1-

cotransfected, pDsRed-N1-transfected and parental HEK-293T was analyzed by FACS
(FC-500, Beckman-Coulter, Nyon, Switzerland; lter sets 525BP [EYFP], 575BP [DsRed])
to determine the initial size of the EYFP- and DsRed-expressing cell populations. 500
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(10

5

R magnetic cell
⃝
cells/ml) of the mixed cell population was loaded onto a MACS

separation column (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) that was equilibrated with FCS-containing iron-incorporation buer.

The column was washed three

times using the same buer and the ow-through population was collected for analysis.
Cells trapped in the magnetic eld were eluted after removal of the permanent magnet
using 1 ml of FCS-containing iron-incorporation buer.

Flow-through and eluted cell

populations were re-analyzed by FACS using identical settings.

1.3 Results
1.3.1 Design and validation of the superparamagnetic protein
particles
Magnetic behavior is typically limited to inorganic materials and in order to program
mammalian cells to react to magnetic elds they typically need to be either surface
tagged or loaded with superparamagnetic (nano-) particles that are taken up or allowed
to diuse into the cells.

Proteins have so far not been shown to confer superparamag-

netic behavior to entire mammalian cells. We have therefore expressed the H subunit of
the human iron-storage protein ferritin 1 (hFTH1) in HEK-293T cells in order to test
whether hFTH1-based iron mineralization will result in superparamagnetic behavior of

Fig. 1.1).

engineered mammalian cells (

Following transfection of pTK14 (PhCMV -HA-

hFTH1-IRESPV -EYFP-pAbGH ) into HEK-293T cells the functionality of the expression
unit was validated by uorescence microscopy taking advantage of the co-cistronically
expressed EYFP (

Fig. 1.2a)

and production of the human ferritin H chain was con-

Fig. 1.2b).

rmed by Western blot analysis (

Also, ectopically expressed human ferritin

was indeed able to sequester iron as shown by Prussian blue-based staining of ferritin in
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Fig. 1.2c) or entire monolayer cultures of pTK14-transfected HEK-

iron-loaded lysates (
293T cells (

Fig. 1.2d and e).

However, iron-loaded intracellular ferritin particles were

unable to confer superparamagnetic behavior to engineered cells (data not shown). Since
hFTH1 was expressed from the strong constitutive human cytomegalovirus immediate
early promoter (PhCMV ) it appears unlikely that ferritin levels were insucient for superparamagnetic reprogramming of the mammalian cells.
2+

conversion of soluble Fe

to mineralized Fe

3+

Rather, iron availability and/or

might be the limiting factors preventing

superparamagnetic behavior of engineered cells.

1.3.2 Engineering cells for increased iron uptake
Mammalian cells actively take up iron via the transferrin receptor whose expression is
increased when intracellular iron becomes limiting.

However, the endogenous level of

transferrin receptor was probably not sucient to transport the amount of iron into the
cell that is required to saturate ectopically expressed ferritin and confer superparamagnetic behavior to engineered cells. We have therefore constitutively co-expressed the
divalent metal transporter 1 (DMT1) in HEK-293T cells in order to promote continu2+

ous inux of Fe

into ferritin-expressing cells.

pTK14/pDMT1-(co-)transfected HEK-

293T cells were maintained in cell culture medium supplemented with 3 mM ferrous
ammonium sulfate, stained with Prussian blue and analyzed by bright-eld microscopy
(

Fig. 1.2d and e).

Co-expression of ferritin and DMT1 signicantly increased intra-

cellular iron content compared to parental cells or pTK14-mono-transfected HEK-293T

Fig. 1.2d and e).

cell populations (

When analyzing the cell lysates of pTK14- and

pTK14-/pDMT1-co-transfected HEK-293T iron-loaded human ferritin could only be visualized by Prussian blue-based staining when the cells were cultivated for 36 hrs in
the presence of 3 mM ferrous ammonium sulfate suggesting that the iron-loading capac-
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Figure 1.1. Diagram showing the principle of programming mammalian cells
for superparamagentic behavior. pTK14 contains the strong constitutive human cytomegalovirus immediate early promoter (PhCMV ) which drives a dicistronic expression vector encoding the human ferritin heavy chain 1 (hFTH1) and the enhanced yellow-uorescent
protein (EYFP) as control. Whereas hFTH1 is translated in a classic cap-dependent mechanism, translation-initiation of the EYFP is mediated by an internal ribosome entry site
of polioviral origin (IRESPV ). The divalent metal ion transferase 1 (DMT1) is encoded on
a separate vector and driven by PhCMV as well (pDMT1). Expression of hFTH1 leads to
production of apoferritin which self-assembles into a 24-mer 12 nm protein shell. (continued
in the next page)
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Figure 1.1. (cont.) Apoferritin also exhibits ferroxidase activity which converts Fe2+
into its less reactive and toxic Fe3+ ions, 4500 of which are stored in ferritin's 8 nm cavity.
Plasma membrane-bound Fe2+ importer DMT1 manages optimal intracellular iron supply for
maximum iron-loading of ferritin. Co-cistronically expressed EYFP serves as an intracellular
reporter to visualize hFTH1 expression and superparamagnetic behavior in real time (see
Movie 1).

ity of engineered cells was exceeding the iron supplies provided by standard cell culture

Fig. 1.2f ).

medium (

Due to the DMT1-mediated iron import the ferritin-staining was

more prominent in pTK14-/pDMT1-cotransfected cells compared to cells exclusively expressing hFTH1, suggesting that the amount of iron-loaded ferritin could be signicantly
increased by DMT1-mediated cellular iron import (

Fig. 1.2f ; see below).

1.3.3 Quantication of intracellular iron load
In order to estimate how much iron can be stored by ferritin-engineered cells, we made the
following theoretical considerations: mammalian cells contain 0.5 ng of total protein of
which ectopically expressed protein typically reaches 0.5-2.5 pg (Weber and Fussenegger,
2002).

Assuming ferritin expressed up to 0.5 pg per cell, the total number of ferritin

proteins per cell is

5 × 10−13 g
× 6.02 × 1023
4.7 × 105 g/mol
6.44×10

5

molecules/mol

= 6.4 × 105

ferritin.

(1.1)

ferritin proteins exist in a single cell. Assuming a maximum iron-loading ca3+

pacity of 4500 Fe

ions per ferritin,

HEK-293T cell has a diameter of 18

2.88 × 109
µm

Fe

3+

ions can be loaded per cell. Since a

(Osborne, 2010) and a volume of

4 3
πr = 3.05 × 10−12
3

L
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(r = 9 × 10−6

m),

(1.2)

Chapter 1

">(

A>(

B>(
!"#$%&"'(
)*+,-./0(

C>(

!"#$%&"'()*+,-./0(

)8#9$((
91'$$%(
:$##;<%(

10+23(

:$##;<%(

-/(E@(

"B<%(

3-(E@(

$>(

10+23(

10+23,?1@702(

)=6"%(
:$##;<%(

D>(

3.5

pg iron/cell

3
2.5
2
1.5
1
0.5
0
Parental Ferritin
HEK-293T

:>(
10+23(
4(67(

454/(67(

10+23,?1@702(
/(67(

4(67(

454/(67(

Ferritin
+DMT1

/(67(

Figure 1.2. Validation of ferritin and DMT1 functionality. (a) Fluorescent micrographs of co-cistronically expressed EYFP from HEK-293T transfected with pTK14 (size
bar indicates 200 µm). (b) A human ferritin heavy chain 1 and actin-specic Western
blot conrmed ectopic expression of human ferritin. Parental HEK-293T cell lysate was
used as negative control. (c) Puried horse spleen ferritin (5 µg) and total cell lysate
of pTK14-transfected HEK-293T (100 µg) were incubated with 3 mM ferrous ammonium
sulfate and resolved on a native 6% PAGE prior to Prussian blue-based staining. (d, e)
Bright eld micrographs of Prussian blue-stained parental and pTK14-transfected (d) as
well as pTK14-/pDMT1-co-transfected (e) HEK-293-T monolayer cultures grown for 36 hrs
in medium containing 3 mM ferrous ammonium sulfate (size bar indicates 100 µm). (f)
Prussian blue-based staining of native gels resolving whole-cell lysates of HEK-293T transfected with pTK14 alone or together with pDMT1 and cultivated in medium containing
dierent concentrations (0, 30 µM, 3 mM) of ferrous ammonium sulfate (FAS). (continued
in the next page)
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Figure 1.2. (cont.) Cells grown in media supplemented with 3 mM FAS showed improved ferritin-specic iron load compared to cultures containing 0 or 30 µM FAS and the
even higher iron uptake mediated by pDMT1 resulted in higher iron-specic staining of
pTK14-/pDMT1-(co-)transfected cells compared to pTK14-only transfected cells. (g) Intracellular iron content of parental, pTK14- and pTK14-/pDMT1-(co-)transfected HEK-293T
cells cultivated for 36 hrs in medium containing 3 mM FAS.

the intracellular Fe

3+

3+

concentration required to achieve a maximum iron load 4500 Fe

per ferritin is

3.05 × 10−12

2.88 × 109 Fe3+ /cell
= 1.57 × 10−3
L/cell × 6.02 × 1023 molecules/mol

M.

(1.3)

If the calculations are done assuming higher ferritin production levels reaching 2.5 pg of
total cellular protein, the maximum iron load of a cell increases to 7.85 mM. This matches
well with experimental data that show superparamagnetic behavior of cells loaded with
3 mM but not with 30

µM

ferrous ammonium sulfate.

In order to validate the theoretical considerations and evaluate the impact of DMT1
on total cellular iron load we quantied the intracellular iron concentration of native and
engineered cells.

Iron-free ferritin and ferritin with low iron content remain in the cy-

toplasm while ferritin with a high iron load forms insoluble siderosomes (Iancu, 1992).
Therefore, Prussian blue-based staining of native gels resolving the soluble fraction of cell
extracts containing ferritin with low iron content shows only low-level blue staining while
analysis of the whole cell lysate incubated with 5 mM ferrous ammonium sulfate stains
dark blue (data not shown). Although Prussian blue-based staining of native gels provides a qualitative estimate of intracellular iron contents (

Fig. 1.2f ), we have rigorously

quantied the intracellular iron content of parental HEK-293T, pTK14-transfected and
pTK14-/pDMT1-cotransfected HEK-293T cells (
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Fig. 1.2).

This analysis revealed that

Chapter 1

overexpression of ferritin (pTK14) increased cellular iron content 2.5-fold while overexpression of ferritin (pTK14) and DMT1 (pDMT1) boosted iron levels over 10-fold compared to parental cells (

Fig. 1.2g).

In absolute values, pTK14-/pDMT1-cotransfected

cells reach an iron load of 2.9 pg iron per cell which compares favorably which professional iron-storage cells such as hepatocytes (1-6 pg/cell) (Goto et al., 1983; Jacobs et
al., 1978). Also, the quantied intracellular iron load was comparable to the cellular iron
content suggested by the theoretical considerations described above (1.3 pg/cell).

1.3.4 Impact of iron incubation on cell viability
Because iron is a vital component for many enzymatic reactions, all living species have
evolved sophisticated devices to maintain reliable iron supplies and iron homeostasis. Although it was well known that strong fortication (0.5 mM) of iron in chemically dened
media increased viability index and protein production (Franek and Dolnikova, 1991), it is
therefore important to evaluate whether massive intracellular sequestration of iron by ectopically expressed ferritin may impair cell viability and functionality. Several experimen-

Fig. 1.3a) nor the cell viability

tal settings established that neither the cell morphology (
(

Fig. 1.3b)

was compromised by over expression of ferritin and/or DMT1 or cultiva-

tion of cells in media containing 3 mM ferrous ammonium sulfate. Furthermore, impact
of experimental settings and iron-loading condition on intracellular and secreted protein

Fig. 1.3c) and

production was monitored by constitutively co-expressing rey luciferase (

Fig. 1.3d).

human placental secreted alkaline phosphatase (SEAP) (

In general, ferritin

over-expression in HEK-293T cells increased protein production, and 3 mM ferrous ammonium sulfate in cell culture media reduced protein production. 3 mM ferrous ammonium
sulfate in cell culture media signicantly reduced protein production in parental HEK293T cells (SEAP; 25% and luciferase; 40% compare to non-iron condition), while the cells
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that were over-expressing ferritin (pTK14 alone and pTK14/-pDMT1 co-transfected cells)
produced same level or more SEAP and luciferase compare to parental HEK-293T cells
in normal culture condition, which implicates that ferritin over-expression neutralized the
iron-overloading condition and the protein production machinery was not compromised.
Overall, HEK-293T cells tolerated high iron-containing media, iron-loading as well as the
production of superparamagnetic ferritin particles.
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Figure 1.3. Impact of iron incubation on cell viability. Cell morphology (a),
viability (b) and protein production capacity (c and d) of parental, pTK14- and
pTK14-/pDMT1-(co-)transfected HEK-293T grown for 36 hrs in medium containing 3 mM
ferrous ammonium sulfate (FAS) (size bar indicates 100 µm).
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1.3.5 Superparamagnetic behavior of hFTH1-expressing cells
In order to assess whether iron-loaded ferritin particles are superparamagnetic and
whether they could cause entire cells to become superparamagnetic as well, we have
placed a NdFeB magnetic bar (40×5×5mm) in a culture dish containing iron-loaded
(3 mM ferrous ammonium sulfate) pTK14-/pDMT1-cotransfected suspension cells. After
the cells had stopped randomized movement, the cell culture dish was slightly tilted
to produce a ow in the vicinity of the permanent magnet.

As shown by time-lapse

uorescence microscopy following the engineered cells via their uorescence originating
from co-cistronically expressed EYFP, the cells within the range of the magnetic eld
moved towards the NdFeB magnet (

Fig. 1.4a;

Movie 1; see below). This demonstrates

that iron-loaded intracellular ferritin particles were able to cause superparamagnetic
behavior.

Analysis of their movement shown in Movie 1 revealed a maximum velocity

of superparamagnetically engineered cells of 30
magnetic eld (

µm/s.

We have also simulated the

Fig. 1.4b) as well as magnetic eld gradient (Fig. 1.4c) and estimated

the theoretical velocity of the cells based on their iron content.

The response of

superparamagnetic cells to a magnetic eld results from a combination of the magnetic
force induced by the external magnetic eld and the drag force. The net force acting on
the cells is described by

ma = Fmag − Fdrag .

(1.4)

The magnetic force acting on the cells is described by

Fmag = µ · ∇B,
where

µ

is the magnetic moment and

∇B

represents the magnetic eld gradient.

(1.5)

The

magnetic moment of superparamagenetic cells can be determined by the total magnetic
moment of all ferritin particles. Magnetization of ferritin is almost saturated in a magnetic
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eld of 0.5 T (Gossuin et al., 2009), and the magnetic moment of a native ferritin particle
was reported to be in the range of 250 to 400 Bohr magnetons (Brem et al., 2006). With
an intracellular iron content of 2.9 pg,

6.9 × 106

ferritin complexes can be loaded. At a

distance of 1mm from the permanent magnet's surface a magnetic eld of approximately

Fig. 1.4a)

0.50 T (

through simulation.

Fig. 1.4b)

and a magnetic eld gradient of 150 T/m (

were found

The magnetic force (Fmag ) attracting the superparamagnetic cells

was calculated to be within the range of 2.41 to

3.86×10−12 N for a single cell (considering

the Bohr magneton value range of 250-400). The drag force acting on the moving cell is
described by

Fdrag = 6πηRv
where

v

η

(1.6)

viscosity of media (η = 0.948 mPa·s), R radius of the cell (9

velocity of the cell.

× 10−6

m) and

The terminal velocity can be determined by balancing magnetic

force and drag force. When the cell reaches terminal velocity magnetic and drag forces is
identical.

Fmag = Fdrag

(1.7)

Velocity can be determined by combination of eq 1.5, 1.6, 1.7,

v=

µ · ∇B
6πηR

(values are indicated above)

(1.8)

The velocity of attracting superparamagnetic cells was estimated to be between 15 and
24

µm/s

which is in accordance with our experimental data (up to 30

µm/s;

Movie 1).

1.3.6 Magnetic eld-based separation of superparamagnetic cells
Magnetic separation of cells tagged or loaded with inorganic magnetic particles is standard practice in basic research and diagnostics (Zborowski and Chalmers, 2011). In order to evaluate whether mammalian cells producing superparamagnetic ferritin particles
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Figure 1.4. Superparamagnetic behavior of hFTH1-expressing cells. (a) Experimental set-up, bright eld and uorescence micrographs of pTK14-/pDMT1-cotransfected
HEK-293T suspension cells grown for 36 hrs in medium supplemented with 3 mM ferrous
ammonium sulfate (size bar indicates 200 µm). Superparamagnetic cells were attracted by
a NdFeB permanent magnet (see also Movie 1 using the same experimental set-up). (b, c)
The magnetic eld (b) and magnetic eld gradient (c) of the 40 × 5 × 5 mm NdFeB permanent magnet was simulated. The position of magnet was -20 to 20 in the x-axis and -2.5 to
2.5 in the y -axis (The absolute values of eld and eld gradient are symmetric at both poles,
so only half of magnet is displayed). The values are shown in color code indicated at the
right side of the simulation data (magnetic eld in T, magnetic eld gradient in T/m). The
graphs display magnetic eld and magnetic eld gradient of cross section at position y = 0.
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could be selectively separated from a mixed population of cells, we combined EYFPexpressing pTK14/pDMT1-cotransfected cells with DsRed-expressing cells (transfected
with pDsRed-N1) at a ratio of 2:1.

The cell mixture was validated by FACS analysis,

R column and allowed to separate in the
⃝
applied onto a commercially available MACS
presence of the standard magnetic eld produced by the MACS

Fig. 1.5b).

R
⃝

device (

Fig. 1.5a and

After FACS analysis of yellow- and red-uorescent cells in the eluate, the

capacity of engineered superparamagnetic cells for magnetic separation was quantied by
determination of the probability of capture (ρ):

ρ=

cell count of elute
cell count of initial mixture

× 100%

(1.9)

ρ of magnetically engineered cells was 25±2%, while ρ of DsRed expressing cell was 7±3%
(

Fig. 1.5c).

This data conrms the superparamagnetic behavior of cells producing iron-

loaded ferritin and that they could be separated in the absence of any inorganic nanocomponent, simply by overexpressing a protein.

1.4 Discussion
Remote-controlling the behavior of mammalian cells using non-invasive forces holds great
promise for gene- and cell-based therapies (Weber and Fussenegger, 2012). While living
systems have evolved proteins that capture electromagnetic waves in the range of visible
light which has been successfully used for light-controlled expression of insulinotropic factors for the treatment of type 2 diabetes (Ye et al., 2011), other traceless forces such as
radio frequencies and magnetic elds seem to have no natural protein-based response interface (Stanley et al., 2012). While the production of ferromagnetic magnetite (Fe3 SO4 ) or
greigite (Fe3 S4 ) particles enables magnetotactic bacteria to move along geomagnetic eld

61

Chapter 1

!"#

%"#
30

30

25

25

20
DsRed

15

EYFP
10
5
0

Probability of capture (%)

Cell population (%)

$"#

20
15
10
5
0

Initial mix

Flow through

Eluate

DsRed

EYFP

Figure 1.5. Separation of superparamagnetic cells. (a) Schematic representation
of cell separation. pTK14-/pDMT1-cotransfected superparamagnetic EYFP-positive cells
were mixed with pDsRed-transfected red-uorescent cells, analyzed by FACS and loaded
onto a gravity-ow magnetic column. While red-uorescent cells ow through the column,
superparamagnetic EYFP-positive cells are retained in the magnetic eld and can be recovered in the eluate after removal of the permanent magnet. (b) FACS-based analysis of the
percentage of EYFP- and DsRed-positive cells in the initial cell mixture, ow through and
eluate. (c) Probability of capture of superparamagnetic (EYFP-positive) and magnetically
inert (DsRed-positive) cells.

62

lines, magneto-reception and orientation of migratory animals remains a little-understood
phenomenon (Jogler and Schuler, 2009; Wiltschko and Wiltschko, 2006).

Engineering

mammalian cells to become responsive to radio frequencies and magnetic elds require
the use of synthetic inorganic micro/nanoparticles (Grass et al., 2007; Schlatter et al.,
2001; Stanley et al., 2012; Stark, 2011; Weber et al., 2009). Due to their novel and unique
properties inorganic nanoparticles are widely used to produce materials for consumer
products (Bakunin et al., 2004; Gao and Tang, 2011; Xu et al., 2006). However, the full
extent of risk associated with nanoparticles for living systems which, during their entire
evolution, had never been exposed to particles that small, remains largely elusive (Auan
et al., 2009; Bae et al., 2011; Knaapen et al., 2002; Lewinski et al., 2008; Stark, 2011).
Safety concerns of nanoparticles focus on their environmental persistence and bioaccumulation (Stark, 2011; Walser et al., 2012) and most importantly on their cytotoxicity
associated with surface properties such as catalytic activities interfering with cellular
metabolism, production of reactive oxygen species damaging DNA (Knaapen et al., 2002)
and membrane lipids (Lin et al., 2010) and leaching of metal ions (Soenen et al., 2011).
Oxidative stress and metal ions have been implicated in cancer (Toyokuni, 2002) and the
development of neurodegenerative disorders (Gaeta and Hider, 2005), respectively.
Iron is an important co-factor for many essential enzymes.

At the same time it is

highly reactive and easily precipitates under physiologic conditions. Such iron deposits
have been associated with the development of Alzheimer's, Parkinson's and Huntington's
diseases (Dobson, 2004). Balancing availability and toxicity requires precise management
of iron homeostasis. From prokaryotes to humans ferritin represents a key iron storage
protein complex that coordinates vital iron supply while sequestering and mineralizing excess iron (Theil, 1987). Ectopically expressed ferritin was successfully used as a marker for
magnetic resonance imaging-based tracking of engineered cells in living animals (Cohen
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et al., 2005). However, although the superparamagnetic behavior of ferritin and manipulation of the core characteristics has long been shown in vitro (Meldrum et al., 1992),
ferritin-based bio-magnetization of mammalian cells has so far not been successful, likely
because iron-loading of ferritin-expressing cells was not suciently high. By combining
ectopic expression of ferritin with improved DMT1-based iron import and ferrous ammonium sulfate-supplemented culture medium, we could achieve sucient iron loading in
human cells such that they showed superparamagnetic behavior by moving in magnetic
eld gradients and could be reliably separated from complex cell mixtures using standard permanent magnet-based equipment. Genetic programming of superparamagnetic
behavior in mammalian cells will foster novel opportunities in diagnostics and cell-based
therapies.
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Abstract
Cyclic guanosine monophosphate (cGMP) is a universal second messenger
that is synthesized from guanosine triphosphate (GTP) by guanylyl cyclases
(GCs) and hydrolyzed into guanosine monophosphate (GMP) by phosphodiesterases (PDEs). Small-molecule drugs that induce high cGMP levels in
specialized tissues by boosting GC activity or inhibiting PDE activity have
become the predominant treatment strategy for a wide range of medical
conditions, including congestive heart failure, pulmonary hypertension,
atherosclerosis-based claudication and erectile dysfunction. By fusing the
cGMP receptor protein (CRP) of

Rhodospirillum centenum

to the Herpes

simplex-derived transactivation domain VP16, we created a novel synthetic
mammalian cGMP-sensing transcription factor (GTA) that activates synthetic
promoters (PGTA ) containing newly identied GTA-specic operator sites in
a concentration-dependent manner. In cell lines expressing endogenous natriuretic peptide receptor A (NPR-A) (HeLa), GTA/PGTA -driven transgene
R ) in
expression was induced by B-type natriuretic peptide (BNP; Nesiritide⃝

a concentration-dependent manner, which activated NPR-A's intracellular
GC domain and triggered a corresponding cGMP surge. Ectopic expression
of NPR-A in NPR-A-negative cell lines (HEK-293T) produced high cGMP
levels and mediated maximum GTA/PGTA -driven transgene expression, which
was suppressed by co-expression of PDEs (PDE-3A, PDE-5A and PDE-9A)
R,
and was re-triggered by the corresponding PDE inhibitor drugs (Pletal⃝
R , Primacor⃝
R (PDE-3A), Viagra⃝
R , Levitra⃝
R , Cialis⃝
R (PDE-5A) and
Perfan⃝

BAY73-6691 (PDE-9A)). Mice implanted with microencapsulated designer
cells co-expressing the GTA/PGTA device with NPR-A and PDE-5A showed
74

R ).
control of blood SEAP levels through administration of sildenal (Viagra⃝

Designer cells engineered for PDE inhibitor-modulated transgene expression
may provide a cell-based PDE-targeting drug discovery platform and enable
drug-adjusted gene- and cell-based therapies.
Keywords:

cGMP, synthetic gene circuit, guanylyl cyclases, phosphodiesterases
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2.1 Introduction
Cyclic guanosine monophosphate (cGMP) is a universal second messenger that modulates a wide range of activities in all living organisms (Beavo and Brunton, 2002).

In-

tracellular cGMP levels are ne-tuned by the interplay of guanylyl cyclases (GCs), which
synthesize cGMP from guanosine triphosphate (GTP) (Lucas et al., 2000), and cyclic
nucleotide phosphodiesterases (PDEs), which hydrolyze cGMP into guanosine monophosphate (GMP) (Omori and Kotera, 2007).

In mammalian cells, cGMP is produced by

transmembrane particulate GCs such as natriuretic peptide receptors (NPRs; NPR-A and
NPR-B) whose intracellular GC domain is activated by surface-bound arterial (ANP) or
B-type (BNP) natriuretic peptide hormones (Potter et al., 2009), or by soluble GCs induced by the key intercellular signaling molecule nitric oxide (NO) (Martin et al., 2005).
After an intracellular cGMP surge, the second messenger may directly gate the conductance of specic ion channels (Kaupp and Seifert, 2002) or activate the cGMP-dependent
protein kinase (PKG), thereby modulating an array of target proteins controlling a wide
range of physiological processes (Francis et al., 2010; Wolfertstetter et al., 2013). Intracellular cGMP levels are also modulated by PDEs that hydrolyze the phosphodiester bond
in the second messenger and regulate the duration and amplitude of cyclic nucleotide
signaling (Omori and Kotera, 2007). In humans, there are eleven PDE families with over
fty splice variants that show dierent tissue distributions and subcellular localizations
in addition to substrate specicities and regulation characteristics (Houslay and Milligan,
1997).
As a central second messenger, cGMP participates in a wide range of physiological processes including embryonic development (Gouge et al., 1998), vision (Stryer, 1986), odor
(Zufall and Leinders-Zufall, 2000), immune responses (Niedbala et al., 2002), platelet aggregation (Walter and Gambaryan, 2009), gastrointestinal and energy homeostasis (Moro
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and Lafontan, 2013; Steinbrecher and Cohen, 2011), and brain activities including learning and memory processing (Bernabeu et al., 1996; Son et al., 1998). cGMP signaling is
essential for cardiovascular homeostasis; it controls relaxation and proliferation in vascular smooth muscle cells (Archer et al., 1994; Yu et al., 1997) in addition to contractility
and hypertrophy in cardiac myocytes (Fiedler et al., 2002; Mohan et al., 1996). cGMP
signaling is also essential for a variety of human pathogens including the malaria parasite
Plasmodium falciparum (Taylor et al., 2008).

Because of its central physiological role, cGMP is associated with a wide range of
pathophysiologies, which has triggered the discovery and development of a variety of
cGMP-boosting drugs. Guanylyl cyclase inducers and phosphodiesterase inhibitors currently represent one of the largest blockbuster drug portfolios in medical history.

For

R
⃝
example, guanylyl cyclase booster drugs such as atrial (Carperitide ) and B-type natriuretic (Nesiritide®) peptides targeting NPR-A are clinically licensed for the treatment of
congestive heart failure (Chen and Burnett, 2006; Saito, 2010). Second-generation natriuretic peptides that have entered clinical trials are engineered variants with dual NPR-A
and NPR-B specicity (for example, CD-NP) that are expected to provide an improved
cGMP surge and therapeutic impact (Rose, 2010). PDEs are particularly attractive drug
targets, as the C-terminal catalytic domains are typically 20% to 45% conserved between
PDE families, which enables the design of family-specic inhibitory drugs (Lin et al.,
2003).

For example, PDE-3A inhibitors have been approved for congestive heart fail-

ure (Inocor

R
⃝

R
R and Primacor⃝
R ),
⃝
⃝
) and atherosclerosis-based claudication (Pletal , Perfan

R
R and
⃝
⃝
and PDE-5A inhibitors are prescribed for erectile dysfunction (Viagra , Levitra
R
R and Adcirca⃝
R ). PDE inhibitors are also
⃝
⃝
Cialis ) and pulmonary hypertension (Revatio
starting to be considered for applications beyond vascular disorders, such as the PDE9A inhibitor that is currently being evaluated in (pre-)clinical trials for the treatment
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of Alzheimers disease and improvement of learning and memory (van der Staay et al.,
2008). Furthermore, because PDEs also play essential roles in human pathogens such as
Plasmodium falciparum, PDE inhibitors are currently being revisited for the treatment of

infectious diseases such as malaria (Taylor et al., 2008).
Given the increasing interest in studying the function, dynamics and modulation of
cGMP-based signaling in all species, to design and optimize therapeutic interventions
for metabolic disorders and infectious diseases it is important to develop a protein-based
biosensor that reports intracellular cGMP levels with robustness, reliability and precision.
By converting the cGMP-specic receptor protein CRPRCE , which controls cyst formation
in the Rhodospirillum centenum, into a mammalian transcription factor that binds to
chimeric promoters containing newly identied transcription factor-specic operator sites,
we have designed a synthetic cGMP-sensitive gene switch that enables scoring of the

R
⃝
eect of all clinically licensed PDE inhibitors in mammalian cells and provides Viagra controlled transgene expression in mice.

2.2 Materials and Methods
R
2.2.1 Viagra⃝
-sensor components

Comprehensive design and construction details for all expression vectors are provided

in

Table 2.1.

unit

for

was

produced

tive

BioBricks-compatible

by

NLS3

the

Key

cGMP-dependent
in

a

four-step

pTK56

plasmids:

transactivator
procedure:

mammalian

(i)

harbors

(GTA;
Design

expression

a

constitutive

PhCMV -GTA-pAbGH ).
of

vector

the

pTK51,

containing

(PhCMV -Eco RI-atg-NLS3 -Spe I-VP16-Nhe I-NLS3 -Bam HI).

amplied from

pMG250

(see

Table 2.1)

expression

a

pTK56
constitu-

VP16

VP16

was

anked
PCR-

using oligonucleotides OTK79 (5-ggaattcac
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catgcctaaaaagaaacgaaaagtccctaaaaagaaacgaaaagtcccaaaaaagaagcggaaagtg actagtgcctctggag
cctctggaGCGCGTACGAAAAACAATTA-3', NLS3 in italics) and OTK80: 5'-ctatggatcc
gacttttcgtttctttttagggaccttacgctttttcttagggaccttgcgcttctttttagg gctagctccggcagaggctccaaCCCA

CCGTACTCGTCAATT-3', NLS3 in italics), restricted with Eco RI/Bam HI and inserted
into the corresponding sites (Eco RI/Bam HI) of
of

pMM1

(see

Table 2.1).

(ii) Design

pTK52, a pUC57-based vector containing a mammalian codon-optimized version of

the cyclic GMP receptor protein of Rhodospirillum centenum (CRPRCE ) in BioBrickscompatible

cloning

format

(Eco RI-atg-Spe I-CRPRCE -Nhe I-Bam HI).

(iii)

Design

of

pTK53,

a constitutive GTA2 (CRPRCE -VP16-NLS3 ) expression vector (PhCMV -GTA2 -

pAbGH ).

CRPRCE was excised from

compatible sites (Eco RI/Spe I) of

pTK52

pTK51.

with Eco RI/Nhe I and inserted into the

(iv) Design of

(CRPRCE -VP16) expression vector (PhCMV -GTA-pAbGH ).
from

pTK56,

a constitutive GTA

CRPRCE -VP16 was excised

pTK53 with Eco RI/Nhe I and cloned into the corresponding sites (Eco RI/Nhe I) of

pMM1 (see Table 2.1).
pTK58 constitutively expresses the human natriuretic peptide receptor (NPR-A) exhibiting guanylyl cyclase activity (PhCMV -NPR-A-pAbGH ).

pTK39, pTK59 and pTK73

provide constitutive expression of the human phosphodiesterases (PDE-)3A/5A/9A
(PhCMV -PDE-3A/5A/9A-pAbGH ).

pTK551

contains a GTA-specic cGMP-responsive

SEAP expression unit (PGTA4 -SEAP-pA).

2.2.2 Bioinformatics
Bioinformatic analysis revealed that the helix-turn-helix motif of Rc1_3788 showed strong
sequence homology (23-50%) to the Escherichia coli CAP/FNR family, suggesting that
Rc1_3788 may bind to a homologous operator site. Using the 2301 known CRP operator sites contained in the RegPrecise database (Novichkov et al., 2010a) and considering
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CRP's consensus operator site (TGTGA-6N-TCACA), we generated a 22-nt palindrome
prole that was used to nd putative operator sites in the upstream regions of Rhodospirillum centenum genes using the RegPredict database (Novichkov et al., 2010b). Of the

253 putative operator sites of R. centenum (max score, 4.29; min score, 2.70), 2 appeared
to be associated with cGMP-responsive genes (Marden et al., 2011). We selected the putative operator site with the higher score (GCG

TGTGAACTGCTTCACACGA; score:

3.15) that was identied in the intergenic region of Rcl_3784 and Rcl_3785.

2.2.3 Cell culture and transfection
Human embryonic kidney cells (HEK-293T, ATCC: CRL-11268) and human cervical adenocarcinoma cells (HeLa, ATCC: CCL-2) were cultivated in Dulbecco's modied Eagle's
medium (DMEM; Invitrogen, Basel, Switzerland) supplemented with 10% (v/v) fetal
calf serum (FCS; lot no. PE01026P, Bioconcept, Allschwil, Switzerland) and 1% (v/v)
penicillin/streptomycin solution (Sigma-Aldrich, Munich, Germany). All cell lines were
cultivated at

2 × 105

37 ◦ C in a humidied atmosphere containing 5% CO2 .

cells were seeded in each well of a 6-well plate 12 hrs prior to transfection and then

incubated for 24 hrs with 400
4.8

µL

For (co-)transfection,

of PEI (PEI,

µL of a DNA-PEI mixture that was produced by incubating

< 20, 000

MW, cat. no. 23966, Polysciences, Inc., Warrington, PA,

USA; stock solution: 1 mg/mL ddH2 O, pH 7.2) with 2.4
ter vortexing for 5 s.

pTK56, pTK58, pTK551 and pTK39/pTK59 were typically co-

transfected at a ratio of 1:1:5:5 (1:1:5:0.05 for
transfection,

µg of DNA for 15 min at 21 ◦ C af-

5 × 104

pTK73).

For

pSTING/pZKY121/pSO3

HEK-293T cells were seeded in each well of a 24-well plate 12 hrs

prior to transfection and the cells were transfected with a 100

µL

of DNA-PEI mixture

pSTING/pZKY121/pSO3 at a ratio of 1:1:5) and 0.7 µL of PEI.

with 350 ng of DNA (
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2.2.4 Analytical assays
SEAP:

Production of human placental secreted alkaline phosphatase (SEAP) was

quantied in cell culture supernatants according to a p-nitrophenylphosphate-based
light-absorbance time course (Schlatter et al.,
chemiluminescence-based

assay

(Weber and Fussenegger, 2004).

2002) and in mouse serum using a

(Roche

Diagnostics

GmbH,

Mannheim,

cGMP:

Intracellular cGMP levels were proled using

R assay (Cell Signaling, Danvers, MA, lot no. 0003).
⃝
a cyclic GMP XP
intracellular cGMP levels were produced by seeding 10

4

Germany)

Reference

cells per well of a 96-well plate.

After 12 hrs, the cells were subsequently incubated for 20 min with the phosphodiesterase
inhibitor 3-isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich) to block the degradation
of cGMP and conserve the intracellular cGMP pool and then for 40 min in serum-free
culture medium containing dierent concentrations of human B-type natriuretic peptide
(0-100 nM).

2.2.5 Regulating compounds
Human B-type natriuretic peptide (Genscript, Piscataway, NJ) was dissolved in ddH2 O
(10 mg/mL) and stored at

−80 ◦ C.

Sildenal citrate, tadalal, vardenal, cilostazol,

milrinone, enoximone and BAY73-6691 (all from Santa Cruz Biotechnology, Santa Cruz,
CA) were dissolved in DMSO (10 mg/mL) and stored at

−20 ◦ C.

Cell-permeable and

phosphodiesterase-resistant 8-Br-cAMP and 8-Br-cGMP (both from Enzo Life Sciences
AG, Lausen, Switzerland) were dissolved in ddH2 O (50 mM) and stored at

−20 ◦ C.

Forskolin (Sigma-Aldrich, Munich, Germany) was dissolved in DMSO (50 mM) and stored
at

−20 ◦ C.

Rp-8-Br-PET-cGMPS, Rp-8-Br-cGMPS and 8-pCPT-cGMP (BIOLOG, Bre-

men, Germany) were dissolved in ddH2 O (5 mM) and stored at
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2.2.6 Electromobility shift assay (EMSA)
5'-Cy5 labeled oligonucleotides OTK145 (5'-Cy5-GACGTCGTCGACGGCGTGTGA-3')
and

OTK146

(5'-Cy5-GCTAGAATTCCGCGGAGGCTGGATCGG-3')

PCR-amplify the operator region from
were prepared from

pTK55.

pTK56-transfected

were

used

to

Crude GTA-containing protein samples

HEK-293T cells.

In total,

4 × 106

cells were

resuspended in 1 mL of lysis buer (PBS×1, 10 mM dithiothreitol (DTT, Axonlab,
Baden, Switzerland), 10% glycerol, 10 mM MgCl2 ) supplemented with protease inhibitor
cocktail (cat. no. P8340; Sigma-Aldrich, Munich, Germany), and the cell suspension was
sonicated for 30 s (Sonopuls mini20, Bandelin electronic GmbH). The cell lysate was
centrifuged twice at

14000 × g

for 20 min at

4 ◦C

to remove cell debris, and the protein

content was quantied using a Bradford assay (BIO-RAD, Hercules, CA, cat. no. 5000002).

Subsequently, 120

µL

of the protein sample was mixed with 100 ng of DNA

probe, 1 mg of Poly(dI-dC)·Poly(dI-dC) (Sigma-Aldrich, Munich, Germany) in PBS and
optionally 100
at

4 ◦C

µM

8-Br-cGMP. The crude protein extract was incubated for 10 min

with the DNA probe and further analyzed on a 5% (v/v) polyacrylamide-TBE

gel, which was run for 2 hrs at 150 V and

4 ◦ C.

The mobility of the DNA probe was

analyzed using an FLA-3000 uorescence scanner (excitation 633 nm; Fuji Photo Film
Duesseldorf, Germany).

2.2.7 Animal experiments
Cell implants were produced by encapsulating

pTK551/pTK56/pTK58/pTK59-

transgenic HEK-293T cells into coherent alginate-poly-(L-lysine)-alginate beads (400

µm;

200 cells/capsule) using an Inotech Encapsulator Research Unit IE-50R (Buchi Labortechnik AG, Flawil, Switzerland) set to the following parameters:

200

µm

nozzle with a

vibration frequency of 1116 Hz and voltage of 950 V for bead dispersion, and a 20 mL sy-
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ringe operated at a ow rate of 405 units. In total, 700

106

microencapsulated transgenic cells (

µL of FCS-free DMEM containing

pTK551/pTK56/pTK58/pTK59-transgenic

HEK-293T; 200 cells/capsule) were intraperitoneally implanted into 14-week-old male
CD1 mice (Janvier S.A.S., Le Genest-Saint-Isle, France). The treated animals received

R
R
⃝
⃝
twice daily doses of sildenal citrate (Viagra ) or vardenal (Levitra ) ranging from
0 to 100 mg/kg/day.

Blood samples were collected after 24 hrs, and the serum was

isolated using Microtainer SST tubes according to the manufacturers protocol (Beckton
Dickinson, Plymouth, UK) before serum SEAP levels were scored as described above. All
experiments involving animals were performed according to the European Parliament and
European Union Directive 2010/63/EU, approved by the French Republic (no. 69266309)
and performed by Ghislaine Charpin-El Hamri at the Université de Lyon-Institut
Universitaire de Technology, IUTA, F-69622 Villeurbanne Cedex, France.

2.3 Results
2.3.1 Design of a synthetic cGMP-sensitive mammalian
transcription-control device
For the design of a synthetic mammalian cGMP sensor that plugs into the cellular cGMP
pool and directly relates cGMP levels to a coordinated transcriptional response without
interfering with intracellular signaling pathways, we fused a human codon-optimized version of the cGMP receptor protein of Rhodospirillum centenum (CRPRCE ) to the VP16
transactivation domain of Herpes simplex virus.

This cGMP-dependent transactivator

(GTA, CRPRCE -VP16) binds and activates chimeric promoters (PGTA4 , OGTA4 -PhCMVmin )
containing specic operator sites in a cGMP-adjustable manner.

We used a compar-

ative genomic approach based on the orthologous Escherichia coli catabolite activator
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protein (CAP) operator to identify a putative GTA-specic palindromic operator sequence (OGTA4 ; GCG

TGTGAACTGCTTCACACGA; see Methods) that was placed in

a tetrameric (OGTA4 ) format adjacent to a minimal promoter (PhCMVmin ) and was set to

Fig. 2.1A). When

drive expression of the human placental alkaline phosphatase (SEAP) (

pTK56

(PhCMV -GTA-pAbGH ) and

pTK551

(PGTA4 -SEAP-pASV40 ) were co-transfected

into HEK-293T cells and the cells were cultured in the presence of increasing concentrations of the cell-permeable and hydrolysis-resistant cGMP analog 8-Br-cGMP, the
GTA/PGTA device was able to precisely ne-tune SEAP expression in a cGMP-inducible
manner (

Fig. 2.1B). To further validate the device's connection to the intracellular cGMP

pool, we expressed GTA/PGTA4 (

pTK56/pTK551) in HeLa cells, which in contrast to

HEK-293T cells endogenously express the natriuretic peptide receptor A (NPR-A). NPRA is a cell-surface receptor harboring an intracellular guanylyl cyclase domain that is
activated by extracellular binding of the atrial (ANP; congestive heart failure therapeutic
Carperitide

R
⃝

) and B-type (BNP; congestive heart failure therapeutic Nesiritide

R
⃝

) natri-

uretic peptides, which leads to an intracellular cGMP surge (Watt and Yip, 1989) that
could be converted into an exclusive transcriptional response. When

pTK56/pTK551-

transgenic HeLa cells were exposed to increasing concentrations of BNP (Nesiritide
the intracellular cGMP levels increased rapidly (

Fig. 2.1C),

concentration-dependent induction of SEAP expression (

R
⃝

),

which correlated with the

Fig. 2.1D).

A set of control experiments showed that (i) neither the device itself nor the cGMP
derivative impaired the growth and viability of the cells (

Fig. 2.2A and B),

(ii) that

the system was specic for cGMP and insensitive to other second messengers such as
cAMP and cyclic diguanosine monophosphate (c-di-GMP, produced by the constitutive
diguanylate cyclase DGCACC3285 ; Folcher et al., 2014) (

Fig. 2.3A and B), (iii) that it
Fig. 2.1C) and

was not inuenced by endogenous cGMP signaling in the absence of GTA (
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Figure 2.1. Design and validation of the cGMP-response gene switch. (A)
Schematic representation of components and control interactions of the cyclic GMP (cGMP)responsive transgene control system. Fusion of the cGMP receptor protein of Rhodospirillum
centenum

(CRPRCE ) to the VP16 transactivation domain of the Herpes simplex virus results

in a synthetic cGMP-dependent transcription factor (GTA; CRPRCE -VP16) that binds and
activates a chimeric promoter (PGTA4 , OGTA4 -PhCMVmin ) containing a tetrameric putative
CRPRCE -specic operator site (OGTA4 ; 4×CGTGTGAACTGCTTCACACG) linked to a
minimal version of the cytomegalovirus immediate early promoter (PhCMVmin ) in a manner
dependent on the cGMP concentration. At basal cGMP levels (−cGMP), GTA is unable
to bind OGTA4 and activate PGTA4 -driven expression of the target gene (SEAP, human
placental secreted alkaline phosphatase). Following an intracellular cGMP surge (+cGMP),
GTA interacts with the second messenger and binds PGTA4 , which induces SEAP expression.
(continued in the next page)
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Figure 2.1. (cont.) (B) HEK-293T cells were (co-)transfected with GTA/PGTA4 -SEAP
(pTK56/pTK551) or PGTA4 -SEAP (pTK551) alone, and SEAP expression was proled
48 hrs after cultivation of the engineered cells in culture media containing increasing concentrations of the cell-permeable and phosphodiesterase-resistant cGMP analog, 8-Br-cGMP.

(C) HeLa cells endogenously expressing the natriuretic peptide receptor A (NPR-A), a cellsurface receptor whose intracellular guanylyl cyclase domain produces cGMP when sensing
B-type natriuretic peptides (BNP) in the extracellular space, were (co-)transfected with
GTA/PGTA4 -SEAP (pTK56/pTK551) or PGTA4 -SEAP (pTK551) alone, and SEAP expression was proled 48 hrs after cultivation of the engineered cells in culture media containing increasing concentrations of BNP. (D) HeLa cells containing the GTA/PGTA4 device
(pTK56/pTK551) were treated for 20 min with the phosphodiesterase inhibitor 3-isobutyl1-methylxanthine (IBMX) and subsequently cultivated for 40 min in serum-free medium
containing dierent concentrations of BNP before SEAP production and intracellular cGMP
concentration were quantied.
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(iv) that it remained fully reversible following repeated cycles of addition and removal of
the cGMP derivative (

Fig. 2.3C). Most importantly, GTA was indeed a highly sensitive

cGMP sensor able to precisely monitor endogenous cGMP levels and convert them into a
tuned heterologous transcription response without requiring any co-factors or components

Fig. 2.3D).

of the cellular signaling machinery (

Of the cGMP analogues such as 8-Br-

cGMP, Rp-8-Br-PET-cGMPS, Rp-8-Br-cGMPS and 8-pCPT-cGMP only 8-Br-cGMP and
Rp-8-Br-cGMPS were able to control the GTA biosensor device (
GTA variants containing nuclear localization signals (GTA2 ,
an N-terminal VP16 (GTA4 ,

Fig. 2.3E). Additionally,

pTK53; GTA3 , pTK54) or

pTK57) domain and the PGTA1 (OGTA1 -PhCMVmin ; pTK55)

derivative containing a single operator site (OGTA1 ) did not reach the performance level

Fig. 2.4A and B).

of the basic GTA/PGTA4 components (

2.3.2 Programming of the GTA/PGTA4 device with phosphodiesterases
Intracellular cGMP levels are modulated by enzymes from two families:

the guanylyl

cyclases that convert GTP into cGMP and the phosphodiesterases (PDEs) that catalyze the reaction from cGMP to GMP. Depending on which activity prevails, intracellular cGMP levels will be either high or low. When NPR-A (

pTK58,

PhCMV -NPR-

A-pA) was constitutively expressed in HEK-293T cells, the intracellular cGMP concentration changed from native to high levels because of basal guanylyl cyclase activity resulting from ectopically produced NPR-A (
GTA/PGTA4 (

pTK56/pTK551)

Fig. 2.5A).

In combination with the

device, the NPR-A-mediated cGMP increase induced

maximum SEAP expression levels that were as high as those achieved by the addition of

Fig. 2.5A). To characterize the impact of PDEs on the cGMP pool

0.5 mM 8-Br-cGMP (

of parental and NPR-A-engineered cells and on GTA/PGTA4 -driven SEAP expression, we
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Figure 2.2. Cell growth and viability of HEK-293T cells expressing dierent
components of the GTA/PGTA4 -based cGMP sensor device. (A, B) HEK-293T
cells were (co-)transfected with pDsRed-N1, GTA (pTK56), PGTA4 -SEAP (pTK551) or
GTA/PGTA4 -SEAP (pTK56/pTK551), grown for 72 hrs in the presence (+) or absence
(−) of 0.5 mM 8-Br-cGMP before and (A) cell proliferation as well as (B) viability were
proled every 24 hrs.
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Figure 2.3.
vice.

Characterization and validation of the GTA/PGTA4 de-

cGMP specicity of the GTA/PGTA4 -SEAP device.

(A) cAMP. HEK-293T

cells were (co-)transfected with either PGTA4 -SEAP (pTK551), GTA/PGTA4 -SEAP
(pTK56/pTK551) or PCRE -SEAP (pCK53) and cultivated for 48 hrs in the presence
of dierent forskolin concentrations before SEAP expression was proled in the culture supernatant. (B) c-di-GMP. HEK-293T cells were (co-)transfected with dierent amounts
of DGCACC3285 (pZKY121) and either PGTA4 -SEAP (pTK551), GTA/PGTA4 -SEAP
(pTK56/pTK551) or STING/PIFN(ACD+) -SEAP (pSTING/pSO3, positive control) and
cultivated for 48 hrs before SEAP expression was proled in the culture supernatant. (C)
Reversibility of cGMP-responsive GTA/PGTA4 -driven SEAP expression in HeLa cells. HeLa
cells were co-transfected with GTA/PGTA4 -SEAP (pTK56/pTK551) and cultivated for
84 hrs while alternating the 8-Br-cGMP status of the culture (0.5 mM 8-Br-cGMP for 12 hrs,
+; 0 mM Br-cGMP, −) at 24 hrs and 48 hrs. (continued in the next page)
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Figure 2.3. (cont.) (D) Electrophoretic mobility shift assay of the GTA-OGTA interaction. Increasing amounts of crude cell extract of pTK56-transfected GTA-expressing
HEK-293T were incubated with Cy5-tagged GTA-specic probe containing OGTA1 (5'-Cy5TGTGAACTGCTTCACA-3') in the absence (lanes 1-4) or presence (lanes 5-8) of 100 µM
8-Br-cGMP. (P: probe alone). (E) cGMP analogs. HEK-293T cells were (co-)transfected
with GTA/PGTA4 -SEAP (pTK56/pTK551) and cultivated for 48 hrs in the presence of
dierent concentrations of cGMP analogs before SEAP expression was proled in the culture
supernatant.
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Figure 2.4. Performance of various GTA and PGTA variants. HEK-293T were
co-transfected with GTA (pTK56), GTA2 (pTK53), GTA3 (pTK54) or GTA4 (pTK57)
and either (A) PGTA1 -SEAP (pTK55) or (B) PGTA4 -SEAP (pTK551) and cultivated for
48 hrs in medium containing dierent concentrations of 8-Br-cGMP before SEAP production
was proled in the culture supernatant.
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pTK59,

constitutively (co-)expressed cGMP-specic human PDE-5A (

PhCMV -PDE-5A-

pA). In HEK-293T cells containing all four components (GTA, PGTA4 -SEAP, NPR-A and
PDE-5A), PDE-5A was dominant and reversed the NPR-A-mediated boost in cGMP levels, which resulted in repression of SEAP expression (

Fig. 2.5B). SEAP expression was

fully induced by the addition of 8-Br-cGMP, reaching levels matching those induced by
NPR-A (

Fig. 2.5B). Although ectopic expression of PDE-5A decreased the intracellular

cGMP pool, the growth (
ity (

Fig. 2.5C), viability (Fig. 2.5D) and protein production capac-

Fig. 2.5E) of HEK-293T cells was not compromised, suggesting that the reduction

in cGMP levels (in the nM range per well;

Fig. 2.1D)

had no negative impact on cell

physiology.
The overall system performance could be tuned to the desired level by changing
the

pTK58:pTK59

ratio (

Fig. 2.6A):

Whereas

pTK58

SEAP expression in a concentration-dependent manner,
(

increased cGMP levels and

pTK59 gradually reduced them

Fig. 2.6B). PDE-5A could be replaced by other human phosphodiesterases such as PDE-

3A (

pTK39,

pTK73,

PhCMV -PDE-3A-pAbGH ) and PDE-9A (

PhCMV -PDE-9A-pAbGH ),

which also had a SEAP-repressing eect that could be overcome to induce maximum
SEAP expression using 8-Br-cGMP. However, every PDE has a specic performance signature related to concentration and repression or induction of SEAP expression levels
(

Fig. 2.6C).

2.3.3 PDE inhibitor-triggered transgene control
Because NPR-A expression sets the GTA/PGTA4 device by default to maximum SEAP
expression, which is overruled by PDE expression, any molecular intervention inhibiting PDE activity will relax the system and trigger full SEAP expression.

PDEs are

prime pharmacotherapeutic targets, and several PDE inhibitors have been licensed for the
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Figure 2.5. Impact of NPR-A and PDE-5A expression on the GTA/PGTA4 SEAP-based SEAP production capacity, cell growth, viability and protein production capacity of engineered HEK-293T cells.

(A) HEK-293T

cells were (co-)transfected with PGTA4 -SEAP (pTK551), PGTA4 -SEAP and NPR-A
(pTK551/pTK58), GTA and PGTA4 -SEAP (pTK56/pTK551) or PGTA4 -SEAP and
NPR-A (pTK551/pTK58) and cultivated for 48 hrs in the presence (+) and absence
(−) of 0.5 mM 8-Br-cGMP. Constitutive NPR-A expression triggered an intracellular
cGMP surge and attendant SEAP expression comparable to the maximum levels achieved
by 8-Br-cGMP. (B) HEK-293T cells were transiently co-transfected with GTA/PGTA4 SEAP (pTK56/pTK551), GTA/PGTA4 -SEAP/NPR-A (pTK56/pTK551/pTK58) or
GTA/PGTA4 -SEAP/NPR-A/PDE-5A (pTK56/pTK551/pTK58/pTK59) and cultivated for 48 hrs before SEAP levels were quantied in the culture supernatant. The culture
medium of GTA/PGTA4 -SEAP/NPR-A/PDE-5A-transfected cells was supplemented with
0.5 mM 8-Br-cGMP to inhibit PDE-5A activity. (continued in the next page)
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Figure 2.5. (cont.) HEK-293T were transfected with pDsRed-N1, NPR-A (pTK58) or
PDE-5A (pTK59) and (C) cell growth and (D) cell viability were monitored after 24, 48 and
72 hrs. (E) SEAP production capacity of cells expressing pDsRed-N1, NPR-A or PDE-5A.
HEK-293T cells were co-transfected with pSEAP2-control and either pDsRed-N1, NPR-A
(pTK58) or PDE-5A (pTK59) and SEAP levels were proled in the culture supernatant
after 48 hrs.

treatment of erectile dysfunction (Viagra

R
⃝

R [vardenal] and Cialis⃝
R
⃝
[sildenal], Levitra

R [sildenal]
⃝
[tadalal]; all PDE-5A inhibitors), pulmonary arterial hypertension (Revatio
R [tadalal]) and claudication in individuals with peripheral vascular dis⃝
and Adcirca
ease such as artherosclerosis (Pletal

R
⃝

R [enoximone], and Primacor⃝
R
⃝
[cilostazol], Perfan

[milrinone]; all PDE-3A inhibitors) or are currently being evaluated in (pre-)clinical trials for the treatment of Alzheimer's disease and improvement of learning and memory
(BAY73-6691; a PDE-9A inhibitor (van der Staay et al., 2008)).
When the cGMP sensor device in HEK-293T cells (GTA, PGTA4 -SEAP, NPR-A) was

pTK59),

controlled by the overexpression of PDE-5A (

the specic PDE-5A inhibitors

(sildenal, vardenal and tadalal) showed concentration-dependent ne-tuning of SEAP
expression whereas the o-target drugs Pletal
had no eect (

Fig. 2.7B).

R
⃝

R
R and BAY73-6691
⃝
⃝
, Perfan , Primacor

R
R
R and BAY73-6691
⃝
⃝
⃝
Similarly, Pletal , Perfan , Primacor

exhibited the best ne-tuning of expression when the device was programmed with the

Fig. 2.7A) and PDE-9A (Fig. 2.7C). Interestingly, al-

corresponding targets, PDE-3A (

R is listed as a specic PDE-5A inhibitor, it also induced SEAP expression
⃝
though Levitra

Fig. 2.7).

in systems programmed by PDE-3A and PDE-9A, albeit to a lesser extent (

Because HEK-293T cells containing the GTA/PGTA4 device were able to reliably score the
eective concentration and specicity of all clinically licensed PDE inhibitors, this cell line

93

Chapter 2

A

SEAP production (U/L)

25
20
NPR-A
0ng
NPR-A
0ng

15

NPR-A
20ng
NPR-A
20ng
NPR-A
50ng
NPR-A
50ng

10

NPR-A
100ng
NPR-A
100ng
NPR-A
200ng
NPR-A
200ng

5
0
PDE-5A PDE-5A PDE-5A PDE-5A PDE-5A PDE-5A
0ng
50ng
100ng
250ng
500ng
1000ng

B

SEAP

20

15

cGMP

15

200
0

200
50

200
100

C

0

200 200
500 1000

NPR-A 200ng
30

SEAP production (U/L)

200
250

PDE-5A 500ng

100
0

PDE-5A 1000ng

50
0

PDE-5A 250ng

20
0

PDE-5A 100ng

0
0

PDE-5A 50ng

0
NPR-A (ng)
PDE-5A (ng)

NPR-A 200ng

5

NPR-A 100ng

5

NPR-A 50ng

10

NPR-A 20ng

10

NPR-A 0ng

SEAP production (U/L)

20

cGMP concentraion (nM/well)

25

25

PDE
noNo
PDE
PDE-3A
PDE-3A

25

PDE-5A
PDE-5A
20

PDE-9A
PDE-9A

15
10
5
0
0

2.5

5

10

25

50

100

250

500

8-Br-cGMP (µM)

Figure 2.6. Programming of the GTA/PGTA4 device with NPR-A and phosphodiesterases.

(A) HEK-293T cells were co-transfected with GTA/PGTA4 -SEAP

(pTK56/pTK551) as well as various amounts of NPR-A- (pTK58) and PDE-5A(pTK59) encoding expression vectors and SEAP levels were proled in the culture supernatant after 48 hrs. (continued in the next page)

94

Figure 2.6. (cont.) (B) GTA/PGTA4 (pTK56/pTK551)-engineered HEK-293T cells
were co-transfected with dierent amounts of NPR-A- (pTK58) and PDE-5A- (pTK59)
encoding expression vectors, and SEAP expression and intracellular cGMP levels were proled after 48 hrs. (C) HEK-293T cells were co-transfected with GTA/PGTA4 -SEAP/NPR-A
(pTK56/pTK551/pTK58) and the human phosphodiesterases PDE-3A (pTK39), PDE5A (pTK59) or PDE-9A (pTK73), and then cultivated for 48 hrs in the presence of dierent
concentrations of 8-Br-cGMP.

could be used as a screening platform to detect novel PDE inhibitors. Cell-based assays
have been shown to provide not only reliable drug-target interactions but also corresponding information on cytotoxicity and bioavailability (Aubel et al., 2001; Gonzalez-Nicolini
et al., 2004; Weber et al., 2008).

R
R
2.3.4 Viagra⃝
- and Levitra⃝
-controlled transgene expression in

mice
To validate PDE inhibitor-based drug-triggered transgene expression in vivo, GTA/PGTA4 ,
NPR-A and PDE-5A-transgenic HEK-293T cells engineered for sildenal/vardenalcontrolled

SEAP

tovascularizing

expression

were

microencapsulated

alginate-poly-L-lysine-alginate

into wild-type mice.

beads

in

and

immunoprotective
intraperitoneally

and

au-

implanted

The animals were treated with dierent doses of sildenal and

vardenal, whereas control mice received compound-free treatment or were implanted
with non-engineered cells.

Sildenal- and vardenal-treated mice showed a signicant

dose-dependent increase in serum SEAP levels (

Fig. 2.8),

which suggests that the

designer device operating in implanted cells was able to constantly monitor, process and
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Figure 2.7. PDE inhibitor-dependent transgene expression control. (continued in
the next page)
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Figure 2.7.

(cont.)

HEK-293T cells were programmed for PDE inhibitor-

controlled transgene regulation by co-transfection with GTA/PGTA4 -SEAP/NPR-A
(pTK56/pTK551/pTK58) and the human phosphodiesterases (A) PDE-3A (pTK39),

(B) PDE-5A (pTK59) or (C) PDE-9A (pTK73), and engineered cells were treated
R ], milrinone
with dierent concentrations of clinically licensed PDE-3A (cilostazol [Pletal⃝
R ] and enoximone [Perfan⃝
R ]), PDE-5A (sildenal [Viagra⃝
R ], vardenal [Levitra⃝
R]
[Primacor⃝
R ]) and PDE-9A (BAY73-6691, pre-clinical trials completed) inhibitors
and tadalal [Cialis⃝

for 48 hrs before SEAP levels were proled in the culture supernatant.

report drug levels and produce a coordinated drug-specic expression response leading
to signicant levels of the product protein in the bloodstream of treated animals.

2.4 Discussion
Synthetic biology, which uses engineering principles to assemble standardized biological
parts in a systematic, rational and predictable manner, has signicantly advanced the
design of synthetic trigger-inducible gene switches that can program cellular behavior with
unprecedented robustness, reliability and precision (Bacchus et al., 2013).

Mammalian

gene switches are designed as completely orthogonal systems that provide interference-free
operation controlled by physiologically inert or traceless trigger compounds (Gitzinger
et al., 2012; Muller et al., 2013; Ye et al., 2011), or they receive physiologic input by
interfacing with host metabolites (Culler et al., 2010; Wang et al., 2008; Weber et al.,
2007). Gene switches have been successfully used for gene-function analysis (Windbichler
et al., 2011), design of cell-based assays for diagnosis (Burbelo et al., 2010) and drug
discovery (Weber et al., 2008) and for the design of complex control topologies including
intercellular communication devices (Bacchus et al., 2012), oscillators (Tigges et al., 2009)
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R - and Levitra⃝
R -dependent transgene expression
Viagra⃝

HEK-293T cells engineered with GTA/PGTA4 -SEAP/NPR-A/PDE-5A

(pTK56/pTK551/pTK58/pTK59) (native non-engineered HEK-293T cells were used
as a control) were microencapsulated in immunoprotective, autovascularizing alginate-poly(L-lysine)-alginate capsules (200 cells/capsule) and intraperitoneally implanted into mice
(106 cells/mouse, n = 6). Treated animals received dierent concentrations of sildenal
R ) or vardenal (Levitra⃝
R ) twice daily, and the blood levels of SEAP were
citrate (Viagra⃝

determined after 24 hrs.
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and biocomputers (Auslander et al., 2012; Benenson, 2011).

Recently, synthetic gene

circuits tapping into the host physiology have enabled the assembly of prosthetic networks,
closed-loop synthetic sensor-eector devices that were able to correct metabolic disorders
such as gouty arthritis (Kemmer et al., 2010) and obesity (Ye et al., 2013) in animal
models.
Although cGMP has been known as a central second messenger in all living organisms
for several decades, the precise monitoring of intracellular cGMP levels in mammalian
cell populations has remained challenging (Sprenger and Nikolaev, 2013). Indeed, various uorescence-based cGMP sensors have been developed to visualize cGMP signaling
in mammalian cells, but this technology remains limited to microscopic single-cell analysis (Bhargava et al., 2013; Nausch et al., 2008; Nikolaev et al., 2006).

By contrast,

the GTA/PGTA -device of the present study was able to directly evaluate the intracellular cGMP pool by converting second messenger levels into a robust, precise and specic
transcriptional output that can capture dynamic changes in cGMP levels with high sensitivity. Therefore, the GTA/PGTA device can be used either to study cGMP signaling
in mammalian cells or to serve as a basic inducible gene switch to ne-tune transgene
expression in a concentration-dependent manner in response to compounds that set the
intracellular cGMP pool to a specic level, such as 8-Br-cGMP or the clinically licensed
natriuretic peptides. An intracellular cGMP pool xed at the maximum level by ectopic
expression of NPR-A can be reduced to a dened size by co-expression of a specic PDE.
As such, the resulting intracellular cGMP pool is set to a PDE-specic baseline level
from which GTA/PGTA -driven transgene expression can be induced by the PDE-resistant
8-Br-cGMP or by PDE-specic inhibitors. We have tested this multiplexing strategy by
plugging cGMP-specic PDEs (PDE-3A, PDE-5A, PDE-9A) into the NPR-A-engineered
GTA/PGTA device and proling the PDE-specic transgene expression in response to
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R
R
R
⃝
⃝
⃝
all corresponding clinically licensed PDE-inhibitor drugs (Pletal , Perfan , Primacor ,
Viagra

R
⃝

, Levitra

R
⃝

and Cialis

R
⃝

). Each PDE-inhibitor drug combination showed a specic

transgene-control performance signature that characterized the type of PDE and the type
of drug used. Therefore, the GTA/PGTA device can be used in the following ways: (i) to
characterize the performance, specicity and activation dynamics of PDEs; (ii) as a generic
transgene expression control platform accepting reversible and concentration-dependent
trigger input by a panoply of clinically licensed drugs; (iii) to discover new PDEs as targets
for new drugs; and (iv) to screen for new clinically relevant PDE inhibitors. As a proof
of principle for drug-adjustable transgene expression in mammals, we implanted microencapsulated designer cells containing the NPR-A-engineered GTA/PGTA device combined
with PDE-5A into mice and were able to control their blood SEAP levels through admin-

R (sildenal citrate) and Levitra⃝
R (vardenal).
⃝
istration of the PDE-5A inhibitors Viagra
Control of therapeutic transgene expression by clinically licensed drugs combines classical small-molecule drug-based interventions with gene-based therapies and has recently
been suggested for the treatment of the metabolic syndrome, a multifactorial disease that
requires several therapeutic interventions simultaneously (Ye et al., 2013). Despite the
success in the treatment of cardiovascular diseases, the pharmacopoeia of PDE-inhibitor
drugs is far from complete, as new PDEs discovered in human pathogens are currently
being evaluated as drug targets (de Koning et al., 2012; Taylor et al., 2008), and the
new PDE-9A inhibitor BAY73-6691 is currently being developed for the treatment of
Alzheimer's disease (Wunder et al., 2005). To further potentiate the therapeutic eects,
new approaches are moving from targeting unique PDE catalytic sites to introducing dual
specicity for a more synergistic eect (e.g., RPL554, a PDE-3/PDE-4 dual-specicity inhibitor that is in clinical trials for chronic obstructive pulmonary disease (COPD) and
asthma) or targeting protein-protein interactions of PDEs with specic eector proteins
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to provide a more specic therapeutic outcome (e.g., an engineered peptide that inhibits
the interaction between PDE-3B and Exchange Protein Activated by cAMP (EPAC1),
which may improve vascular function) (Maurice et al., 2014).
Further expansion of PDE drug target and inhibitor drug portfolios requires powerful screening technology because the classic drug discovery process starts with target
identication/validation followed by extensive screening for lead compounds and preclinical/clinical development, which typically requires 12-15 years and costs over 1 billion
USD (Hughes et al., 2011).

However, the success rate of this approach is low.

The in

vitro ecacy of new drug candidates does not guarantee in vivo ecacy, and ADMET

(absorption, distribution, metabolism, excretion and toxicity) improvement continues to
be based on an iterative process consisting of randomly synthesizing and testing new lead
compound derivatives. Therefore, decisive information for go/no-go decisions early in the
drug development process will likely save resources and stimulate needed investment in
drug discovery. Cell-based screening assays and early validation in animals provide multiple endpoints such as intracellular target specicity, cytotoxicity, bioavailability, pharmacokinetics and ecacy in a physiological context.

Integrative information on safety

and ecacy may facilitate the drug development process, and various cell-based proof-ofconcept screening assays (Aubel et al., 2001; Gonzalez-Nicolini et al., 2004; Weber et al.,
2008) and screening studies in animals (Higuera et al., 2013; Jimenez-Diaz et al., 2013;
MacRae, 2013; Varble et al., 2013) have shown encouraging results.
Overall, the GTA/PGTA system provides a versatile gene switch platform to study
cGMP dynamics in mammalian cells, enable cGMP-modulated transgene expression in
mammalian cells and provide PDE inhibitor drug-mediated remote control of designer
cell implants in mice, and it may facilitate the discovery of new PDEs as drug targets and
novel PDE-inhibitor compounds.
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Constitutive VanA1 expression vector (PSV40 -VanA1 -pA; VanA1 , VanR-VP16).

Constitutive BioBricks-compatible mammalian expression vector (PhCMV -Eco RI-atg-Spe I-Nhe I-Bam HI-

pMG250

pMM1
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(Folcher et al., 2014)

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

Clontech, Mountain View,

pSTING

Constitutive SEAP expression vector (PSV40 -SEAP-pASV40 ).

pSEAP2-

GenBank: BC009047.1

(Folcher et al., 2014)

pCMV-SPORT6-based vector containing PDE-9A full-length cDNA. (SB, cat. no. IRATp970A109D).

pPDE-9A

GenBank: BC126233.1

PIFN(ACD+) -driven SEAP expression vector (PIFN(ACD+) -SEAP-pA).

pCR-XL-TOPO-based vector containing PDE-5A full-length cDNA. (SB, cat. no. IRCBp5005F117Q).

pPDE-5A

GenBank: BC117369.1

pSO3

pCR4-TOPO-based vector containing PDE-3A full-length cDNA. (SB cat. no. IRCMp5012D0914D).

pPDE-3A

GenBank: BC063304.1

CA

pBluescriptR-based vector containing NPR-A full-length cDNA. (SB, cat. no. IRATp970F1064D).

pNPR-A

(Weber et al., 2003)

Unpublished

(Gitzinger et al., 2012)

CA

control

Butyrolactone-responsive SEAP expression vector (PSPA -SEAP-pASV40 ).

pWW124

pAbGH ).

Constitutive DsRed1 expression vector (PCMV -DsRed1-pASV40 ).

pDsRed1-N1

Clontech, Mountain View,

(Kemmer et al., 2011)

PCRE -driven SEAP expression vector (PCRE -SEAP-pASV40 ).

pCK53

Reference or Source

Invitrogen, Carlsbad, CA

Description and Cloning Strategy

pcDNA3.1(+) Constitutive PhCMV -driven mammalian expression vector (PhCMV -MCS-pAbGH ).

Plasmid

Table 2.1. Plasmids used and designed in this study
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pTK53

pTK52

pTK51

Constitutive PDE-3A expression vector (PhCMV -PDE-3A-pAbGH ). PDE-3A was PCR-amplied from

pTK39

and inserted into the corresponding sites (Eco RI/Xho I) of pcDNA3.1(+).

OTK79

Eco RI/Nhe I

and inserted into the compatible sites (Eco RI/Spe I) of pTK51.

This work

NJ

compatible cloning format (Eco RI-atg-Spe I-CRPRCE -Nhe I-Bam HI).

Constitutive GTA2 expression vector (PhCMV -GTA2 -pAbGH ). CRPRCE was excised from pTK52 with

GenScript,

This work

This work

Piscataway,

Reference or Source

pUC57-based vector containing a mammalian codon-optimized version of CRPRCE in BioBricks-

ing sites (Eco RI/Bam HI) of pMM1.

TACTCGTCAATT-3', NLS3 in italics), restricted with Eco RI/Bam HI and inserted into the correspond-

ctatggatccgacttttcgtttctttttagggaccttacgctttttcttagggaccttgcgcttctttttagg gctagctccggcagaggctccaaCCCACCG

NLS3 in italics) and OTK80: 5'-

(5'-ggaattcaccatgcctaaaaagaaacgaaaagtccctaaaaagaaacgaaaagtcccaaaaaagaag

cggaaagtg actagtgcctctggagcctctggaGCGCGTACGAAAAACAATTA-3',

oligonucleotides

(PhCMV -Eco RI-atg-NLS3 -Spe I-VP16-Nhe I-NLS3 -Bam HI). VP16 was PCR-amplied from pMG250 using

Constitutive BioBricks-compatible mammalian expression vector containing VP16 anked by NLS3

Eco RI/Xho I

3') and OTK84 (5'-aatagctcgaggcggccgcTCACTGGTCTGGCTTTTGGGTTG-3'), restricted with

pPDE-3A using oligonucleotides OTK83 (5'-aataggtcagcgaattccaccATGGCAGTGCCCGGCGACGCT-

Description and Cloning Strategy

Plasmid

Table 2.1. Plasmids used and designed in this study (cont.)
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pTK58

pTK57

pTK56

pTK55

Aat II/Eco RI

and insertion into the corre-

OcGMP in italics) and OTK110

Eco RI/Nhe I

and cloned into the corresponding sites (Eco RI/Nhe I) of pMM1.

and inserted into the corresponding sites (Spe I/Bam HI) of pMM1.

serted into the corresponding sites (Nhe I/Not I) of pcDNA3.1(+).

and OTK112 (5'-atggtaaggcggccgcTCAGCCTCGGGTGCTACT-3'), restricted with

Nhe I/Not I

and in-

A using oligonucleotides OTK111 (5'-atggtaatgctagcaccaccATGCCGGGGCCCCGGCGCCCCGCT-3')

Constitutive NPR-A expression vector (PhCMV -NPR-A-pAbGH ). NPR-A was PCR-amplied from pNPR-

Spe I/Bam HI

Constitutive GTA4 expression vector (PhCMV -GTA4 -pAbGH ). CRPRCE was excised from pTK54 with

with

Constitutive GTA expression vector (PhCMV -GTA-pAbGH ). CRPRCE -VP16 was excised from pTK53

sponding sites (Aat II/Eco RI) of pWW124.

(gctagaattcCGCGGAGGCTGGATCGG), restriction with

gtgaactgcttcacacg cctgcaggTCGAGCTCGGTACCCGGGTCGAGTA-3',

amplication of PhCMVmin from pWW124 with oligonucleotides OTK101 (5'-gcgcgcgcgacgtcgtcgacggcgt

cGMP-inducible SEAP expression vector (PcGMP1 -SEAP-pA). PcGMP1 was assembled by PCR-based

and inserted into the compatible sites (Nhe I/Bam HI) of pTK51.

Constitutive GTA3 expression vector (PhCMV -GTA3 -pAbGH ). CRPRCE was excised from pTK52 with

pTK54

Spe I/Bam HI

Description and Cloning Strategy

Plasmid

Table 2.1. Plasmids used and designed in this study (cont.)

This work

This work

This work

This work

This work

Reference or Source
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and cloned into the corresponding sites (Eco RI/Nhe I) of pMM1.

OTK102:

CRPRCE ,

cyclic GMP receptor protein of

Rhodospirillum centenum ;

(continued in the next page)

cGMP, cyclic guanosine 3',5'-monophosphate; CRE, cyclic adenosine 3',5'-monophosphate (cAMP) response element; CRP, cyclic nucleotide receptor protein;

Abbreviations:

(Folcher et al., 2014)

This work

This work

This work

Reference or Source

Sites for restriction endonucleases or fragment overhangs are underlined. Annealing base pairs are shown in capital letters.

Constitutive mammalian DGCACC3285 expression vector (PSV40 -DGCACC3285 -pA).

hybrid OcGMP4 operator into the corresponding sites (Aat II/Sbf I) of pWW124.

OcGMP4 in italics), and inserting the

(5'-GGCGTGTGAAGCAGTTCACACGTGTGAAGCAGTTCACACGTGTGAAGCAGTT

CACACGTGTGAAGCAGTTCACACGCCGTCGACGacgt-3',

OTK103

OcGMP4 in italics) and

5'-CGTCGACGGCGTGTGAACTGCTTCACACGTGTGAACTGCTT

CACACGTGTGAACTGCTTCACACGTGTGAACTGCTTCACACGCCtgca-3',

oligonucleotides

cGMP-inducible SEAP expression vector (PcGMP4 -SEAP-pA). PcGMP4 was assembled by annealing

serted into the corresponding sites (Nhe I/Xho I) of pcDNA3.1(+).

OTK133 (5'-aatcaactcgagTTAGGCACAGTCTCCTTCACTGTT-3'), restricted with Nhe I/Xho I and in-

pPDE-9A using oligonucleotides OTK132 (5'-aatagagctagcccaccATGGGATCCGGCTCCTC C-3') and

Constitutive PDE-9A expression vector (PhCMV -PDE-9A-pAbGH ). PDE-9A was PCR-amplied from

Oligonucleotides:

pZKY121

pTK551

pTK73

Eco RI/Nhe I

Constitutive PDE-5A expression vector (PhCMV -PDE-5A-pAbGH ). PDE-5A was restricted from pPDE-

pTK59

5A with

Description and Cloning Strategy

Plasmid

Table 2.1. Plasmids used and designed in this study (cont.)

(cont.):

GTA4 ,

GTA variant (VP16-CRPRCE );

MCS,

PGTA1 ,

nuclear localization signal;

cGMP-responsive promoter containing a single GTAn -specic operator site (OGTA1 -PhCMVmin );

GTA, Rho-

human

PGTA4 ,

cGMP-responsive

bovine growth hormone

NPR-A,

GTA variant (NLS3 triple NLS;

pAbGH ,

NLS3 ,

SV40-derived polyadenylation signal;

NLS,

GTA3 ,

(ATCC 19089/CB15);

GTA variant (CRPRCE -VP16-NLS3 );

Caulobacter crescentus
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PhIFNβ ,

human interferon beta promoter;

PIFN(AC+) ,

modied PhIFNβ containing sequence-optimized IRF3 operator sites;

PIFN(ACD+) ,

Phosphodiesterase; PDE-3A, human phosphodiesterase 3A; PDE-5A, human phosphodiesterase 5A; PDE-9A, human phosphodiesterase 9A; PSV40 ,

VanAB gene cluster;

SV40,

siminan virus 40;

vanillate-dependent transactivator (VanR-VP16);

transactivation domain.

VanA1 ,

VP16, Herpes simplex -derived

ulator of interferon genes;

VanR,

repressor of the

Caulobacter crescentus

simian virus 40 promoter; SB, Source Bioscience LifeSciences, Nottingham, UK; SEAP, human placental secreted alkaline phosphatase; STING, mouse stim-

PDE,

PIFN(AC+) containing space-optimized IRF3 operator sites; PSPA , Streptomyces pristinaespiralis -derived butyrolactone-responsive promoter (OscbR -PhCMVmin );

version of PhCMV ;

promoter containing a four GTAn -specic operator sites (OGTA4 -PhCMVmin ); PhCMV , human cytomegalovirus immediate early promoter; PhCMVmin , minimal

polyadenylation signal;

pASV40 ,

multiple cloning site;

natriuretic peptide receptor A; OGTA , CRPRCE /GTAn -specic operator site;

VP16-CRPRCE );

GTA2 ,

feedback-inhibited CC3285 diguanylate cyclase A of

cGMP-dependent transactivator (CRPRCE -VP16);

DGCACC3285 ,

dospirillum centenum -derived

Abbreviations

Table 2.1. Plasmids used and designed in this study. (cont.)
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Abstract
Precise spatio-temporal control of physiological processes by synthetic
biology-inspired optogenetic devices may provide novel treatment opportunities for gene- and cell-based therapies. An erectile optogenetic stimulator
(EROS), a synthetic designer guanylate cyclase producing a blue-lightinducible surge of the second messenger cyclic guanosine monophosphate
(cGMP) in mammalian cells, enabled blue-light-dependent penile erection
associated with occasional ejaculation after illumination of EROS-transfected
corpus cavernosum

in male rats. Photostimulated short-circuiting of complex

psychological, neural, vascular and endocrine factors to stimulate penile
erection in the absence of sexual arousal may foster novel advances in the
treatment of erectile dysfunction.
Keywords:

erectile

dysfunction,

gene

expression,

therapy, synthetic biology
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Precise spatio-temporal neuromodulation by light has signicantly advanced our un1

2

3

derstanding of neuronal activities managing memory , learning and olfactory processing ,
4,5

as well as our understanding of neuropathologies associated with fear
8

addiction .

, depression

6,7

and

Optogenetics has also become a key technology that enables the emerging

science of synthetic biology to rationally and predictably engineer mammalian cells for
precise stimulation of cellular behavior and metabolic activities in animal models. For example, optogenetic pacemakers were successfully used to modulate heart-beat frequency
9

by programming a synchronized contraction of cardiomyocytes .

Type-2 diabetes can

be remedied by stimulating a subcutaneous designer cell implant to release insulin in
10

response to illumination in treated animals

.

Moreover, wireless-powered optogenetic

designer cell implants stimulated by brain-wave-derived EEG-based electronics capturing
11

human mental states have enabled mind-controlled transgene expression in mice

.

Erectile dysfunction is a multifactorial disorder aecting more than 150 million males
worldwide

12

and is associated with aging and a range of medical conditions, including

hypertension
17

depression

.

13

14

, hypercholesterolemia

, diabetes mellitus

18

19,20

16

, cardiovascular disease

and

Penile erection is triggered by the central nervous system in response to

tactile, olfactory, visual, auditory and mental stimuli
supplies

15

and requires adequate hormone

(e.g., testosterone from the testes and luteinizing hormone from the pituitary

gland) to integrate a series of physiological events that culminate in the release of nitric
oxide by the nerves and the endothelial cells enmeshing and surrounding the corpora
cavernosa

21

.

Nitric oxide activates soluble guanylyl cyclase (sGC), which produces a

surge of the second messenger 3',5'-cyclic guanosine monophosphate (cGMP) to then
trigger a decrease of intracellular calcium by closing of voltage-gated calcium channels,
ultimately resulting in the relaxation of the corpus cavernosum smooth muscle, blood
inux and erection of the penis (

Fig. 3.1a).
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Figure 3.1. Design and validation of a blue-light-responsive synthetic erectile
optogenetic stimulator in human cells. (a) Pathways controlling penile erection. Sexual arousal by tactile, olfactory, visual, auditory and mental stimuli programs nerve cells and
endothelial cells enmeshing and surrounding the corpus

cavernosum

smooth muscle cells to

produce and release the intercellular signaling molecule nitric oxide (NO). NO induces the soluble guanylyl cyclase (sGC) inside the smooth muscle cells of the corpus cavernosum, which
produces a surge of the second messenger 3',5'-cyclic guanosine monophosphate (cGMP),
triggers a decrease of intracellular calcium by closing of voltage-gated calcium channels and
ultimately results in relaxation of the corpus cavernosum and penile erection. The synthetic
erectile optogenetic stimulator (EROS) enables direct blue-light-inducible conversion of GTP
to cGMP, thereby decoupling penile erection from the physiological signaling pathways and
triggering immediate photoinducible erection. (continued in the next page)
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Figure 3.1. (cont.) (b) Engineering of EROS variants. EROS consists of a blue-light sensor
domain BLUF (blue-light using FAD) that activates an adjacent catalytic nucleotide cyclase
domain. Combinatorial site-directed mutagenesis of the EROS nucleotide cyclase domain
(E197, K265, G267 and A277) modies the blue-light sensitivity and alters the substrate
specicity (GTP vs. ATP). The mutated target residues are underlined. (c) Schematic
of mammalian cell-based assays scoring blue-light-triggered guanylate vs. adenylate cyclase
activity of EROS variants. Guanylate cyclase activity is quantied using a synthetic cGMPspecic biosensor that binds to a chimeric promoter (PGTA4 ) upon interaction with cGMP,
thereby acting as a transcription factor inducing the reporter gene SEAP. Adenylate cyclase
activity is quantied by using a PCRE -driven SEAP expression vector that taps into the
cellular cAMP-signaling cascade (cAMP activating protein kinase A (PKA), and PKA's
catalytic subunit (C) is transferred to the nucleus, phosphorylating the cAMP response
element-binding protein (CREB1), CREB1-mediated activation of PCRE promoters). Both
reporter-gene assays can also be used as optogenetic transcription-control devices enabling
blue-light-responsive target gene expression in mammalian cells. (d, e) Performance analysis
of EROS variants: 1 × 104 HEK-293T cells were either co-transfected with the (d) cGMP
(pTK56, PhCMV -GTA-pA; pTK551, PGTA4 -SEAP-pA) or (e) cAMP (pCK53, PCRE -SEAPpA) assay components and a constitutive expression vector encoding a specic EROS variant

(b; Table 3.1). pTK56/pTK551- (d) and pCK53- (e) (co-)transfected cells served as
negative controls (Ctrl), respectively. Transfected cell populations were either treated with
the sGC-inducing NO-releasing compound S-nitroso-N-acetylpenicillamine (SNAP, 2 hrs),
kept in the dark or illuminated for 12 hrs with blue light (470 nm, 5 s ON/15 s OFF) before
SEAP levels were proled in the culture.
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The
Levitra

R
⃝

advent

of

oral

cGMP-specic

phosphodiesterase

inhibitors

(e.g.,

R
⃝
Viagra ,

R
⃝
and Cialis ), which counteract and delay the degradation of cGMP and

thus reinforce and prolong an existing penile erection, has signicantly improved the
treatment success of erectile dysfunction

22

. However, patients with erectile dysfunction
23

after a radical prostatectomy are not responsive to phosphodiesterase inhibitors

; phos24

phodiesterase inhibitor use is also contraindicated for patients on nitrate medication

and inadvisable for those with hypotension or severely decreased liver function as well
as those who have suered a stroke, heart attack or severe heart failure

25

.

Therefore,

a remote-controlled synthetic device triggering de novo synthesis and accumulation of
cGMP in the corpora cavernosa, thereby decoupling penile erection from natural stimuli
and neural system control, would enable an erection-on-demand and would represent a
major advancement in erectile dysfunction therapy.
Capitalizing on synthetic biology-inspired engineering principles, we have designed
an erectile optogenetic stimulator (EROS) consisting of a modied and human codon26

optimized Beggiatoa sp. PS BlaC-derived guanylate cyclase

that enables blue-light-

responsive remote control of the intracellular cGMP pool in human cells. When rewiring
the intracellular cGMP pool to a synthetic cGMP-specic biosensor GTA (pTK56; PhCMV GTA-pA), which acts as a transcription factor to induce transgenes driven by chimeric
GTA-specic promoters (pTK551; PGTA4 -SEAP-pA), blue-light-dependent intracellular
cGMP levels can be scored by reporter-gene expression (

Fig. 3.1b).

Likewise, unde-

sired cAMP production by EROS derivatives can be proled by tapping into the endogenous cAMP-triggered protein kinase A (PKA)/cAMP-responsive binding protein 1
(CREB1)-mediated signaling cascade using PCRE -driven reporter-gene expression constructs (pCK53; PCRE -SEAP-pA) (

Fig. 3.1b).

Combinatorial site-directed mutagenesis

targeting four residues (E197, K265, G267 and A277) within the EROS cyclase domain

122

Fig. 3.1c),

resulted in a variety of EROS derivatives (

whose blue-light responsiveness

and cGMP-production specicity were proled by dierential cGMP-/cAMP-responsive
reporter-gene expression in human cells (

Fig. 3.1d and e).

While most EROS vari-

ants showed an undesirable blend of high basal expression (pTK82, pTK83, pTK85),
elevated cAMP production capacity (pTK80, pTK82, pTK83) and insignicant bluelight responsiveness (pTK81, pTK83, pTK84, pTK85, pTK86, pTK87), the pTK79encoded EROS variant (EROS) exhibited a unique combination of blue-light responsiveness, low leakiness, exclusive cGMP production in the absence of cAMP synthesis
(

Fig. 3.1d and e).

Furthermore, blue light-triggered activation of EROS resulted in illu-

Fig. 3.2a) as well as intracellular

mination time-dependent increases in SEAP production (
cGMP levels (

Fig. 3.2b).

Fig. 3.2c) and cGMP (Fig. 3.2d)

The production of SEAP (

was reversible over repeated illumination cycles. In addition, because the photoinducible
EROS-triggered intracellular cGMP levels compared favorably with those reached by the
sGC-inducing NO-releasing compound S-nitroso-N-acetylpenicillamine (SNAP), EROS

Fig. 3.1d).

(pTK79) was chosen for follow-up in vivo validation (

Due to the simple and compact one-gene-based design of constitutive EROS-encoding
expression, vector transfection cocktails can be directly administered to reach resident
cells of target tissues and program an intracellular cGMP surge by blue-light illumination.
27

Transfection of naked DNA is a validated process with demonstrated results in muscle
28

skin

29

and liver

,

. Therefore, we transfected the corpora cavernosa of male rats with the

constitutive EROS-encoding expression vector (pTK79, PhCMV -EROS-pAbGH ; 2

Fig. 3.3a).

per dose) using pDsRed-Express-N1 as a negative control (

µ and 4 µ

Twenty-four hours

after treatment, the animals were placed in a metabolic cage that was retro-illuminated
on the bottom-side with blue light using a portable Philips goLITE BLU licensed for
the treatment of seasonal aective disorder (

Fig. 3.3b and c).
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While none of the non-
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Figure 3.2. Characterization of blue light-triggered EROS-mediated transgene
expression. (a) Illumination time-dependent transgene expression.

1×104 HEK-293T cells

were cotransfected with the constitutive EROS expression vector pTK79 (PhCMV -EROS-pA)
and the cGMP sensor components pTK56 (PhCMV -GTA-pA) and pTK551 (PGTA4 -SEAPpA) and illuminated (470 nm) for dierent periods of time (0-12 hrs) before SEAP production
was quantied in the culture supernatant after 24 hrs. (b) Illumination time-dependent
intracellular cGMP levels. 1 × 104 HEK-293T cells were transfected with the constitutive
EROS expression vector pTK79 (PhCMV -EROS-pA) and illuminated (470 nm) for dierent
periods of time (0-30 min) before intracellular cGMP were quantied. Mock-transfected
HEK-293T served as negative control. (continued in the next page)
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Figure 3.2. (cont.) (c) Reversibility of illumination-triggered EROS-mediated transgene
expression. 2.5 × 104 HEK-293T cells were cotransfected with the constitutive EROS expression vector pTK79 (PhCMV -EROS-pA) and the cGMP sensor components pTK56 (PhCMV GTA-pA) and pTK551 (PGTA4 -SEAP-pA) and SEAP expression kinetics were proled for
48 hrs while alternating the blue-light illumination status between ON (light 6 hrs, 5 s
ON/15 s OFF) and OFF (dark). (d) Reversibility of illumination-triggered EROS-mediated
intracellular cGMP levels. 1 × 104 HEK-293T cells were transfected with the constitutive
EROS expression vector pTK79 (PhCMV -EROS-pA) and intracellular cGMP levels were proled for 1.5 hrs while alternating the blue-light illumination status between ON (light 30 min,
5 s ON/15 s OFF) and OFF (dark). Mock-transfected HEK-293T served as negative control.
The data are the means ± SD of triplicate experiments (n = 6).

illuminated/illuminated EROS-devoid control animals and none of the non-illuminated
EROS-treated animals exhibited any evidence of penile reexes (

Fig. 3.3d and e), the

EROS-treated rats showed dierent levels of erectile responses within
exposure, ranging from tumescence of the tip of the glans (duration,
to erection (duration,

37 ± 2

s;

Fig. 3.3g)

55±22 s of blue-light
11 ± 3

Fig. 3.3h).

and ejaculation (

s;

Fig. 3.3f )

For further

quantication of erectile responses we performed isometric force measurements using isolated corpus cavernosum of EROS-treated rats. These experiments conrmed that corpus
cavernosum relaxation was indeed triggered by blue light, that relaxation intensity was

independent of the illumination time, that EROS-mediated relaxation could be repeatedly
induced by illumination and that the administration of the phosphodiesterase 5 inhibitor

R
⃝
sildenal (Viagra ) signicantly increased blue light-induced EROS-triggered relaxation
(

Fig. 3.4).
Because the current phosphodiesterase inhibitor-based blockbuster drugs such as

R
R and Cialis⃝
R do not trigger de novo erection but only sustain it by
⃝
⃝
Viagra , Levitra
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Figure 3.3. Blue-light-triggered penile erection. (a) The corpora cavernosa of male
rats were either transfected with the constitutive EROS-encoding vector (pTK79) or a negative control vector (pDsRed-Express-N1). (b, c) Twenty-four hours after treatment, the
animals were placed in a metabolic cage that was retro-illuminated from the bottom with
blue light (470 nm) emitted by a Philips goLITE BLU portable device licensed for the treatment of seasonal aective disorder (b, top view; c, side view). (d-h, k) Blue-light-triggered
erectile responses. While none of the animals in the negative or non-illuminated control
groups showed any evidence of erectile responses (d, pDsRed-expressed-N1-transfected, illuminated; e, EROS-transfected, non-illuminated; k), the EROS-treated rats showed dierent
levels of photostimulated erectile responses within 55 ± 22 s of blue-light exposure ranging
from (f) tumescence of the tip of the glans (duration, 11 ± 3 s) to (g) erection (duration,
37 ± 2 s) and

(h) ejaculation (k). (continued in the next page)
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Figure 3.3. (cont.) (i, j) Phase-contrast (i) and uorescent (j) micrographs conrming
the presence of sperm in the ejaculates (scale bar = 50 µm). (k) Quantitative analysis
of photoinducible erectile responses of male rats. Data are absolute values;
one-tailed Fisher's exact test;

n = 13

statistics by

P < 0.05.

rats. *

delaying the degradation of cGMP, gene-based therapies have come into the limelight
as treatment opportunities for erectile dysfunction.

Because of its straightforward

accessibility and reduced blood ow during the accid state, which limits undesired
systemic delivery, the penis is an ideal target for direct delivery of naked DNA encoding
erection-modulating factors. Non-limiting examples of successful proof-of-concept studies
30-32

have used the transfection of DNA encoding for nitric oxide synthases
factors

33

, neurotropic

and calcium-sensitive potassium channels; calcium-sensitive potassium channels
34

promoting smooth-muscle relaxation, such as hMaxi-K

, are currently being tested in

35

. Collectively, the current treat-

clinical trials for the treatment of erectile dysfunction

ment strategies focus either on restoring erection-promoting pathways or maintaining an
established erection but fail to provide a trigger-inducible erection-on-demand.

EROS

decouples penile erection from physiological control, bypasses the causes for erectile
dysfunction and provides trigger-inducible erection-on-demand by simple illumination
using a portable commercial light-therapy device.
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Figure 3.4. Isometric force measurement of corpus cavernosum relaxation by
blue-light illumination. (a) Corpus cavernosum of EROS-treated rats exposed to norepinephrine to induce full contraction, sequentially illuminated three times for 15 s with
R 0.1 µM) and
blue light, treated with the phosphodiesterase 5 inhibitor sildenal (Viagra⃝

again sequentially illuminated three times for 15 s with blue light. (b) Blue light-responsive
corpus cavernosum

relaxation in the presence (+) and absence (−) of 0.1 µM sildenal

R ). (c) Insert of EROS-mediated relaxation in the presence of sildenal (Viagra⃝
R)
(Viagra⃝

shown in (a) (illumination times 15 s) compared to isogenic relaxation experiments using
blue light-illumination times of 2 minutes. (d)

Corpus cavernosum

relaxation in the pres-

R ) in response to blue light-illumination periods of 15 s and 2 min.
ence of sildenal (Viagra⃝

The data show representative relaxation trajectories or are the means ± SD; statistics
performed using one-tailed t test,

n = 6. *P < 0.05.
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were

Online Methods
Plasmid design
Comprehensive design and construction details for all expression vectors are provided in

Table 3.1.

Cell culture, transfection, blue-light illumination
Human embryonic kidney cells (HEK-293T, ATCC: CRL-11268) were cultivated in
Dulbecco's modied Eagle's medium (DMEM; Invitrogen, Basel, Switzerland) supplemented with 10% (v/v) fetal calf serum (FCS; lot no. PE01026P; Bioconcept, Allschwil,
Switzerland) and 1% (v/v) penicillin/streptomycin solution (Sigma-Aldrich, Munich,
Germany) at 37

◦

(co-)transfection,

C

in a humidied atmosphere containing 5% CO2 . Twelve hours before

2 × 105

HEK-293T cells were seeded per well in a 6-well plate and

were then incubated for 24 hrs with 400
containing 3.75

µL

µL

PEI (molecular weight

of a DNA-polyethylenimine (PEI) mixture

< 20, 000;

stock solution, 1 mg/mL ddH2 O,

pH 7.2; Polysciences, Inc., Warrington, PA, USA) and 1.25
incubation for 15 min at 21
vector

◦

C).

(PhCMV -EROSn -pAbGH )

µg

DNA (vortexing for 5 s,

For intracellular cGMP proling, the EROS-encoding
was

cotransfected

with

pTK56,

which

encodes

the

synthetic cGMP-specic biosensor GTA (PhCMV -GTA-pAbGH ) and the GTA-dependent
SEAP

(human

placental

secreted

alkaline

phosphatase)

expression

vector

pTK551

(PGTA4 -SEAP-pASV40 ), at a ratio of 1:4:20, while the cells were co-transfected with
the EROS-encoding vector (PhCMV -EROSn -pAbGH ) and the cAMP-sensitive CREB1dependent PCRE -driven SEAP expression vector pCK53 (PCRE -SEAP-pASV40 ) at a ratio
of 1:24 for scoring intracellular cAMP levels. Twenty-four hours after cotransfection, the
engineered HEK-293T cells were trypsinized (200

129

µL trypsin, 5 min, 37 ◦ C;

PAN Biotech,

Chapter 3

Aidenbach, Germany) and reseeded into the wells of a 96-well plate (1
which each contained 200

µL

of cell culture medium.

× 104

cells/well),

The engineered cells were either

treated with the sGC-inducing NO-releasing compound S-nitroso-N-acetylpenicillamine
(SNAP; 1

µM, 2

hrs; stock solution, 100

µM

SNAP and 70

µM

EDTA in ddH2 O, pH 7.2;

Santa Cruz Biotechnology, Dallas, USA), kept in the dark or illuminated for 12 hrs with
blue light (470 nm, 5 s ON, 15 s OFF) using a custom designed

4×3

array of blue LEDs

(CREE Inc., Garching, Germany, cat. no. LC503FBL1-15P-A3-00001) xed 20 cm above
the culture plates.

The resulting SEAP levels were proled in the culture supernatant

24 hrs after transfection.

Illumination time-dependence and reversibility of blue lighttriggered EROS-mediated gene expression
(a) Illumination time-dependence.

1 × 104

pTK79/pTK56/pTK551-cotransfected

HEK-293T cells were seeded per well of a 96-well plate containing 200

µL

of cell culture

medium and illuminated for dierent periods of time (0-12 hrs) with a blue-light LED
array (470 nm, 5 s ON/15 s OFF) before SEAP expression was proled after 24 hrs.

(b) Reversibility. 2.5×104 pTK79/pTK56/pTK551-cotransfected HEK-293T cells were
seeded per well of a 24-well plate containing 500

µL

of cell culture medium and SEAP

expression kinetics were proled for 48 hrs while alternating the blue-light illumination
status between ON (6 hrs, 5 s ON/15 s OFF) and OFF.
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Illumination time-dependence and reversibility of blue lighttriggered EROS-mediated cGMP production
(a) Illumination time-dependence.
well of a 96-well plate containing 200

1 × 104

µL

pTK79-transfected cells were seeded per

of cell culture medium and cultivated for 24 hrs

prior to illumination for dierent periods of time (0-30 min) with a blue-light LED array
(470 nm, 5 s ON/15 s OFF).

(b) Reversibility.

seeded per well of a 96-well plate containing 200

1 × 104

pTK79-transfected cells were

µL of cell culture medium and cultivated

24 hrs prior to quantication of intracellular cGMP levels for 1.5 hrs while alternating the
blue-light illumination status between ON (30 min, 5 s ON/15 s OFF) and OFF.

SEAP and cGMP quantication
(a) SEAP.

SEAP levels were quantied in the culture supernatant according to a p36

nitrophenylphosphate-based light-absorbance time course

.

(b) cGMP.

Intracellular

cGMP levels were quantied using a cGMP detection kit (GenScript, Piscataway, NJ.;
cat. no. L00461, lot no. 14L000854) and supplementing the sample with 100

µM

of phos-

phodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich, Munich, Germany).

Animal experiments
PEI-mediated transfection of rat corpus cavernosum.
dose was prepared by mixing 4

µg

A 40-µL DNA-PEI transfection

of the EROS-encoding pTK79 (PhCMV -EROS-pAbGH )

or pDsRed-Express-N1 (negative control) with 1.28

µL

of in vivo -jetPEI

transfection SA, Illkirch, France); each compound was diluted in 20
solution, followed by incubation at 21

◦

C

µL

R
⃝

(Polyplus-

of a 5% glucose

for 20 min. After a 1-week acclimatization to
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laboratory conditions, 7-week-old male Wister rats (Janvier S.A.S., Le Genest-Saint-Isle,
France) were pre-anesthetized by subcutaneous injection of 0.01 mg/kg buprenorphine
(Axience SAS, Pantin, France) and were then anesthetized by intraperitoneal injection of
30 mg/kg 6% sodium pentobarbital (Ceva Santé Animale SA, Libourne, France); then,
20

µL

or 40

µL

of the DNA-PEI transfection dose was injected into the animals' corpus

cavernosum. Twenty-four hours after the treatment, the rats were placed in a metabolic

cage mounted on a light-therapy-licensed blue-light LED array (470 nm; goLITE BLU
HF3330; Philips, Amsterdam, Netherlands), and the erectile response (tumescence of the
tip of the glans, erection and/or ejaculation) was scored with and without illumination for
5 min. Importantly, no female rats were present in the animal facility during treatment or
erection proling. Throughout the entire animal study, the 7-week-old male Wister rats
of the delivered pool were randomly allocated to the individual treatment groups. None
of the samples or animals were excluded from the study, and the erection analysis was
blinded and scored by 4 independent researchers. All animal experiments were performed
according to the European Directive 2010/63/EU adopted by the European Parliament
and the Council of the European Union, approved by the ethics committee of the University of Lyon 1 (no. DR2013-42) and carried out by Marie Daoud-El Baba (authorization
no. 69266310) at the Université de Lyon, Institut Universitaire de Technology, IUTA,
F-69622 Villeurbanne Cedex, France.

Statistical analyses
The number of rats showing distinct signs of erectile responses (tumescence of the tip
of the glans, erection and/or ejaculation) was determined for each treatment group and
independently conrmed by 4 independent researchers.
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Statistical analysis was done

using a one-tailed Fisher's exact test using the software R (version 2.15.3, R Foundation
for Statistical Computing, Vienna, Austria).

Microscopy
Rat ejaculate was spread on a 1-mm-thick glass slide and stained with Hoechst 33342
(5

µg/ml;

Sigma, Munich, Germany) for 10 min at 21

◦

C.

The stained sperms and their

nuclei were visualized by phase-contrast and uorescence microscopy (350 nm excitation)
using the Nikon Eclipse Ti-E equipped with a

60×

water immersion objective and NIS-

Elements 4.20.01 software (all Nikon, Egg, Switzerland).

Isometric force measurements of isolated corpus cavernosum
The corpora cavernosa of 6 adult male Wistar rats (250-300 g; Janvier S.A.S., Le GenestSaint-Isle, France) were injected with 50

µL (2.2×109

TU/mL) of EROS-encoding lentivi-

R
⃝
ral vector (pTK88-based, 5'LTR-PhEF1α -EROS-3'LTR∆U3 ) under anesthesia (Veturane
[isourane]; Virbac, Carros, France). Tissue strips of the corpora cavernosa were prepared
and longitudinally mounted with nichrome wires, one of which was connected to a force
displacement transducer, in glass organ baths containing oxygenated Krebs-Henseleit solution (NaCl 114 mM, KCl 4.7 mM, CaCl2 2.5 mM, MgSO4 1.2 mM, KH2 PO4 1.2 mM,
NaHCO3 25 mM, glucose 11.7 mM, ascorbic acid 1.1 mM) calibrated to 37

◦

C.

The cor-

pus cavernosum tissue strip was equilibrated for 1 h before subjecting to the following

sequential procedure: (i) Infusion of norepinephrine (30

µM)

(ii) illumination for dierent periods of time (15 s, 2 min;

to induce full contraction,

n = 6)

with a blue-light LED

array (CREE Inc., Garching, Germany, cat. no. LC503FBL1-15P-A3-00001), (iii) infusion

R
⃝
of sildenal (Viagra ; 0.1

µM),

(iv) blue-light illumination for dierent periods of time

(15 s, 2 min), (v) infusion of forskolin (10

µM) to induce full relaxation.
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were recored by an isometric tension transducer connected to a data acquisition system
(MacLab/8e; ADInstruments Ltd, Oxford, UK). Lentiviral particle production, validation
and injection into the corpora cavernosa of male rats was done by Vectalys (Toulouse,
France) and the preparation as well as the isometric force measurement of the corpora
cavernosa was performed by Urosphere (Toulouse, France).
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Constitutive BioBricks-compatible mammalian expression vector (PhCMV -Eco RI-atg-Spe I-Nhe I-Bam HI-

pMM1

and cloned into the corresponding sites (Eco RI/Xba I) of pcDNA3.1(+).

Constitutive EROS expression vector (PhCMV -EROS-pAbGH ). EROS was excised from pTK78 with

pTK79

Eco RI/Xba I

pUC57-based vector containing EROS.

pTK78

and cloned into the corresponding sites (Eco RI/Nhe I) of pMM1.

Constitutive GTA expression vector (PhCMV -GTA-pAbGH ). CRPRCE -VP16 was excised from pTK53

pTK56

Eco RI/Nhe I

Butyrolactone-responsive SEAP expression vector (PSPA -SEAP-pASV40 ).

pWW124

with

Lentiviral GFP expression vector (PhEF1α -GFP-pA).

pNLK8

pAbGH ).

37

PCRE -driven SEAP expression vector (PCRE -SEAP-pASV40 ).

pCK53

This work

NJ

GenScript,

Unpublished

39

38

Unpublished

CA

Express-N1

Piscataway,

Clontech, Mountain View,

Constitutive mammalian DsRed-Express expression vector (PhCMV -DsRed-Express-pASV40 ).

pDsRed-

Reference or Source

Invitrogen, Carlsbad, CA

Description and Cloning Strategy

pcDNA3.1(+) Constitutive PhCMV -driven mammalian expression vector (PhCMV -MCS-pAbGH ).

Plasmid

Table 3.1. Plasmids used and designed in this study

pTK82

pTK81

Constitutive EROS80 expression vector (EROS80 , EROS(E197K/K265D/G267T) ; PhCMV -EROS80 -pAbGH ).

pTK80
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and inserted into the corresponding sites (Bam HI/Xba I) of pcDNA3.1(+).

corresponding sites (Bam HI/Xba I) of pcDNA3.1(+).

OTK147 and OTK148. The resulting EROS82 was restricted with

Bam HI/Xba I

and inserted into the

oligonucleotides OTK147/OTK150RG and OTK148/OTK151A, were annealed and PCR-amplied with

synthesized by a two-step assembly PCR by which two PCR products, amplied from pTK79 with

Constitutive EROS82 expression vector (EROS82 , EROS(K265R) ; PhCMV -EROS82 -pAbGH ). EROS82 was

Bam HI/Xba I

amplied with OTK147 and OTK148. The resulting EROS81 -encoding PCR product was restricted with

pTK79 with oligonucleotides OTK147/OTK150DT and OTK148/OTK151A were annealed and PCR-

EROS81 was synthesized by a two-step assembly PCR by which two PCR products, amplied from

PhCMV -EROS81 -pAbGH ).

and inserted into the corresponding sites (Bam HI/Xba I) of pcDNA3.1(+).

Constitutive EROS81 expression vector (EROS81 , EROS(K265D/G267T) ;

Bam HI/Xba I

annealed and PCR-amplied with OTK147 and OTK148. The resulting EROS80 was restricted with

pTK79 with oligonucleotides OTK147/OTK152K, OTK149/OTK150DT and OTK148/OTK151A, were

EROS80 was synthesized by a two-step assembly PCR by which three PCR products, amplied from

Description and Cloning Strategy

Plasmid

Table 3.1. Plasmids used and designed in this study (cont.)

This work

This work

This work

Reference or Source
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pTK85

pTK84

Constitutive EROS83 expression vector (EROS83 ;

pTK83

EROS(G267T/A277Y) ;

PhCMV -EROS83 -pAbGH ).

Bam HI/Xba I

and

Bam HI/Xba I

and

corresponding sites (Bam HI/Xba I) of pcDNA3.1(+).

OTK147 and OTK148. The resulting EROS85 was restricted with

Bam HI/Xba I

and inserted into the

oligonucleotides OTK147/OTK150RG and OTK148/OTK151Y, were annealed and PCR-amplied with

was synthesized by a two-step assembly PCR by which two PCR products, amplied from pTK79 with

Constitutive EROS85 expression vector (EROS85 , EROS(K265R/A277Y) ; PhCMV -EROS85 -pAbGH ). EROS85

inserted into the corresponding sites (Bam HI/Xba I) of pcDNA3.1(+).

amplied with OTK147 and OTK148. The resulting EROS84 was restricted with

pTK79 with oligonucleotides OTK147/OTK150DT and OTK148/OTK151Y, were annealed and PCR-

EROS84 was synthesized by a two-step assembly PCR by which two PCR products, amplied from

Constitutive EROS84 expression vector (EROS84 , EROS(K265D/G267T/A277Y) ; PhCMV -EROS84 -pAbGH ).

inserted into the corresponding sites (Bam HI/Xba I) of pcDNA3.1(+).

amplied with OTK147 and OTK148. The resulting EROS83 was restricted with

pTK79 with oligonucleotides OTK147/OTK150KT and OTK148/OTK151Y, were annealed and PCR-

EROS83 was synthesized by a two-step assembly PCR by which two PCR products, amplied from

Description and Cloning Strategy

Plasmid

Table 3.1. Plasmids used and designed in this study (cont.)

This work

This work

This work

Reference or Source
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pTK551

pTK88

pTK87

Constitutive EROS86 expression vector (EROS86 , EROS(E197K/G267T) ; PhCMV -EROS86 -pAbGH ). EROS86

pTK86

and cloned into the compatible sites (Eco RI/Kpn I) of pNLK8.

corresponding sites (Aat II/Sbf I) of pWW124.

by annealing oligonucleotides OTK102 and OTK103 and inserting the hybrid OGTA4 operator into the

cGMP-inducible GTA-specic SEAP expression vector (PGTA4 -SEAP-pASV40 ). PGTA4 was assembled

Eco RI/Kpn I

Lentiviral EROS expression vector (PhEF1α -EROS-pA). EROS was excised from pTK79 using

inserted into the corresponding sites (Bam HI/Xba I) of pcDNA3.1(+).

PCR-amplied with OTK147 and OTK148. The resulting EROS87 was restricted with Bam HI/Xba I and

oligonucleotides OTK147/OTK152K, OTK149/OTK150RG and OTK148/OTK151A, were annealed and

was synthesized by a two-step assembly PCR by which three PCR products, amplied from pTK79 with

Constitutive EROS87 expression vector (EROS87 , EROS(E197K/K265R) ; PhCMV -EROS87 -pAbGH ). EROS87

inserted into the corresponding sites (Bam HI/Xba I) of pcDNA3.1(+).

PCR-amplied with OTK147 and OTK148. The resulting EROS86 was restricted with Bam HI/Xba I and

oligonucleotides OTK147/OTK152K, OTK149/OTK150KT and OTK148/OTK151A, were annealed and

was synthesized by a two-step assembly PCR by which three PCR products, amplied from pTK79 with

Description and Cloning Strategy

Plasmid

Table 3.1. Plasmids used and designed in this study (cont.)

Unpublished

This work

This work

This work

Reference or Source
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cGMP,

EROS,

multiple cloning site;

siminan virus 40;

VP16,

Mutations are in small letters and in italics.

transactiva-

OTK102:

Annealing base pairs are shown in

Herpes simplex -derived

The hybrid OGTA4 operator sequence is in capital letters and in italics.

Sites for restriction endonucleases or fragment overhangs are underlined.

SV40,

PSPA , Streptomyces pristinaespiralis -derived

human placental secreted alkaline phosphatase;

Oligonucleotides:

SEAP,

minimal version of PhCMV ;

CTGCTTCGCGATGTACGGGC

OTK148:

OTK150KT:

GCCCTGACAAGA

OTK152K:

OTK150DT:

OTK151A:

CTGGGAGACGCAGTGAACGTCGCAtacAGGCTGGAG-

CTGCTCCTTAGTAAAAGATGCCATCACGCAATCGCCAATGAActtTGTCACTTCTCCGCCATA

OTK151Y :

GACGTTCACTGCGTCTCCCAGCAGggtGTGTTTCATCTTCAGGGAGCTCCCCAT

CTGGGAGACGCAGTGAACGTCGCAGCCAGGCTGGAGGCCCTGACAAGA

CATCTTCAGGGAGCTCCCCAT

GCATCTTTTACTAAGGAGCAG

GACGTTCACTGCGTCTCCCAGCAGGCCGTGtct-

OTK149:
OTK150RG:

CGTGGGGATACCCCCTAGAG

GGCGTGTGAAGCAGTTCACACGTGTGAAGCAGTTCACACGTGTGAAGCAGTTCACACGTGTGAAGCAGTTCACACGCCGTCGACGacgt

GACGTTCACTGCGTCTCCCAGCAGggtGTGgtcCATCTTCAGGGAGCTCCCCAT

OTK147:

OTK103:

CGTCGACGGCGTGTGAACTGCTTCACACGTGTGAACTGCTTCACACGTGTGAACTGCTTCACACGTGTGAACTGCTTCACACGCCtgca

capital letters.

tion domain.

(OscbR -PhCMVmin );

PhCMVmin ,

butyrolactone-responsive promoter

PGTA4 ,

human cytomegalovirus

CRE-containing synthetic mammalian promoter;

SV40-derived

immediate early promoter;

PCRE ,

pASV40 ,

GTA, Rhodospirillum centenum -derived

CRPRCE /GTA-specic operator site;

green-uorescent protein;

OGTA ,

bovine growth hormone polyadenylation signal;

MCS,

GFP,

PhCMV ,

pAbGH ,

variant of the Dis-

CRPRCE /GTA-specic cGMP-responsive promoter containing four GTA-specic operator sites (OGTA4 -PhCMVmin );

polyadenylation signal;

cGMP-dependent transactivator (CRPRCE -VP16);

DsRed-Express,

CRP,

erectile optogenetic stimulator, a mammalian codon-optimized version of an engineered Beg-

Rhodospirillum centenum ;

cyclic adenosine 3',5'-monophosphate (cAMP) response element;

cyclic GMP receptor protein of

CRE,

giatoa sp. PS BlaC-derived blue light-inducible guanylate cyclase (26);

cosoma sp. red uorescent protein DsRed;

CRPRCE ,

cyclic guanosine 3',5'-monophosphate;

cyclic nucleotide receptor protein;

Abbreviations:

Table 3.1. Plasmids used and designed in this study. (cont.)
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Conclusion

Due to their traceless and non-invasive nature magnetism and light have enabled straightforward remote control of cellular behavior. These tools have been instrumental in the
development of magnetic separations and the emerging science of optogenetics which have
greatly advanced our understanding of biological systems at the molecular and systemic
levels.
Magnetic applications were rst demonstrated in the late 1970's and early 80's using the innate paramagnetic property of erythrocytes or ferritin (Owen, 1978; Owen and
Lindsay, 1983; Paul et al., 1981), while magnetic separation tools were introduced to the
market after cost-ecient production of magnetic nanoparticles was established in the
90's (Miltenyi et al., 1990; Nishida and Silver, 2012; Schlatter et al., 2001). Since then,
magnetic applications were rapidly expanded and demonstrated the novel concepts of
therapeutic application such as detection of cancer cells in the blood (Racila et al., 1998),
magnetism-induced hyperthermia of cancer cells (Balivada et al., 2010), and tracking of
stem cells (Jendelova et al., 2004) and leukocytes (Wu et al., 2007).

Besides the huge

success in magnetic applications in biology, safety issues concerning in vivo use of synthetic magnetic nanoparticles hampers further expansion. Therefore, biological magnetic
components such as ferritin have been revisited. Although superparamagnetic behavior
of the ferritin iron core has been characterized in vitro (Meldrum et al., 1992) and applied to magnetic applications, the use of ferritin-based iron mineralization in mammalian
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cells resulted in limited success due to insucient iron delivery to over-expressed ferritin.
In chapter 1, we describe successful engineering of superparamagnetic behavior of mammalian cells by programming of ecient iron mineralization and transport.

This was

achieved by the combination of ectopic production of the human ferritin heavy chain 1
(hFTH1) for iron storage and the divalent metal ion transferase 1 (DMT1) for enhancing
iron transport, and the formulation of new iron-loading culture media. The DMT1 iron
transport module signicantly increased intracellular iron content that was correlated to
increase magnetic property of the engineered cells.
Programming paramagnetic behavior into other mammalian cell types will open new
2+

opportunities for various applications. Since Fe

produces oxidative stress in mammalian

cells, enhancing iron transport eciency and reducing the adverse eect of prolonged Fe
2+

exposure may be critical for future applications. High Fe

concentrations in the culture

media is required in the current set-up due to the depletion of Fe

2+

by rapid oxidation in

aqueous environment. Therefore, the addition of a ferric reductase that reduces Fe
Fe

2+

2+

3+

to

may enable the design of customized media by diversifying iron sources and reducing

the required Fe

2+

concentration. Further renement of the genetically encoded superpara-

magnetic mammalian device will provide unique opportunities in future diagnostics and
cell-based therapies.
Traditional biological studies have revealed the biological functions of the cells by
exploiting top-down approaches with genetic and pharmaceutical intervention in model
systems. However, the complex architecture of inter- and intra-cellular molecular interactions in biological systems limits the understanding of precise action mechanisms of
the involved components with such approaches.

Synthetic biology provided alternative

bottom-up approaches with design of autonomous genetic circuits that function as independently as possible.

This enabled the understanding of the genetic circuit per se
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separated from the cellular context.

Successful demonstration of cellular behaviors us-

ing self-sustainable genetic circuits such as a bistable switch and an oscillator provided
deeper understanding of function and modularity of those genetic circuits. Such understanding enabled engineering of the synthetic-endogenous hybrid pathways such as the
modied scaold proteins in mitogen-activated protein kinase pathway (Park et al., 2003)
or Notch-Gal4 hybrid receptors (Sprinzak et al., 2010), which provided valuable insights
for mammalian signal transduction. Along the same line, we presented a synthetic gene
switch that is integrated into the mammalian cGMP signaling cascade, but independent
of the endogenous mammalian signal transduction cascade. The cGMP-specic synthetic
transactivator (GTA) was derived from a bacterial cGMP receptor of Rhodosprillum centenum fused to VP16 transactivator domain, and the corresponding chimeric promoter

(PGTA4 ) was constructed by fusing minimal cytomegalovirus immediate early promoter to
the GTA-specic operator site. Notably, the specic operator site of the cGMP receptor
protein was rst identied in this study by bioinformatics and electromobility shift assay,
which may be valuable information for further investigation of the original gene function
in the bacterial context.
We conrmed that the gene switch directly translated intracellular cGMP level to
reporter gene expression level, and did not involve any mammalian endogenous cGMP
signalling components.

We further demonstrated a proof-of-concept of a versatile and

cost-eective platform for proling performances of any cGMP modulating molecules,
such as NPR-A for congestive heart failure (Nesiritide

R
⃝

), PDE-5A for erectile dysfunction

R
R and Cialis⃝
R ) and pulmonary hypertension (Revatio⃝
R and Adcirca⃝
R ),
⃝
⃝
(Viagra , Levitra
R
R and Primacor⃝
R ). Fur⃝
⃝
and PDE-3A for claudication in artherosclerosis (Pletal , Perfan
thermore, the gene switch was applied to the in vitro activity validation of engineered
guanylate cyclases presented in the last chapter, and the PDE-inducible transgene ex-
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pression in vivo. Overall, the synthetic cGMP gene switch provides a versatile platform
to investigate cGMP dynamics in mammalian cells, and it may facilitate the discovery of
new cGMP-modulating compounds or the development of gene- and cell-based therapies.
The most successful examples of the optogenetic approach emerged from neuroscience,
which rewired the endogenous signaling pathways with controllable optic devices and
light-regulated biological components, and enabled precise spatiotemporal control of neuronal stimulation to reveal various neuronal activities. Here, we applied the optogenetic
approach to rewire the penile erectile pathway from endogenous NO-inducible cGMP
production to light-inducible cGMP production. Engineering a synthetic erectile optogenetic stimulator (EROS) was achieved by codon-optimization and series of site-directed
mutagenesis of a preexisted bacterial light-activated guanylate cyclase.
Although blue light- and copper-mediated non-enzymatic NO release from nitrite sub-

Fig. C.1a) and was once considered as a potential

strate is a well-known phenomenon (

erectile dysfunction therapy by Phillips (Patent; WO2009125338 A1), erectile responses
that were triggered by blue light illumination itself have not been observed, which is consistent with our animal experiments. Further in vitro characterization with the cGMP
gene switch suggested that 10,000 fold more nitrite substrate (5 mM) was required to
reach the same reporter gene expression level induced by the NO-releasing compound
SNAP (0.5

µM)

range (up to 10

(

Fig. C.1b and c).

µM

Considering that nitrite exists in the body

µM

from skin specimens (Oplander and Suschek, 2009) or up to 30

µM

in penile plasma (Palmerini et al., 2009)), these results indicate that the non-enzymatic
NO release may have a negligible eect as a confounder.
Although we demonstrated blue-light-mediated penile erectile responses in EROStreated rats, there is still room for further improvement of this technology. For example,
we typically used smaller amounts of DNA (2 and 4
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µg)

compared to the recommended
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Figure C.1. Evaluation of blue light- and copper-mediated non-enzymatic NO
release in HEK-293T cells. (a) Blue light reduces Cu(II) to Cu(I), which then reduces
nitrite to nitric oxide (NO). The reduction of NO is inhibited by neocuproine, a Cu(I)
chelator. SNAP serves as NO donor in physiological conditions. HEK-293T cells were cotransfected with the synthetic cGMP gene switch (pTK56 and pTK551). The NO activates
endogenous soluble guanylate cyclase (sGC) to produce cGMP in the transfected HEK-293T
cells, and amount of NO release was assessed with transgene expression of SEAP reporter.

(b) The cGMP gene switch transfected HEK-293T cells were incubated with dierent amount
of SNAP (0-10 µM) for 2 hrs and SEAP production was assessed after 24 hrs. (c) The cGMP
gene switch transfected HEK-293T cells were incubated in the presence or the absence of
5 mM nitrite for 2 hrs with blue light illumination (10 s on/20 s o, 20×). SEAP production
assessed after 24 hrs.
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amount (>

10 µg)

to avoid the possibility of priapism due to basal guanylate cyclase

activity of EROS, and further optimization in the transfection protocol would increase
the ecacy. Re-engineering EROS by (i) shifting the activating wavelength to red or near
infrared range may show better tissue penetration or (ii) increasing catalytic activity to
produce higher cGMP concentration are also potential ways to improve the ecacy.
Traditional PDE inhibitor-based erectile dysfunction therapies sustain the penile erection by inhibiting cGMP hydrolysis but are not able to trigger the erectile response, and
some underlying causes of erectile dysfunction (e.g. radical prostatectomy) render certain
patients resistant to the therapy. Rewiring the endogenous NO/sGC endogenous pathway
to a synthetic biology-inspired optogenetic device bypasses all possible causes of erectile
dysfunction in the upstream of the erectile pathway, thereby providing a broad-spectrum
erectile dysfunction therapy and a novel gene therapy scenario that will allow `erection
on demand'.
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